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Abstract

A priori rate predictions for gas phase reactions have undergone a gradual but dramatic
transformation, with current predictions often rivaling the accuracy of the best available
experimental data. The utility of such kinetic predictions would be greatly magnified if they could
more readily be implemented for large numbers of systems. Here we report the development of a
new computational environment, namely EStokTP, that reduces the human effort involved in the
rate prediction for single channel reactions essentially to the specification of the methodology to be
employed. The code can also be used to obtain all the necessary master equation building blocks for
more complex reactions. In general, the prediction of rate constants involves two steps, with the
first consisting of a set of electronic structure calculations and the second in the application of some
form of kinetic solver, such as a transition state theory (TST) based master equation solver.
EStokTP provides a fully integrated treatment of both steps through calls to external codes to
perform first the electronic structure and then the master equation calculations. It focuses on
generating, extracting, and organizing the necessary structural properties from a sequence of calls to
electronic structure codes, with robust automatic failure recovery options to limit human
intervention. The code implements one or multi-dimensional hindered rotor treatments of internal
torsional modes (with automated projection from the Hessian, and with optional vibrationally
adiabatic corrections), Eckart and multidimensional tunneling models (such as small curvature
theory), and variational treatments (based on intrinsic reaction coordinate following). This focus on
a robust implementation of high level TST methods allows the code to be used in high accuracy
studies of large sets of reactions, as illustrated here through sample studies of a few hundred
reactions. At present the following reaction types are implemented in EStokTP: abstraction,
addition, isomerization, and beta-decomposition, Preliminary protocols for treating barrierless

reactions and multiple-well and/or multiple-channel potential energy surfaces are also illustrated.
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1. Introduction

In recent years, gas phase theoretical chemical kinetics has transformed from an empirical to a
predictive science, with achievable accuracies approaching or even exceeding that of experiment.
This transformation arises from the dramatic progress in the accuracy of electronic structure
calculations, as well as improved procedures for incorporating their results within treatments of
chemical dynamics and kinetics. The ab initio transition state theory-based master equation
(AITSTME) approach,' which provides the basis for much of the work in this area, is finding
widespread utility as a tool for chemical kinetic modeling.?!> This usefulness could be greatly
enhanced by reducing the human effort involved in the implementation of such calculations. In
particular, a fully automated procedure for accurately predicting rate constants could have a
tremendous impact on global chemical modeling of combustion, atmospheric, and astrophysical

environments, for example.

A reliable, automated rate prediction procedure would facilitate the use of leadership class
computing facilities in predicting rate constants for whole sets of reactions. Furthermore, if that
code scales well with machine resources, then it will also significantly increase the size of the
reaction system that can be considered. With the imminent transition to exascale computing it
should then be possible to automatically create large databases of rate constants. These databases
could be used, with machine learning, to devise new and improved rate rules for describing the
reactivity of molecules that have not yet been explored either experimentally or theoretically (e.g.,
for larger molecules in a given class of reactions). This utility would be very useful in developing
mechanisms for new fuels, as is being done in the Co-Optima'® and the Tailor Made Fuels from
Biomass (TMFB) projects.!” An even bolder goal would be to directly determine rate constants for a
whole mechanism. Coupling that to an automatic mechanism generator, such as RMG,'*!* would
yield a fully automated procedure for generating fundamentally based mechanisms, without the

need to refer to a specific set of rate rules.
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Typically, AITSTME calculations are performed in three distinct steps: first the molecular
properties of the stationary points on the potential energy surface (PES) are predicted by ab initio
(AI) electronic structure calculations. Microcanonical rates for chemical reactions are then
determined with transition state theory (TST), with the necessary input data coming from the
electronic structure calculations. Finally, phenomenological rate constants are obtained with master
equation (ME) solver codes, which take as input microcanonical rate constants and intermolecular
energy transfer rates. While transition state theory and master equation calculations are often
performed within the same code, electronic structure calculations are almost always performed
using separate software. This decoupling of electronic structure and rate constant evaluations leads

to considerable human effort wasted on the transfer of data from one set of codes to the other.

The simplest form of TST, with a fixed TS and Rigid Rotor Harmonic Oscillator (RRHO)
approximations for the energy levels, takes as input only the geometries, energies, and Hessian of
the PES at the stationary points on the PES. However, for high accuracy predictions, one must
consider hindered rotor (HR) corrections, variational effects, and tunneling contributions, each of
which requires a large number of additional electronic structure calculations. For each separate
calculation, inputs must be prepared manually, various failures can happen, and the outputs must be
read and checked carefully. Thus, the required human effort can easily became high. In addition,
extensive human intervention in managing large sets of data can easily lead to the undesired
insertion of random erroneous values that may be difficult to track. Because of this, it is highly
desirable that the whole process of estimating rate constants is automated. The many steps involved
in the estimation process, together with the presence of occasional methodological failures, makes

this a challenging goal to achieve.

The process required for an ideal automatic rate constant estimation code is outlined in the diagram
provided in Fig. 1. The first step involves an investigation of the PES to discover the kinetically

relevant chemical reaction pathways. This step is required for reactions taking place on a
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complicated PES with multiple interconnected wells and products. In contrast, this step is
unnecessary if the reaction has a single saddle point that is connected through van der Waals (vdW)
wells to the entrance and exit channels for the reactant and products, as for abstraction and addition
reactions. Next, geometries and frequencies must be determined for each of the stationary points
(minima and saddle points) at the chosen level of theory. This information is sufficient to provide a
first order estimate of the rate constant based on conventional TST (i.e., with a fixed TS) coupled
with RRHO approximations for the energy levels. However, at this level the predicted rate constants
can differ from the true values by more than a factor of 100. Such errors are much greater than the
uncertainty of rate constants determined from well-validated rate rules, i.e., those based on scaling

of accurate determinations (experimental or theoretical) for chemically similar reactants.

To improve the quality of the rate estimate, a series of additional calculations are necessary. The
highest impact on the accuracy of the rate prediction comes from higher-level theoretical estimates
of the stationary point energies. Both conformational analyses and a proper treatment of
anhamonicities, via, for example, hindered rotor analyses and/or spectroscopic perturbation theory,
also contribute significantly to decreasing the uncertainty in the rate predictions. A correct
determination of the symmetry of external and internal rotors (if present), and the number of optical
isomers is also necessary. Notably, errors in these quantities, which linearly affect the rate constant,
are quite common. Furthermore, for one-dimensional hindered rotor treatments it is not always clear
what is the best choice for the symmetry correction factor. Finally, intrinsic reaction coordinate
(IRC) calculations should in general be included both as a check on the correctness of the presumed
pathway, and, more importantly, to allow for the implementation of variational rather than

conventional transition state theory.
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Figure 1. Computational steps required for a protocol that automatically implements an accurate

high-level prediction of the rate constant for an arbitrary reaction.

Many codes are available in the scientific literature that can perform either electronic structure or
master equation based rate constant calculations. However, the integration of electronic structure
and master equation calculations within a single computational environment has rarely been
explored. The Polyrate?® and MS-Tor?! software from Truhlar and co-workers have long provided
access to many of the most advanced implementations of TST available in the literature, with
Polyrate providing particularly advanced treatments of tunneling, variational effects, and barrierless
reactions while MS-Tor directly addresses the effects of coupled hindered rotors explicitly
accounting for the presence of conformers. Polyrate, as well as MSTor, have several hooks and
scripts that allow them to run and extract information from electronic structure software. For

example, Polyrate and Gaussian are coupled through Gaussrate.?

The VaReCoF,?* MESS,*2¢ and NST?"?® codes from Argonne implement similarly advanced

TST frameworks, with VaReCoF providing an advanced treatment of barrierless reactions, while

6
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NST implements non-adiabatic statistical theory, and MESS includes input options for
incorporating a wide variety of effects including variational, multidimensional torsions, mode
anharmonicity, and tunneling options. Of course, other leading master equation codes, such as
MultiWell>*2° and MESMER 3!-*? also implement a variety of TST options. Many of these codes
also contain subroutines and scripts that allow them to run and extract information from electronic
structure software. However, none of these codes contain robust procedures for locating saddle
point structures and evaluating temperature and pressure dependent rate constants directly from a
simple specification of the reactants, and there does not appear to have been any attempt to
implement them at the scale of automated treatments of large sets of reactions. Here we focus on
making connections to the ANL suite of codes, with our initial focus on directly interfacing

electronic structure theory to the many options within MESS.

West and coworkers recently presented the first demonstration of the automatic determination of
rate constants for a large number of reactions starting from just a reaction list.* For this purpose, a
dedicated software was developed: Auto TST. It relies on the use of an integrated environment
which exploits calls to different codes: Gaussian for electronic structure calculations;** CanTherm
for the evaluation of partition functions;* RMG for mechanism generation;'® RDKit to generate
structural data necessary to determine a guess geometry for the calculation of the transition state.
West and coworkers demonstrated a 70% success rate for Auto TST in scanning more than a
thousand reactions consisting of various H-abstractions, isomerizations, and additions. With their
focus on single-channel pressure-independent rates, Auto TST does not include PES exploration or
master equation calculations, which are two key components of the tasks outlined in Fig. 1.
Furthermore, rate constants were estimated in only the RRHO approximation using conventional
TST, with concomitantly large uncertainties in the computed rate constants (more than a factor of

10).
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In the present work, we propose a computational protocol that integrates electronic structure
calculations with master equation simulations. The purpose is to create a computational
environment that is able to automatically perform the electronic structure calculations needed to
apply sophisticated versions of TST and to thereby automatically determine high accuracy rate
constants at arbitrary temperatures and pressures through master equation simulations. Importantly,
this protocol allows for high-levels of electronic structure evaluations through composite schemes,
incorporates high-level transition state theory methodologies with anharmonicity, variational, and
tunneling corrections, and it employs state-of-the-art master equation methodologies. Furthermore,
the generic input files require a specification of only the reactants and products, the site of reaction,
and the theoretical methodologies to be implemented, which should facilitate the implementation of
this code over large sets of reactions. This protocol is implemented in software that is freely

distributed by the authors: EStokTP.3’

This work is organized as follows: In section 2 the computational protocol is described. This
description begins with an overview and then details of its implementation are given. In section 3 a
large number of sample studies are used to demonstrate the success of the effort and to illustrate its
utility. First, some guidelines are given on how the protocol can be used to determine rate constants
for specific reaction classes and then a statistical analysis of the success of the implemented

algorithms is reported.

2. Methods and Algorithms

The EStokTP computational environment is designed to directly couple the electronic structure,
TST, and ME evaluations in automatically obtaining a priori predictions of temperature and
pressure dependent rate constants. The code has been written following two principles. The first is
that it must be able to reliably and automatically determine the large number of rate constants

describing whole classes of reactions for a target molecule (e.g. H-abstractions). This requirement is
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motivated by the desire to take maximum advantage of the upcoming availability of exascale
computational resources, as discussed in the introduction. The code is thus robust, with several
automatic fallback options implemented so that human intervention can be limited, if not utterly
eliminated. The second is that it must be capable of determining highly accurate rate constants,
ideally differing by no more than a factor of two from experiments. While this is a reasonable aim
for several classes of reactions over wide ranges of temperature and pressure, there are a few

situations where such aim is difficult to reach, as discussed at the end of section 2.

In this section, we begin by providing a preliminary description of the EStokTP computational
protocol, with further implementational details outlined in the successive subsections and in the
manual.’” The code requires as input the reference molecular structures, the sites and types of
transition states to be searched, and the electronic structure and transition state theory
methodologies to be employed. Given this set of input files, the code performs the series of

calculations listed in Fig. 2.

Initially, the structure of reactants and products are determined at a low level of theory (level 0).
Monte Carlo sampling of torsional dihedral angles is used to perform a conformational search
designed to locate the absolute minimum energy structure. A guess structure for the transition state
is then generated by performing a 1-dimensional grid search as a function of a reaction class
dependent interatomic distance. Next, a level O transition state is determined from the standard
protocols implemented in the electronic structure software supported by EStokTP. At this stage, a
conformational search is performed for the TS, with its lowest energy torsional state retained for use
in successive calculations. The electronic energy, geometries, and vibrational frequencies of all
stationary points (reactants, products, and saddle points) are then determined at a higher level of
theory (level 1), using as starting structures those determined with theory level 0. At this point,
there is sufficient information to implement an RRHO-based conventional TST analysis at theory

level 1.
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Various additional calculations allow for improved accuracy rate predictions. First, if desired,
structures of the vdW wells that are generally present in the reaction entrance or exit channels can
be determined. This vdW analysis can be performed at first level 0 and then level 1, or directly at
level 1 from guess structures generated from the TS geometry determined at the corresponding level
of theory. The next step in the sequence involves torsional scans for arbitrarily specified sets of
dihedral angles. The scans can be performed in 1, 2, or 3 dimensions. Following the torsional scans,
the torsional motions of the scanned dihedrals are projected out from the Hessian computed at
theory level 1, so that a list of vibrational frequencies reduced by the number of investigated
dihedral torsions is generated. If desired, the reaction path is determined through intrinsic reaction
coordinate (IRC) calculations, which yields the data necessary to implement variational transition
state theory. The symmetry factors, including rotational and optical symmetry, are determined using
the symmetry module. Single point energies, such as CCSD(T) energies extended to the complete
basis set limit (CBS), are then computed at a high level of theory on level 1 geometries for all of the
stationary points. Higher levels energies may also be determined for selected points along the IRC,

if desired.

All the data so determined are finally collected in what we call ME blocks. An ME block contains
the information needed to construct an ME input section for a given stationary point, and all in a
formatting style consistent with the input of the MESS master equation solver. Some examples of
ME block structures are reported as supporting information. EStokTP is then able to assemble the
ME blocks to create an input file that can be read by the MESS solver and used to determine rate

constants for the considered reaction in the desired temperature and pressure ranges.

10
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Figure 2. EStokTP program structure.

As anticipated, EStokTP relies on calls to external codes to perform the electronic structure and
master equation calculations. At present Gaussian and Molpro are supported for electronic structure
calculations and MESS for master equation simulations. Tunneling in EStokTP can be accounted
for using both the Eckart model®® and the multidimensional small curvature tunneling (SCT) model

of Truhlar and coworkers.*
2.1 Strategy for Level 0 geometry searches

There are a variety of strategies that could be used in employing electronic structure theory to
determine the minimum energy structures corresponding to the stationary points on PESs. One of
the most important aspects of such strategies is the choice of coordinates to be used in performing
the optimizations. Common choices are internal, redundant, or Cartesian coordinates. One key focus
of EStokTP involves the automated determination of the conformational minima for each species,
which we accomplish via Monte Carlo sampling. This focus leads us to use internal coordinates in

the geometry optimizations for the reactants, products, and saddle points.

11
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The user is thus required to write a Z-matrix for each reactant and product involved in the reaction.
Dihedral angles must be specified so that they properly describe the mutual rotation of two
molecular fragments with respect to an intramolecular bond that may lead to conformational
isomers. An important requirement is that the internal molecular structure of each fragment should
remain unchanged upon a modification of the dihedral angle, which should thus affect only the
relative orientation in space of the two moieties. From this Z-matrix, the user must prepare a list of

dihedral angles defining the conformational space of the considered molecule.

A companion code, x2z,* provides a convenient procedure for converting from Cartesian
coordinates to the requisite Z-matrix coordinates. It also directly provides the list of
conformationally relevant dihedral angles. In a related project, the x2z code has been used to
facilitate automated implementation of EStokTP in the determination of the thermochemical

properties for hundreds of species.*!

From these Z-matrix inputs, EStokTP generates a user specified number of starting structures with
randomly chosen dihedral angles. Then, for each generated guess structure a minimum energy
geometry search is performed according to the user specified electronic structure method and
software. We typically set the number of starting structures to the minimum of (5+3"°*") and 100
configurations, where nrotor is the number of non-methyl rotors.*! This expression yields a number
that grows in proportion to the expected increase in the number of minima with increasing torsional
degrees of freedom. The constraint to 100 or fewer configurations maintains the calculation at a
manageable level, with our experience being that after this many sampling points either the global
minima or some close approximation to it have already been discovered (at least for molecules with
not too many torsional degrees of freedom). This Monte Carlo search is performed at theory level 0.

The minimum energy structure so determined is then used for successive calculations.

The geometry search procedure for saddle points differs from that for reactants and products. First,

the transition state (TS) Z-matrix is not specified by the user, but rather is constructed automatically

12

ACS Paragon Plus Environment



Page 13 of 70 Journal of Chemical Theory and Computation

oNOYTULT D WN =

by the code on the basis of the Z-matrices of the reactant(s) (one or two depending on the reaction
type). For abstraction and addition reactions, the TS Z-matrix is obtained by merging the structures
of the two reactants, whose relative separation and orientation is then defined by a number of
degrees of freedom that depends on the involved number of atoms (three for a reaction with an
atom, five for a linear species, and six for the others). For the most general case of two nonlinear
polyatomic reactants, there are six transitional degrees of freedom consisting of one bond length
(Rts), two bond angles, and three dihedral angles. Initial guess values for the five angles must be
specified by the user, although the success or failure of the code is not really sensitive to these
values. Meanwhile, the bond length is used as a frozen coordinate to perform a grid scan within a
given length interval and for a given number of steps. The user must also specify three atomic
centers that determine the connectivity between the two molecules. Additional information on the

set up of the Z-matrix is provided in the EStokTP manual.

With this specification of coordinates, the TS search then begins with a grid-based sequence of
geometry optimizations for constrained interfragment bond lengths. Notably, while many of the
individual grid-based optimizations may fail, all that is required for the successful implementation
of the algorithm is that one is successful. The remaining failed optimizations are simply presumed
to lead to low energy states that can be ignored. Next, the geometry of the maximum energy point
determined in the grid scan is used as a guess for the TS search, which is also performed in internal
coordinates. This search uses the TS search algorithm implemented in the chosen electronic

structure code.

For abstraction reactions, a dummy atom that is bound to the abstracted atom is added to the TS Z-
matrix to avoid problems related to linear bond angles. For example, the structure of the Z-matrix

constructed by the code to study the H-abstraction from methyl acetate by OH is shown in Fig. 3.

13
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Figure 3. Transition state geometry constructed automatically for H-abstraction in the OH +
methylacetate reaction.*” The atomic centers used to the define the connectivity of the two reacting
groups (isite, jsite, and ksite), the scanned distance (Rts), and the two transitional mode angles

(aabsl and aabs2) are explicitly shown, as well as the dummy atom (X).

For abstraction reactions, both forward and backward reactions are abstractions, and one might
consider the reaction from either direction. If there is a large difference in the strengths of the bonds
that are formed/broken in the reactive process, then EStokTP may only produce good transition
state guesses if the coordinate Rrs corresponds to the stronger of the two bonds. In other words,
when the enthalpy of reaction is large in magnitude, it is generally best to investigate the reaction in
the direction that proceeds exothermically, as is the case for the example shown in Fig. 3. To
facilitate this requirement, it is possible for EStokTP to automatically change the scanned grid
coordinate, thus constructing a different Z-matrix, by simply activating a switch condition. This
feature proves useful when scanning families of abstraction reactions made by a single reactant and

a series of abstracting radicals (see Section 3.2).

Since beta-scission and isomerization reactions are both unimolecular processes, the Z-matrix for
the TS is instead constructed from that for the single reactant. For these cases, the user must simply
specify the two atoms involved in the bond-breaking (beta-scission) or formation (isomerization)
process. The isomerization and beta-scission algorithms then decrease/increase the distance

between the two selected atoms progressively; first with a coarse step from that of the starting

14
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structure to an intermediate distance, and then to a final distance with a finer step. The maximum
energy structure from this scan is then used as the TS guess for a standard electronic structure code-

based TS optimization.

When studying an isomerization reaction, the chosen starting structure is taken to correspond to the
conformer from the Monte Carlo search that exhibits the minimum value for the length of the
forming bond, rather than the minimum energy conformer of the reactant. Furthermore, the Z-
matrix line that contains the reacting atom is substituted with a line where the forming bond appears

explicitly.

For each reaction type, once a TS structure has been located, the same stochastic algorithm used to
investigate the conformational space of the wells is again used for the TS. The list of scanned
dihedrals must be supplied by the user. The minimum energy structure located in the stochastic scan
is then retained for the successive steps. Extensive testing of the combination of the stochastic
search and torsional scan algorithms has shown that sometimes the optimizations may converge to
saddle point structures connecting undesired wells. In order to determine when this happens, and to
thereby remove the structures from the list of TS conformational structures, the structures
determined in the stochastic search are compared to those determined after the grid scan. If the
difference between Rrs (i.e., the scanned bond length) in the two structures is larger than some

threshold tolerance, the new structure is discarded.

A different approach is used to find the structures of the reactant and product vdW wells. While the
user has the option of specifying the Z-matrix of the wells, the preferred approach is to use the TS
Z-matrix as a guess for the vdW search, displacing the bond length of the distance used for the grid
scan in the reactant or product directions. This approach is preferred both because it is more stable,
and because it produces a structure that is more directly relevant to predicting tunneling rates. This
procedure can be performed with the usual sequence starting at theory level 0 and proceeding to

level 1, or by starting directly at theory level 1. Extensive testing has shown that the use of either

15
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redundant or Cartesian, rather than internal coordinates leads to a much better success rate in these
searches for the vdW minima. Thus, the default option for the determination of the structures of the
vdW wells is to use redundant coordinates. A set of additional bond distances suitable to describe
the relative orientation of the two reacting molecules is selected automatically and added to the

coordinate set used in the optimization.
2.2 Level 1 determination of geometries and vibrational frequencies

Improved structures for each of the stationary points are determined using level O structures as
guesses. These “level 17 structures are used as reference structures for the rate constant predictions,
e.g., to determine rovibrational partition functions, high level energies, and symmetry numbers.
Vibrational frequencies are determined at the same level of theory. Hessians in Cartesian
coordinates are also computed and saved for subsequent hindered rotor calculations, if needed. The
coordinates employed in these level 1 optimizations are the same as those used in the level 0
calculations, i.e., internal coordinates are used to determine the structures of the reactants, products,

and saddle points, while redundant coordinates are used for the vdW wells.

Typically, these level 1 calculations differ from their level 0 counterparts in the choice of the basis
set. However, an improvement in the quality of the theory is also possible. For example, a level 0
calculation might implement the range separated ®B97XD density functional theory* with a

modest 6-31G* basis,** while the level 1 analysis might implement a double hybrid method such as

B2PLYP-D3%46 with a cc-pVTZ basis.*’

Vibrational anharmonicity can have an important impact on rate constant estimation, both at low
and high temperatures.*>* To address this issue, at present we are working on implementing
vibrational second order perturbation theory (VPT2) in EStokTP.>® An alternative approach is to
scale frequencies using empirical factors fitted over experimental databases, as suggested by

Truhlar and co-workers.>! This is the approach presently implemented in EStokTP.

16
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2.3 Torsional motions

Following level 1 calculations, EStokTP is able to perform one, two, and three dimensional
torsional scans for a given list of dihedrals. The resulting potential energy as a function of the
dihedral angle(s) is then used as input in the rate prediction code. The calculations are organized as
follows. First, 1D torsional scans are performed for all scanned dihedrals, even if a 2D or 3D HR
scan is requested as they make use of this information in determining the connectivity of the
mutually rotating moieties. Following these 1D rotational scans, the torsional motions for each rotor
are projected out from the Hessian, which was previously obtained in the level 1 calculations. This
projection yields an updated list of frequencies from which the torsional vibrations have been
automatically removed. After projection, the hindered rotor PES and the projected frequency list are

saved for successive calculations.

The procedure for this projection has been adopted from that proposed by Green and co-workers,>?
with our implementation strictly mimicking that reported in RMG.!3!” Nevertheless, a dedicated
code has been written ex novo for this purpose, as EStokTP has been designed to be a standalone
code. There is, however, a slight difference between the EStokTP and the RMG implementation of
this theory. In RMG the molecule is divided into two portions, one mutually rotating with respect to
the other along the connecting bond. In EStokTP, the connectivity of the two molecular moieties is
first examined by inspecting each bond length. If a bond is longer than a given threshold, then the
portion of the molecule to which it is connected is not included in the molecular block for

projection.

A situation where this revision is significant is illustrated in Fig. 4. For this transition state
describing the H-abstraction from dimethylether by CHs, the RMG approach, which is successful
for essentially all stable species and most TS analyses, projects out the wrong frequency (100 cm’!
computed at the M06-2X/aug-cc-pVTZ level®®) rather than the correct 236 cm™ frequency. This has

an impact of about a factor of 2 on the rate constant at temperatures relevant to combustion (1000-

17
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1500 K). However, it should be noted that the approach implemented in EStokTP relies on the use
of a database of critical bond lengths that has been developed on the basis of extensive, though not
exhaustive benchmarks, performed mostly on molecules containing C, H, or O atoms. As both
RMG and EStokTP approaches are available in the EStokTP suite, it is suggested to check carefully

situations where they give different predictions.

TOP B RMG

TOP A RMG

TOP A ESTOKP
TOP B ESTOKTP

Figure 4. Schematic diagram of the rotating tops identified by RMG and EStokTP for the transition

state corresponding to H-abstraction by CH3 from dimethylether.

Notably, additional features of EStokTP allow us to take advantage of the advanced capabilities of
the multi-dimensional hinder rotor treatment implemented in the MESS suite,? which is the default
master equation solver for EStokTP. In particular, EStokTP can compute the potential and
vibrational frequencies at each point of the dihedral scan, from which torsional motions can be
projected as described above. These data are then exploited by MESS through a convolution of the
vibrationally adiabatic densities of states for the non-torsional internal degrees of freedom with the
external rotation density of states and partial local torsional states densities. The result is then

integrated over the torsional angles with the torsion-dependent energy shift and mass factor.
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To account for quantum effects associated with the torsional degrees of freedom, the Schrodinger
equation for the coupled torsional motions is formulated for zero-angular momentum and solved for
low energy levels providing the quantum correction to the classical density of states. At higher
energies, the quantum density smoothly approaches the classical one, and the quantum corrections
are not needed. The dependence of external rotation parameters on the internal quantum state is
approximately accounted for by averaging the external rotation mass factor over the internal
quantum state. This approach ignores the dynamical coupling between internal and external
rotation. To facilitate the computation of the eigenvalues, a Fourier representation of the potential is
obtained from a multidimensional product grid of potential values, as described earlier. A similar
Fourier representation is employed for the generalized mass matrix and the Hamiltonian is

formulated in a Fourier harmonics basis.
2.5 Symmetry

As mentioned in the introduction, a correct determination of the symmetry factors for each of the
stationary points considered in the calculation is essential to the accurate prediction of rate constants
and thermodynamic parameters. The relevance of using proper symmetry numbers in the
determination of rate constants was discussed thoroughly by Pollak and Pechukas®* and more
recently by Ferniandez-Ramos et al.> In EStokTP the external rotational and optical symmetry
numbers are first determined through the symmetry code that is part of the MESS suite. This code
works by first permuting all groups of identical atoms and determining whether or not the distance
matrix for the permuted species are equivalent to the original distance matrix to within some
tolerance. If they are, then an additional check for reflection symmetry of the permutation is
performed by taking the scalar triple product for 3 nonplanar atoms in the species. If this product
changes sign then this permutation does not contribute to the rotational symmetry number.
Furthermore, if this cross product changes sign for any one of the permutations, then the molecule

does not have an enantiomer. Otherwise, it does.
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The hindered rotor PES is then scanned to check for the presence of degenerate isomers along the
rotational scan. For this purpose, all minimum energy structures along the dihedral scans are re-
optimized at the chosen level of theory. If the computed energy differs by less than a given energy
threshold from the absolute minimum energy, than the new minimum is considered as a degenerate
isomer. Finally, a global symmetry factor is computed as the product of the external rotational
symmetry number and the number of torsional isomers found divided by the external optical isomer
number. Note that this algorithm has not yet been extended to treat degeneracies in
multidimensional hindered rotors, in which case direct user intervention is needed to set the proper

symmetry factor.

2.6 High level energy determinations

High level energies are computed at the level 1 geometries for each of the stationary points
considered in the reaction network. Typically, calculations at the CCSD(T) or CCSD(T)-F12 level,
with basis sets of triple-{ or better quality, are particularly effective in obtaining high accuracy
kinetic predictions. As supported by the electronic structure codes, these calculations may include
composite combinations to approximate, for example, the complete basis set limit. With increased
molecular size for the investigated system, such CCSD(T) calculations rapidly become the most

expensive part of the calculations, in terms of CPU, storage, and memory usage.

2.7 Intrinsic reaction coordinate scans

For the next step, optional intrinsic reaction coordinate (IRC) scans can be performed to study the
molecular evolution along the reaction path. Such calculations help to confirm that the specified TS
connects the desired reactants and products. Perhaps more importantly, the structures, energies, and
vibrational frequencies determined along the reaction path can be used to obtain variational
corrections to the conventional TST rate predictions. For this purpose, it is best to perform the IRC
scans by computing the Hessian at each point along the reaction path. Torsional motions are then

projected from the Hessian and vibrational frequencies are computed for each point along the
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reaction path. It is also possible to choose whether to update the hindered rotor PESs along the IRC
path, or to simply keep the HR PES computed at the saddle point. The latter is often a reasonable
choice since the density of states of the hindered rotor partition function tends to have only a mild
dependence on the height of the HR PES. In order to be consistent with the set of vibrational
frequencies computed at theory level 1, IRC calculations must be performed at the same theory

level 1.

The vibrational frequencies calculated along the MEP depend on the chosen coordinate system,
with all coordinate systems converging to the same values only at stationary points, where the
energy gradient is zero. It has been shown for many reactions that Cartesian vibrational frequencies
computed along the MEP can give unphysical values, for example becoming imaginary even in
proximity of the saddle point.’® This can have an important impact on the evaluation of rate
constants. To address this important issue the possibility to compute vibrational frequencies in
curvilinear coordinates has been implemented in EStokTP as suggested by Truhlar and co-
workers.’” The main difference is that the Wilson B matrix and the C matrix, representing the first
and second derivatives of the internal coordinates with respect to Cartesian displacements, are
computed using finite central differences. The currently implemented internal coordinates are
nonredundant coordinate systems consisting of bonds, angles, and torsions. As EStokTP uses Z-
matrices to perform optimizations and TS searches, the Z-matrix set of coordinates can be directly
used to determine frequencies in curvilinear coordinates. Alternative coordinate sets can be
specified directly by editing the Z-matrix. To test the correctness of our implementation, vibrational
frequencies were computed using curvilinear coordinates with both EStokTP and Polyrate for
reactions that are sensitive to a change of coordinates, such as the H> + OH abstraction and C2Hs +
H addition reactions. The agreement was quite good, with vibrational frequencies differing by at

most about 10 cm™!, but in general being more or less superimposed.
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The energy along the reaction path must also be consistent with the high-level energies for the
reactants, products, and TS. For this reason, the energy profile is by default shifted to match the
energy barrier computed at the saddle point at the chosen level of theory. In addition, high-level
energy evaluations may be performed for a specified number of points along the reaction path. If
this number is smaller than the total number of IRC steps, then the energy of the missing points is

re-scaled in accord with the available ones.
2.8 Tunneling

Quantum tunneling contributions to rate constants can be computed using two different models. The
first is the simple asymmetric Eckart model. For this purpose, energy barriers are determined
relative to either the reactants and products, or the vdW wells if they are considered. These energy
barriers together with the imaginary frequency value provide the necessary input for the MESS

solver to implement Eckart tunneling corrections.

Alternatively, Small Curvature Tunneling (SCT)* corrections can be implemented using reaction
path Hamiltonian frequencies®® or curvilinear coordinates.’” Both temperature dependent tunneling
contributions and imaginary action integrals can be determined. The latter can be taken as input by
the MESS solver. It should be pointed out that SCT theory requires IRC calculations on a
sufficiently extended path. Typically, on the order of 100 points in both the reactant and product

directions using a step of 0.02 bohr are necessary to obtain converged results.
2.9 Rate constant estimation

The final step of an EStokTP job involves the prediction of the temperature and pressure dependent
rate constants for the specified reaction. This step is only performed after the completion of all the
preliminary steps outlined in Fig. 2. Within EStokTP we have implemented four different
computational protocols for automatically predicting the rate constant for the four different reaction

types: abstraction, addition, beta-scission, and isomerization reactions. A fifth protocol is also being
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developed for barrierless reactions, as discussed below in section 2.9.5. With these protocols, given
a proper set of input parameters, the rate constant prediction procedure then proceeds without

human intervention by performing in succession all the steps outlined in Fig. 2.
2.9.1 Abstraction

In general, IRC following forward and backward from an abstraction TS leads to the formation of
two vdW wells rather than directly to bimolecular reactants and products. These vdW wells are
submerged below the energy of the corresponding bimolecular species (cf. the schematic PES
sketched in Fig. 5). As a result, there are really three distinct transition states for any abstraction
reaction. One describes the formation of the entrance channel vdW well, the second describes the
actual abstraction process, while the third describes the decay of the exit channel vdW well. The
first and the third transition states generally correspond to barrierless processes and do not have a
saddle point associated with them. Phase space theory provides an effective procedure for

qualitatively estimating the reactive flux for such barrierless TSs.

TS

Reactants ABSTRACTION

vdW reactant well Products

Ve

vdW pr(_)duct well

Figure 5. PES used to calculate thermal rate constants for abstraction reactions using a three

transition state (3TS) model.

Three different models have been implemented within EStokTP to predict rate constants for such
abstraction reactions. They differ in whether or not van der Waals wells are considered for both the
reactant and product sides (3TS calculation), for only the reactant side (2TS calculation), or not at
all (1TS calculations). The schematic diagram in Fig. 5 illustrates the PES for the 3TS model, with
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the 2TS and 1TS abstraction PESs differing only in the absence of the vdW product well and in the
absence of both vdW wells, respectively. Most theoretical studies in the literature consider only the
single abstraction TS of our 1TS approach. However, we find that it is often useful to include at

least qualitatively the effect of the two other TSs.

In the 3TS model, the rate constant for the full abstraction process is computed by solving the
master equation for the three channels: entrance, exit, and abstraction. The microcanonical rates for
the long-range part of the entrance and exit channels are computed using phase space theory with a
1/R® potential.>*%* Alternative potentials of the form 1/R" may also be employed. Such potentials
provide an adequate representation of the long-range collision rate. The automated implementation
of better treatments such as variable reaction coordinate TST is much more challenging and so is
left for future work. Phase space theory calculations are set up and performed automatically by the
MESS solver. If VRC-TST calculations have been performed offline, then it is straightforward to
edit the ME solver input produced by EStokTP to implement the results of those calculations in the
evaluation of the overall rate constant. The microcanonical rates for the abstraction itself are

determined using the transition state theory procedures outlined above.

Usually, the rates of the entrance and exit channels greatly exceed those of the abstraction channel,
with passage through the abstraction transition state being the rate controlling step. However, at
sufficiently low temperatures the vdW wells may live long enough to be collisionally stabilized. In
this case, they appear as a product channel in the master equation results, carrying important
implications for low-temperature gas phase chemistry. Furthermore, the depth of the vdW wells
may have a significant impact on the quantum tunneling contribution to the rate constant, especially
at low temperatures and when the reaction barrier height is small with respect to reactants. Thus, it
is advisable to compute the energy and structure of the vdW wells at the same level of theory as that

of the reactants and products.

24

ACS Paragon Plus Environment



Page 25 of 70 Journal of Chemical Theory and Computation

oNOYTULT D WN =

Unless the rate of stabilization of the vdW well is of specific interest, it is generally not necessary to
perform a hindered rotor study of the vdW wells. If performed, hindered rotor studies of the vdW
wells should be carefully checked as they may easily lead to other vdW wells, which may not be
those connected to the reaction transition state. In reality, quantitative estimates of the state
densities for the vdW wells would be better accomplished through direct phase space sampling.
Furthermore, in most instances, there are really multiple vdW wells for both reactants and products
and one should design formalisms that include and treat the transformations between each of them.

For now, we have left such improvements for later work.

Using a master equation solver to determine rate constants for abstraction reactions is somewhat
unusual as these reactions are generally pressure independent and thus, in principle, do not require a
master equation treatment. There are however a number of advantages in studying the kinetics of
such reactions with a ME treatment. The first is that the 3TS ME treatment is one of the possible
approaches to properly limit the contributions to the reactive flux from energy states below the
asymptotic energies of the fragment. In particular at low pressure, only states above the reactants
and product asymptote should contribute to the reactive flux, while at pressures where stabilization
occurs, which can be reached at low temperatures especially for vdW species with intermolecular
hydrogen-bonds, subthreshold states may contribute to the kinetics. Such proper physical limits on
the reactive flux contributions are particularly important when computing quantum tunneling
corrections to the rate coefficients. A second reason is that the phase space theory estimates for the
entrance and exit channels can pose significant constraints on the overall reactive flux, particularly
at higher temperatures and for reactions where the abstraction saddle points are submerged below
the reactants or products. A third reason is that this approach allows for a treatment of stabilization
in the van der Waals well, such as may occur at the low temperatures of relevance to
astrochemistry. Finally, this procedure also provides a basis for properly analyzing the branching
between different abstraction channels through planned generalizations to include isomerizations

between multiple vdW wells.
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2.9.2 Addition

An entrance channel vdW well almost always plays a similar role for addition reactions as it does in
abstraction reactions. Thus, within EStokTP we have implemented two alternative PES schemes
(2TS and 1TS) for the evaluation of the temperature and pressure dependence of addition rate
constants. A schematic diagram of the 2TS PES is provided in Fig. 6. For the corresponding 1TS

scheme, the vdW reactant well is absent.

TS

ADDITION
React_ants

N\

vdW reactant well

Figure 6. PES used to calculate addition reaction rate constants using a two transition state (2TS)

model.

Again, as described above for abstraction reactions, for the 2TS model the addition rate constant is
computed by solving a master equation consisting of two channels: the entrance and the chemical
addition. The microcanonical rates for the entrance channel are computed using phase space theory,
while those for the chemical addition channel are determined using the transition state theory
methods described earlier. In contrast with abstraction reactions, the solution of the master equation
is generally necessary for addition reactions due to the possibility for redissociation of the product
(i.e., the chemically transformed addition complex). This redissociation of the chemical complex
leads to a pressure dependence of the rate constant that is effectively treated with the master

equation.
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For now, the input file for the master equation calculations also requires parameters describing the
collisional energy transfer for the reacting system under investigation (i.e., the parameter AEdown
describing the average downwards energy transferred and the Lennard Jones parameters for the

61,62

reactants and products). Independent work by Jasper and coworkers may allow us to

automatically generate these parameters.
2.9.3 Beta-scission

Since beta-scissions are the reverse of additions, their rate constants may be determined through
detailed balance from the addition rate constant. Alternatively, EStokTP also includes an algorithm
that focusses directly on the beta-scission reaction, and it is sometimes preferable to employ this
algorithm. For example, the beta-scission algorithm tends to be more effective when the barrier to
decomposition is quite low, with a corresponding very modest increase in the bond length for the
decomposing bond from its value in the complex. The rate of the beta-decomposition reaction is
determined by solving the master equation with the MESS code, so that pressure dependence is
properly accounted for. As for addition reactions, proper energy transfer parameters must be
assigned prior to performing the master equation calculation. At present, no vdW well model is

implemented for this type of calculation.
2.9.4 Isomerization

Isomerization reactions are treated as pressure dependent unimolecular processes that involve one
reactant and one product. The isomerization algorithm can also be used to study elimination
reactions, although, due to the simplicity of the TS locating procedure, the failure rate for these
processes can be significant. Alternatively, it is possible for EStokTP to import transition states
located using other codes, such as the GSM code of Zimmermann®® or the STN approach of Peng
and Schlegel.** To do so simply requires that a TS geometry is provided in internal coordinates with
a Z-matrix that has properly assigned dihedral angles (see Section 2.1). Again, the x2z code, which

is available as a companion to this work, facilitates the preparation of this data.
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2.9.5 Barrierless reactions

At present EStokTP does not contain a fully automatic algorithm for predicting rate constants for
barrierless reactions. However, there are two approaches that can be used to set up reasonable
variational TST calculations for such reactions. Both approaches rely on first performing
calculations that freeze a selected Z-matrix bond length at a given value. Level 0 and level 1
calculations, Monte Carlo conformational scans, and hindered rotor scans can then be performed at
the frozen distance. A good guess for the initial frozen geometry can be generated using the grid

scan that is usually performed as a prelude to the TS search.

Two alternative procedures could be used to proceed on to predicting the rate constant. First, the
points along an IRC calculation starting from the frozen geometry can be used to build a variational
input for MESS. Alternatively, the frozen reaction coordinate calculation can be repeated for
different bond lengths (as many as desired) through separate EStokTP calculations. The data thus
generated can be collected through a script and again used to set up a variational input file for
MESS. In both instances, the MESS master equation solver can then be used to obtain pressure
dependent rate predictions. The latter approach allows for the implementation within electronic
structure codes that do not perform IRC analyses, thereby facilitating multireference calculations
for example. It also provides an alternative for cases where the underlying IRC analyses fail due to

the low gradients at long-range.

An approach that is consistent with the current implementation of EStokTP is to use the CASPT2
theory within Molpro. A reasonable active space can be selected for some initially chosen bond
length. The same set of calculations can then be repeated for a range of bond lengths scanning the
range of variational TSs, with careful checking for consistency in the active space. Notably,
EStokTP allows for a rescaling of such CASPT2 energy changes in the construction of the final
variational PES. For example, the ratio of a CCSD(T)/CBS based evaluation of the bond energy to

the CASPT2 based one could be used to scale the CASPT2 IRC energies. Over the longer term,
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directly coupling to VaReCoF based VRC-TST calculations should provide a route to increased
accuracy. It should however be mentioned that at present, if such VRC-TST calculations have
already been performed offline (e.g., with the VaReCoF code), then it is straightforward to edit the

ME solver input produced by EStokTP to implement those results in the ME analysis.
2.10 Accuracy of the AITSTME approach

As stated at the beginning of this section, one of the goals of EStokTP is to provide a theoretical
framework that allows for high accuracy rate predictions. For most reactions, we aim to achieve an
accuracy of about a factor of 2 or better with respect to nominal values. At high temperatures this
appears readily achievable, while near room temperature further progress in barrier height and
tunneling estimation may sometimes be needed. Occasionally, TST is inaccurate because the basic
assumptions of TST (ergodicity, non-recrossing, semiclassical expressions) are of limited accuracy.
In particular, in some cases the energy is not randomized among all the molecular degrees of
freedoms, which can lead, among other things, to a situation where some of the potential wells are
not explored (e.g., in the exit channel). When this happens, the reaction is said to be non-RRKM
and AITSTME predictions of rates and branching ratios can become significantly inaccurate.5>-6¢
This is for example the case for the Sx2 reaction between OH- and CH3F.% Though it is difficult to
predict a priori whether a reaction may exhibit non-RRKM behavior, there are only a few examples
of non-RRKM thermal reactions reported in the literature. When AITSTME fails, the most proper
approach is to study the reaction dynamics using trajectory simulations, for example through direct
dynamic simulations using density functional theory (DFT) energies and gradients.’” Fortunately,

for thermal reactions, such failures appear to be quite limited, as demonstrated by the success of

AITST calculations in reproducing large bodies of rate measurements.

Also, even when the energy is properly randomized among the internal and external degrees of
freedom, there are still several situations where the uncertainty in the rate constants predicted by

AITSTME as implemented in EStokTP becomes intrinsically larger. For example, when the rate
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constants are pressure dependent, as with addition and recombination reactions, uncertainty in the
collisional energy transfer parameters leads to modestly increased uncertainties in the rate
predictions. Furthermore, the proper description of the collisional excitation/equilibration process
requires a description of not just the collision-induced transitions in energy but also of the
transitions in the total angular momentum (J).®® To properly describe the effect of those transitions

requires a 2D master equation (in E and J), rather than the 1D ME currently used in EStokTP.

The level of uncertainty of the rate constant calculations is also expected to increase when reacting
systems having several coupled internal rotors are considered, especially when some structures
involve hydrogen bonding interactions. While this can be addressed in EStokTP using the
implemented multidimensional vibrationally adiabatic hindered rotor model, a thorough validation
of this approach with respect to experiments or to alternative theoretical approaches, such as those

implemented in MS-Tor,?! is needed to properly determine its accuracy.

Two other situations where the accuracy of rate constants determined using the approaches
implemented in EStokTP is expected to decrease are very low and very high temperatures. At very
low temperatures the uncertainty is related to that of barrier heights and to the adopted tunneling
model, while at high temperatures anharmonic effects (and multiple electronic states) can impact
significantly the estimation of the rovibrational density of states, and thus the rate constant

estimation.

One of the utilities of the EStokTP code that we foresee is its facilitation of careful benchmarking
of the success and failures of various possible implementations of the AITSTME approach through
widespread application to large numbers of reactions. Such studies will help us better understand

the extent of the errors introduced by these various concerns.
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3. Results and Discussion

In the following, sample applications of EStokTP to the study of abstraction, addition,
isomerization, beta-scission, barrierless, and a complex multichannel reaction are reviewed. This
survey begins with a review of EStokTP calculations for the simpler case of the thermochemical
properties of molecular species, i.e., reactants or products or wells. This application provides a
direct indication of the success and utility of many subcomponents of the code. For both the
abstraction and addition cases, EStokTP was applied to on the order of 100 distinct reactions. This
extensive testing allows for statistical analyses of the code success rate. For these reactions, some
limited comparisons of EStokTP predictions with literature results are also provided to illustrate the
predictive success of sophisticated a priori TST. More substantial comparisons will be provided in
future system specific applications studies. For the remaining cases, we restrict our discussion to

more qualitative commentary on the expected utility of the code.

3.1 Wells

The determination of the structural and rovibrational properties for a given molecular species,
which is a key step in each of the rate analyses, is also of utility in determining thermochemical
properties. Such molecular species studies represent the simplest of the EStokTP runs. In the most
complicated situation, the molecule has several coupled internal rotors. In this case, the set of

calculations that should be performed are schematized in Fig. 7.
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1D Hindered rotor Scans
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| |
| |
| Evaluation of Symmetry numbers |
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High Level Energies

C

| Assembly of results in ME format |

Figure 7. Sequence of EStokTP modules that can be called in order to determine the molecular

properties of a given species.

The sequence of steps reported in Fig. 7 yields the minimum energy geometry of a molecule and its
vibrational frequencies determined at theory level 1, as long as a sufficient number of random
geometries were included in the stochastic conformational search. Then, 1D hindered rotor
potentials are computed for motions relative to that minimum energy structure and the
corresponding frequencies are projected from the Hessian matrix. After that, a multidimensional
hindered rotor (up to 3D) PES may be mapped out and projected frequencies may be computed at
each point in the scan. Symmetry numbers can then be determined using the combined MESS
(external symmetries) and EStokTP (internal HRs symmetries) algorithms. Finally, the energy can

be computed at a high level of theory and all the results collected in a ME block format (see above).

It should be noted that all the calculation steps reported in Fig. 7 can be run either as a continuous
sequence from beginning to end, without any need of human intervention, or one at a time. This
type of flexibility can be exploited by external codes that use just some of the functionalities of
EStokTP to determine the parameters of interest. For example, in related work,*! a set of scripts

were developed (primarily, QTC® and TorsScan’’) that generate high level thermochemical data for

32

ACS Paragon Plus Environment



Page 33 of 70 Journal of Chemical Theory and Computation

oNOYTULT D WN =

large sets of species (e.g., 100-1000), as in typical combustion kinetic mechanisms. Within this
predictive automated combustion thermochemistry (PACT) process the TorsScan script generates
the EStokTP inputs and then calls the EStokTP code to perform the stochastic search for the
minimum energy conformer of a given species, to determine the one- and multidimensional
hindered rotor potentials, and to evaluate the projected vibrational frequencies. The initial
application of this approach generated thermochemical data for 163 species in a low-temperature
butane oxidation mechanism, with a 98% success rate, although a few symmetry numbers and
electronic degeneracies did need to be corrected.*! Continuing work in progress is finding similar

success rates for other equivalently large combustion species data sets.
3.2 Abstraction Reactions

For a chemical reaction the required sequence of calls is considerably more complicated than for a
molecular species. Furthermore, there are many different levels of approximation that could be used
in estimating the rate constants. Low-level approximations are useful in performing survey studies
over large sets of reactions to explore which reactions might be important. Meanwhile, calculations
incorporating many different high-level components can yield the predictive accuracy required for
improving the fidelity of a mechanism, but require significantly more CPU resources. The modular
nature of EStokTP allows for the implementation of a multitude of different approximations for the
rate constants. Importantly, the data produced by the different modules are readily reused as one

considers alternative approaches for predicting the rate constants.

Level 0 Geometry Optimization
for reactants with stochastic scan

j

| Grid scan |

I

Level 0 Geometry Optimization of TS and stochastic scan |

| Assembly of results and ME simulations |
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Figure 8. Three possible sequences of EStokTP modules that could be used to determine rate
constants for abstraction reactions: a) The minimum number of modules necessary for a low level
rate constant estimate; b) A set of modules that can reproduce typical literature results; c) A set of

modules that can yield highly accurate rate constant predictions.

In Fig. 8 we illustrate the sequence of calls required for a simplistic approach (8a), a common
literature approach (8b), and a high level approach that we have found useful for predictive
calculations (8c). A rate calculation will often be preceded by separate calculations for the two

reactants (e.g., for the purpose of thermochemical property evaluations). The modular nature of
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EStokTP allows for the ME blocks generated in the calculations of the molecular properties to be
imported into the EStokTP directory for the rate evaluation, which allows the user to avoid
repeating these calculations. In this instance, the low level approach simply requires a grid scan to
find a first order approximation to the TS, followed by a formal transition state search, and then a
Monte Carlo TS conformer search. Such low-level RRHO based approximations have a long history
in the literature, although nowadays most published studies also include some form of hindered
rotor correction and high-level energy analysis. The latter calculations simply require calls to two

more modules of EStokTP, as in the scheme of Fig. 8b.

The set of calculations required for a high-accuracy prediction of the rate constant is significantly
larger than those needed for low-level calculations. Again, the modular nature of EStokTP allows
for the high level scheme to be initiated at the point where the low level scheme ended, assuming
those calculations have already been completed. Similarly, EStokTP can simply import the TS
structure found using an alternative search algorithm and then proceed from there through the
desired sequential module call. The conversion from the TS output from some other code to that
appropriate for EStokTP can readily be accomplished with the companion x2z geometry conversion
utility.*® The level 0 calculations should be followed by level 1 calculations, torsional scans, high
level energy evaluations, and symmetry determinations for the TS as well as the reactants and

products involved in the reaction.

For the vdW wells, hindered rotor scans, the stochastic search for conformational minima, as well
as the determination of symmetry numbers are not included in the sequence of calculations reported
in Fig. 8c. Accurately determining the density of states for vdW wells is difficult due to the many
highly anharmonic low frequency vibrations that characterize the interaction between the two
molecular fragments forming the vdW well, and the presence of multiple minima. Furthermore, as
discussed in Sec. 2.9.1, the vdW wells are incorporated in the EStokTP analysis primarily to

correctly estimate the barrier height for the calculation of tunneling coefficients. This aspect of the
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analysis does not require a refined estimation of the density of states of the well, but just a high

level determination of the ground energy.

It is instructive to consider the variation in the predicted rate constant with growing level of theory
for the H-abstraction reaction of methylacetate by OH. This reaction is well suited to test the
performance of EStokTP because it is characterized by the presence of multiple conformers, both
for the reactant and the TS (cf. Fig. 9), by coupled HRs including the presence of H-bonds for some
of the TS structures, and by the formation of a quite stable vdW well in the entrance channel.

Furthermore, high quality experimental data are available for this reaction at both low and high

temperatures.
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Figure 9. Plot of the 2D (in phi and theta) torsional potential for the TS in the H-abstraction by OH

from one of the methyl rotors in CH3C(O)OCHs.

The TS structure was determined using a grid scan along the coordinate set schematized in Fig. 3. A
three TS model was used to construct the PES and to determine the reaction rates. The rate

constants calculated at different levels of theory are compared in Fig. 10.

— —a) DFT energies RRHO
1T & b) DFT energies 1DHR
C — — -¢) CCSD(T) Energies 1DHR
———d) CCSD(T) Variational 1DHR
— — —e) CCSD(T) Variational 2DHR
—— f) CCSD(T) Variational 2DHR Frequencies
— 1E-12 4
[7,] L
~ .
o0
£
2
-
1E-13 +
1E-14 t t t t t
0.5 1.0 15 2.0 2.5 3.0 3.5

10007T[K]

Figure 10. Impact of using increasing levels of theory for the calculation of the rate constant for H-
abstraction from methyl acetate: CH;C(O)OCH; + OH — CH2C(O)OCH; + H>O. See the text for a

description of computational methodologies a)-f).

The rate constants reported in Fig. 10 were determined: a) using DFT with the M06-2X functional
and the aug-cc-pVTZ basis set to determine energies and vibrational frequencies of reactants,
transitions states, vdW wells, and products, the RRHO approximation, and conventional TST (DFT

energies RRHO); b) same as a) but using the 1D HR approximation for 4 torsional motions and
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Hessian projection (DFT energies IDHR); ¢) same as b) but using CCSD(T) energies extrapolated
to the CBS limit; d) same as c), but using variational rather than conventional TST; e) same as d)
but using a 2D Hindered rotor model for two HRs; f) same as e) but computing the Hessian for each
point of the 2D scan and convoluting the vibrational density of states so determined with those of
the HRs to determine the TS number of states. Quantum tunneling contributions determined using

the Eckart model were included in all calculations.

The choice of the computational methodology used is seen to have a significant impact on the
predicted rate constant. With method f) as a reference, the rate predictions based on DFT energies,
the RRHO approximation and conventional TST differ by up to a factor of 10, especially at high
temperatures. Using the 1D HR approximation for all relevant torsions considerably improves the
predictions at high temperatures, while low temperatures estimates are then off by a factor of 4.
This difference is largely due to the different energy barriers determined with DFT and CCSD(T)
theories: 2.02 vs 2.75 kcal/mol. Using variational TST (d) and 2D HRs (e) has small impacts on the
rate constant, while including the estimation of Hessians along the 2D PES scan had a small but not

negligible effect.

The impact of the different computational methodologies can be better appreciated by comparing
the predictions for the total H-abstraction rate with literature experimental data (Fig. 11). The
comparison shows that the highest level computational methodology that is possible with EStokTP
for abstraction reactions, which is the one outlined in Fig. 8c, reproduces experimental data to
within a factor of 1.5, while IDHR and 2DHR approaches underestimate the experimental values by
a factor of 2. This discussion should not be interpreted as a general criticism of DFT, as DFT
predictions are dependent on the choice of the functional and it is quite possible that using a
functional more suitable to study the present reaction better results may be obtained. The main
purpose of these calculations is to show that using the protocols implemented in EStokTP it is

possible to systematically approach the experimental measurements, which is one of the two main
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aims of EStokTP. This does not preclude an alternative approach, for example one based on a

careful choice of DFT functionals for each portion of the calculation, reaching the same aim.
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Figure 11. Comparison between theoretical predictions*? and experimental measurements’!” of the

rate constant for H-abstraction by OH from both methyl groups in CH3;C(O)OCHS;.

The second aim for EStokTP is to be able to determine rate constants automatically, once the input
files have been properly set up. For this purpose, two sets of extensive tests have been performed
for abstraction reactions to determine the probability of success of the algorithms implemented in
EStokTP for each module. At present there is in fact considerable interest in being able to perform
calculations automatically for large sets of reactions, but there is no benchmark to check how an
automatic algorithm performs. The whole purpose of these calculations is to provide such

benchmark.

In the first test set the rate of H-abstraction from 11 species by 5 different radicals has been
determined using the computational protocol shown in Fig. 8c, only excluding the multidimensional

HR treatment. The considered species are CH4, CoHs, C2H4, CoH2, CH30H, HC(O)OH, CH30CH3,
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H>CO, CH3Cl, HoS, and NHs. The abstracting radicals are H, OH, OOH, CH3, and O, which are
typically of importance in combustion chemistry. A total of 65 reactions are considered, as

HC(O)OH and CH3OH have two non-equivalent hydrogens. This test set was named HAB65.

The simulations were organized as follows. First, separate calculations were performed for each of
the reactants and products using the protocol shown in Fig. 7 and ME blocks were generated for
each of these species. Then, input files were generated for each reaction using a wrapper script that
automatically accounts for the possibility that each one of these specific radicals has internal rotors
at the TS. The following computational protocol was used: level 0: M06-2X/6-31+G(d,p); level 1
and IRC: M06-2X/aug-cc-pVTZ; hindered rotor scans and symmetry: M06-2X/6-311+G(d,p); high
level calculations: CCSD(T)/aug-cc-pVTZ with CBS basis set correction given by DF-MP2/aug-cc-
pVQZ - DF-MP2/aug-cc-pVTZ. TS searches were performed in internal coordinates, computing
the Hessians only for the first structure. All DFT calculations were performed using G09 and all
CCSD(T) and DF-MP2 calculations were performed with Molpro 2010. The 65 simulations were
then submitted to a queue manager on an HPC Linux cluster. The simulation results are summarized

in Table 1.

Table 1. Summary of the performance of the EStokTP algorithms for a test set of 65 abstraction

reactions (HABG65).2

Reaction® TS W HRHL V S k (300 K)° k (1000 K)°

CH; +H y Y VY Y Yy vy 5.2E-19 3.8E-13 (2.9E-13)"*

+OH y y y y y n*|51E15(7.0E-15)" | 2.0E-12(1.7E-12)7

+OO0H y Y VY Y Yy vy 3.1E-28 1.0E-16 (7.7E-17)°

+ CH3 y vV Yy Yy Yy ¥y 1.4E-32 9.0E-16

+0 y VY Yy Yy y Yy 1.2E-17 6.2E-13 (7.0E-13)”
CoHe +H Yy VY Yy y y y|88EI17(75E-17)7 | 2.6B-12 (2.2E-12)"

+OH Yy vy y y y vy |34E-13(281E-13)”| 1.1E-11 (8.7E-12)”

+ OOH y ¢ vy y y vy 7.4E-25 1.7E-15

+ CH3 y y y y y n 3.0E-21 9.8E-15

+0 y Yy vV Yy y y 1.1E-15 3.6E-12 (4.2E-12)7
CHs+H y vV Yy Yy Yy ¥y 1.3E-20 2.0E-13

+OH Yy VY Y Y Yy y 5.6E-15 2.1E-12 (2.1E-12)®

+ OOH y Yy V V YV Yy 3.1E-30 3.3E-17

+ CH3 y vV Yy Y Yy ¥y 7.6E-24 1.6E-15

+0 y y y n" y vy 7.4E-19 4.5E-13
C:H, +H Yy Y Yy y y y | 85E33(14E-32)" 2.0E-17
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1

2

3 + OH y by y y vy 3.7E-24 7.9E-15

4 +OO0OH y Y VY Y Yy ¥y 1.0E-45 1.8E-21

> + CH; y ¢y y y vy 5.8E-33 4.4E-18

6 +0 n

; CH;0H +H y vy vy vy vy Y 8.0E-16 2.1E-12

9 + OH y vV Yy Yy Yy ¥y 5.8E-13 5.4E-12

10 + OOH y Yy YV V YV Yy 2.6E-23 5.1E-16

1 + CHs y vV Yy Yy Yy ¥y 3.3E-20 8.4E-15

12 +0 y 0y y y y 3.1E-15 2.8E-12 (2.2E-12)®
13 CH;0OH + H y vV Yy Yy Yy ¥ 1.2E-19 7.1E-14

14 + OH y by v vy vy 1.3E-13 7.4E-13

15 + OOH y vV Yy Yy Yy ¥ 4.2E-27 5.6E-17

16 + CH3 y by y y vy 9.6E-21 2.5E-15

17 + 0 y " y y y vy 4.5E-18 6.9E-14

18 HC(O)OH +H Yy y VY y y vy 4.5E-17 5.6E-13

19 +OH y By y y vy 3.9E-15 6.2E-13

20 +OOH y by y vy vy 7.5E-25 8.6E-17

;; + CH; y ¢y y y vy 6.1E-20 1.1E-14

23 +0 y Yy Yy V Yy Yy 1.3E-17 1.6E-13

24 HC(O)OH +H y "y y y vy 1.2E-23 1.1E-14

25 + OH y vV Yy Yy Yy ¥y 1.2E-14 5.8E-14

26 + OOH y vV Yy Yy Yy ¥y 1.1E-34 2.7E-21

27 + CH; y by vy vy vy 1.1E-23 6.3E-16

28 +0 y y y n y vy 7.5E-25 3.7E-15

29 CH;OCH; +H y b y y y y| 35E15(56E-15) | 5.0E-12(6.6E-12)®
30 +OH y by y y y|39EI12(Q29E-12)* | 1.5E-11 (2.4E-11)%
31 + OO0OH y Yy Yy Yy Yy Yy 6.4E-23 2.1E-15

32 +CH; Yy VY Y Y Yy y 8.2E-20 2.4E-14

gi +0 vy vy vy y y vy | 29E14(66E-14% | 1.6E-11 (1.1E-11)¥
3 H.C(0) +H y by y y y | 87E-14(43E-14)® 9.7E-12

36 +OH Yy Y Yy Yy y vy 1.3E-11 1.9E-11 (2.0E-11)¥
37 + OOH y vV Yy Yy Yy ¥y 5.2E-20 7.9E-15

38 + CH3 y vV Yy Yy Yy ¥y 1.8E-17 8.4E-14

39 +0 y VY y y Yy Yy 4.0E-14 9.0E-12

40 CHs;Cl +H y vV Yy Yy Yy ¥ 2.0E-17 7.5E-13

41 +OH y by y y vy |59E14(3.7E-14)® 3.1E-12

42 + OOH y vV Yy Yy Yy ¥y 3.2E-26 1.5E-16

43 + CH; y Yy V V YV Yy 1.2E-20 1.3E-14

44 +0 y By y y vy 6.9E-17 7.4E-13 (7.9E-13)""
45 H.S +H y by y y y | L3E-12(9.6E-13) | 2.9E-11 (2.8E-11)>
46 +OH vy oy Yy y vy vy |S57E-12(53E-12)% 1.3E-11

47 + OOH y By y y vy 3.9E-21 7.5E-15

jg + CHs y By y vy 1.7E-14 7.9E-13

50 +0 y y y n y vy 2.9E-54 5.8E-24

51 NH; +H y by y y vy 3.0E-19 1.7E-13(9.4E-14)%%
52 +OH y vy y vy y y | L6E13(L5E-13)* | 3.2E-12 (3.2E-12)”
53 + OOH y vV Yy Yy Yy ¥y 1.9E-27 1.1E-16

54 + CH; y by y y vy 6.4E-22 3.6E-15

55 + 0O y y y vy vy 1.7E-18 1.8E-13 (3.9E-13)*®
56

>7 2 The acronyms have the following meanings: TS (y/n), the transition state was/was not found; HR,
gg the hindered rotor scan was/was not successful; HL, high level calculations were/were not

60 successful; S, the correct global symmetry factor was/was not found; W, vdW wells were/were not
found; V, variational calculations were/were not successful; b indicates that the vdW well on the

41

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation Page 42 of 70

product side has one or more imaginary frequencies; ¢ indicates that locating the vdW well on the
product side required a tuning of the optimization parameter.

® The bold atom denotes the site of the abstraction.

¢ Rate constants calculated for the 3TS model are reported in cm® molecule™ s at 300 and 1000 K
and compared with a selection of experimental data (in parentheses). This comparison is meant to
be representative of reasonably established values, rather than exhaustive.

4 The symmetry factor is off by a factor of 7/6.

P Refers to the product side of the PES.

W Refers to the well.

A statistical analysis of the HABG65 test set results is promising. The abstraction algorithm
succeeded in finding a TS in 98% of the cases, with the only failure for the O(°P) + C,H> reaction,
which is highly endothermic (30 kcal/mol) and may well be barrierless in the reverse direction. This
means that in all other cases it would have been possible to obtain a reasonable first approximation
to the rate constant using RRHO assumptions and the protocol shown in Fig. 8a. IRC scans and 1D
HR calculations were always successful. The latter in particular is reassuring as it is possible that an
HR scan for a TS may lead to TS structures that connect different minima than those from the
reference TS geometry. This success indicates that the adopted algorithm and the implemented fall
back options are quite effective. The symmetry algorithm also worked nicely with only a minor
failure, which leads to an overestimation of the correct value by a factor of 7/6, and a main failure,
leading to an error of a factor of 2, where the optical symmetry number was erroneously assigned a
value of 2. In reality the two enantiomers are essentially the same because the barrier for

interconversion is negligible and the torsional angle that separates them is quite small.

In several (15) cases the vdW wells had 1 or more imaginary frequencies. This is not considered
problematic because the vdW frequencies are not used in the rate constant estimation procedure,
except in the estimation of zero point energies (ZPEs) and, probably, positive (though quite likely
very small) values could be obtained by tightening the convergence criteria. What is more troubling
is that in 4 cases the calculation of high level energies for the vdW wells failed. This failure was
always due to the lack of convergence in the solution of the restricted spin Hartree Fock equations,

which is likely related to the presence of nearly degenerate states for species like OH interacting
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with a closed shell molecule at large separations. This failure is troubling because it halts progress
for the EStokTP algorithm so that a rate constant cannot be automatically determined. This limits

the success in the automatic determination of rate constants to 93 %.

Two workarounds are possible. The first is to organize the automatic determination of the rate
constants so that evaluations are performed at increasing levels of theory as these become available.
For example, downgrading the rate constant estimation protocol from 3TS to 2TS (see Fig. 5 and
the related discussion) would increase the overall success rate for the rate constant determinations to
98%. The second is to devise fall back options for situations where ROHF fails. Finally, it is nice to
observe that the correct global symmetry number was determined in 97% of the investigated

systems, thus indicating that the symmetry algorithm is reasonably stable.

In order to further check the performance of the EStokTP algorithms and protocols a second test set
was considered. This set is composed of H-abstractions from all the molecules in the HAB65 test
set by the radicals CoH, C,H3, CoHs, ClI, HS, NHy, and 3O». This test set comprises 91 reactions and
was named HAB91. The HAB65 set was designed to test the accuracy and success rate of the
present automatic rate constant determination algorithms for reactions representative of those that
are likely to play an important role in combustion and for which experimental data are commonly
available. Meanwhile, the HAB91 set provides a more challenging set of systems to describe. For
example, reactions with CoHs have a large number of HRs in the TS. Abstraction by C:H is
challenging as it is difficult to define a set of coordinates for molecular systems that are in part
linear that does not lead to problems in geometry optimizations. Furthermore, the HAB91 test set
includes atoms of the second row (Cl and S), so that the impact of d orbitals on finding geometries
of stationary points can be investigated. Also, determining TSs for O abstraction is often quite
challenging because it is a significantly endothermic process. For this reason, the 3O, reactions were
actually studied in the reverse direction (cf. Sec. 2.1), i.e., as abstractions of an H from HOa.

However, in this direction the reactions are effectively barrierless, which also creates some troubles

43

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation

Page 44 of 70

for the algorithm. NH; and C;H3 are included in the test set to investigate whether nitrogen and

planar radicals pose a challenge to the EStokTP algorithms. The simulation results are summarized

in Table 2.

Table 2. Summary of the performance of EStokTP for a test set of 91 abstraction reactions

(HAB91).?
Reaction” TS W HRHL V S k (300 K)° k (1000 K)°
CH4 +CH y Yy y Yy y y|44E-12(3.09E-12)" 1.3E-11
+ CoH; y vy Yy Yy Yy Yy 1.0E-19 2.2E-14
+ CoH;s y vy Yy Yy Yy Yy 2.2E-24 6.9E-16
+Cl Yy Y Vy Yy ¥y yl|99E-14(1.1E-13)'" [1.4E-11(9.3E-12)'
+HS y n° y y y nl 2.9E-23 1.5E-14
+ NH, Yy Yy y y y y|40E-20(1.9E-20)" [2.0E-14 (1.3E-14)'*
+ Oy y y Yy Y YV V¥ 2.0E-50 2.8E-22
CyHe + C:H y Yy y y y y|41E-11(3.8E-11)!* 3.41E-11
+ CoH; y vy Yy vy y Yy 6.6E-18 8.2E-14
+ CoH;s y vy Yy Yy Yy Yy 1.3E-22 2.5E-15
+Cl y vy y y y yl|86E-11(57E-11)'"* [6.3E-11(1.2E-10)'
+ HS y Yy Y Yy Yy Y 4.2E-20 1.5E-13
+ NH, y y y y y nl|47E-18(3.8E-18)" 1.2E-13
+ Oy y V Y Y VYV 5.7E-47 3.4E-21
CyHs + C:H y n" y vy vy y 4.3E-12 1.6E-11
+ CoHs Yy Y VY Yy Yy Yy 1.7E-20 7.8E-15
+ CoHs Yy Y VY Yy Yy Yy 4.6E-25 3.8E-16
+Cl y n y y y y|62E-15(1.56E-15)" 1.2E-11
+ HS y 'V VYV Y V¥ 9.1E-26 3.4E-15
+ NH» y vy Yy Yy Yy Yy 1.1E-20 1.8E-14
+ O2 y y Yy Y VvV V¥ 9.4E-54 5.1E-23
C;H, + C:H y 'V VY Y VYV 7.4E-19 1.7E-14
+ CoH; Yy Y VY Yy Yy Yy 1.1E-18 7.3E-17
+ CoH;s y vy Yy Yy Yy Yy 4.8E-15 8.4E-19
+Cl y 'V VY Y V¥ 5.6E-26 6.9E-17
+ HS y 'V VY Y V¥ 2.5E-40 3.2E-19
+ NH» y 'y Yy Yy Yy Yy 1.7E-29 1.4E-16
+ 0O, n
CH;0H + C;H y 'V VY Y V¥ 7.2E-12 1.0E-11
+ CoH; y vy Yy Yy Yy Yy 2.9E-17 8.5E-14
+ CoH;s y vy Yy Yy Yy Yy 1.0E-21 1.8E-15
+Cl y v¥ y y y y|3.4E-11(5.8E-11)" 4.8E-11
+ HS y 'V VY Y V¥ 5.7E-18 3.2E-13
+ NH» y vy Yy Yy Yy Yy 2.3E-17 8.6E-14
+ Oy y V Y Y VYV 8.4E-45 1.6E-21
CH;0H + C,H y y y y y n 9.1E-13 6.4E-12
+ CoH; y vy Yy Yy Vy Yy 8.6E-17 1.0E-13
+ CoH;s y vy Yy Yy Vy Yy 5.4E-22 8.8E-16
+Cl y 'V VY Y VYV 2.5E-13 3.0E-12
+HS y vy y n® yy
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1

2

3 + NH, y Vy Yy V VY 1.4E-17 3.2E-14
4 +0s y v y n y oy

. HC(O)OH + CoH v vy VY vy vy 9.3E-13 2.9E-12
7 + CoHs y vy Yy Yy Yy Yy 1.8E-17 3.8E-14
8 + CoHs y vy Yy Yy VvV Yy 3.3E-21 2.4E-15
9 +Cl "y y y y y 4.3E-12 6.2E-12
10 + HS y Yy Y Yy Yy Y 6.4E-21 1.8E-14
1 + NH; y vy Yy Yy Yy Yy 1.2E-18 1.5E-14
12 + 0 V' y oy y yy 3.3E-26 3.2E-22
13 HC(O)OH + C,H y y nf y y y 3.9E-12 6.7E-13
14 +C,H; Yy vy VY Yy yy 3.6E-20 7.0E-15
12 + C,Hs y Y Y Yy Yy y 8.3E-25 1.4E-16
17 +Cl y 'V VY Y V¥ 2.0E-13 5.3E-14
18 + HS y 'V VY Y V¥ 3.1E-26 8.1E-17
19 + NH; y vy Yy Yy Yy Yy 2.6E-17 3.7E-14
20 +0 n

21 CH;O0CH; + C;H y n?" 'y y y vy 4.0E-11 2.0E-11
22 +CoH; Yy Y Y Yy Yy Yy 1.2E-16 3.3E-13
23 +C,Hs y y Yy y vy 5.0E-21 1.2E-14
24 +Cl "y y y y vy 1.30E-6 9.2E-10
25 +HS ™y y y yy 1.0E-16 2.7E-12
;? +NH, y Y Y Y Yy Yy 4.9E-17 1.7E-13
28 +0» y y Yy Y YV V¥ 8.4E-44 1.7E-20
29 H,C(0O) + C;H y VYV YV V VY 1.7E-11 2.2E-11
30 +CHs y vy Yy vy yy 3.7E-15 4.5E-13
31 +CoHs y vy Yy Yy Yy Yy 3.1E-18 3.7E-14
32 +Cl n

33 +HS Yy VY Y Y Y Y 1.1E-14 3.4E-12
34 + NH, y y Yy y vy Yy 2.2E-15 5.8E-13
35 + 0, y y Yy Yy Y ¥y 2.1E-40 4.0E-20 (1.1E-19)'*®
;? CH;CI+C.H y vy y vy y vy 5.3E-12 8.7E-12
38 +C2Hs y vy Yy vy yy 8.0E-18 4.1E-14
39 +C,Hs y vy Yy Yy Vy Yy 6.8E-22 2.5E-15
40 +Cl y vy y y y yl|L1E-12(53E-13)'® 9.0E-12
41 +HS y y y n° y y 2.0E-21 3.1E-14
42 +NH, y 'y Yy Yy y n 9.5E-18 1.8E-13
43 + Oy y y Yy Y YV V¥ 3.4E-48 5.2E-22
44 H,S + C;H y Y Yy y Yy y 1.4E-10 8.7E-11
45 + CHs y Y VY Y Y ¥ 1.2E-12 3.6E-12
j? + CoHs "y y y y y 1.4E-14 3.6E-13
48 +Cl y 'V VY Y V¥ 2.3E-16 2.8E-13
49 + HS y Yy Y Yy Yy Y 2.4E-15 1.1E-12
50 + NH» y 'y Y Y Yy Yy 1.3E-13 2.5E-12
51 + Oy y 'y y y y n 5.4E-41 7.8E-20
52 NH; + C;H y 'V VY Y V¥ 7.6E-11 3.5E-11
53 +CoH; y y y y y n 2.4E-18 4.8E-14
54 + C,Hs Yy Y Y Yy Yy Yy 2.6E-23 7.9E-16
55 +Cl y n° y y y y|[lL9E-13(1.09E-13)'"° 1.2E-11
56 +HS Yy Y Y Y Yy Yy 1.5E-24 3.4E-15
57 +NH, y Y Yy Yy Yy y 1.6E-19 8.8E-15
60
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2 The acronyms have the same meanings as in Table 1, i.e.; TS (y/n), the transition state was/was
not found; HR, the hindered rotor scan was/was not successful; HL, high level calculations
were/were not successful; S, the correct global symmetry factor was/was not found; W, vdW wells
were/were not found; V, variational calculations were/were not successful.

® The bold atom denotes the site of the abstraction.

¢ Rate constants calculated for the 3TS model are reported in cm® molecule™ s at 300 and 1000 K
and compared with a selection of experimental data (in parentheses). This comparison is meant to
be representative of reasonably established values, rather than exhaustive.

4 The symmetry factor is off by a factor of 5/6.

¢ The symmetry factor is off by a factor of 2.

fThe symmetry factor is off by a factor of 3.

¢ The energy of the reactant vdW well is higher than that of the TS when computed at the CCSD(T)
level but not at the DFT level.

b A lower energy conformational isomer for the TS was missed in the first stochastic scan, but was
found in a second scan with an increased number of stochastic points.

I The TS was not found with the default optimization options, but could be found by computing the
Hessians at each optimization point.

i The determined TS failed as it converged to the wrong structure (the HR energy barriers were
quite high for this system).

K The HR scan for the TS failed as it converged to the wrong structure.

' The TS energy barrier is significantly below the reactants energy; a VTST analysis for the entrance
channel would be needed for a proper description.

™ The TS is sensitive to the initial H-abstraction choice.

" The minimum energy TS structure was not found using the default number of stochastic points.

© The high level energy for the TS has a high (0.05) T1 diagnostic.

P Refers to the product side of the PES.

" Refers to the reactant side of the PES.

W Refers to the well.

“ The determined TS does not connect the desired reactants and products.

Although more errors were observed for the HABO1 test set, the performance of EStokTP is still
very encouraging. Transition states were found for 94% of the reactions, though only 92% were
absolute minima. Notably four out of the seven cases in which the TS was not found involve O; as a
reactant, which is a particularly difficult system to study, as mentioned above. The single failure
found for the HR algorithm is for a case where the torsional barrier is higher than 10 kcal/mol. The
algorithm we use to setup the data files probably should not have treated this torsion as a hindered
rotor. The symmetry algorithm succeeds in only 93.5% of the cases, which is somewhat worrisome
as it will affect the average accuracy of the computed rate constants. In 5% of the cases it was not
possible to find the reactant or product vdW well. On the whole, it is reasonable to conclude that the

EStokTP protocols were also reasonably successful for the HABOI1 test set. Continued efforts, such
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as properly incorporating an automated VTST reaction rate algorithm for barrierless reactions, will

further reduce the errors.

Finally, it is possible to draw some conclusion on the accuracy of the present calculations for the 22
reactions for which well assessed experimental data are available comparing the calculated and
experimental rate constants. The mean unsigned errors of the common logarithms of the rate
constants at 300 and 1000 K are 0.19 and 0.16, respectively. The increase of uncertainty going from
high to low temperature rate constants could be reasonably expected and it likely reflects the
uncertainties in the calculated energy barriers. Considering that a mean unsigned error of 0.3 is a
factor of 2 in the theoretical to experimental rate constant ratio for both overestimates and
underestimates, it can be noted that in both cases the agreement with respect to experiments is quite
good, even if the level of theory used for the calculations is not what would be the state of the art
for such small molecules. It should be noted that it is reasonable to expect larger uncertainties for
abstraction reactions when larger molecules, with several coupled internal degrees of freedom are

studied, as is the case for the CH3C(O)OCH3 + OH abstraction reactions discussed above.

In addition to the benchmark tests discussed here, it should be noted that EStokTP has already been
successfully utilized to obtain high accuracy predictions for H-abstraction rate constants in acetic

acid,'!"! toluene,? and methyl and ethyl acetate oxidation.*?
3.3 Addition

Several protocols are also possible for determining addition rate constants. The complete
abstraction protocol shown in Fig. 8c) can be replicated for addition reactions, except for the vdW
well on the product side, which does not exist for addition reactions. Alternatively, it is possible to
use the EStokTP algorithm for finding vdW wells to discover the structure of the chemically bound
product complex. The advantage of this protocol, shown in Fig. 12, is that there is no need to know
or determine a priori the structure of the reaction products. However, this protocol may occasionally
lead to some product conformer other than the minimum energy conformer.
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Level 0 Geometry Optimization
for reactants with stochastic scan

|

| Grid scan |

*

| Level 0 Geometry Optimization of TS and stochastic scan |

ﬁ

| Level 0 Geometry Optimization of reactant vdW wells |

ﬁ

Level 1 Geometry Optimization
For reactants, product well, TS, reactant vdW wells

]

1D Hindered rotor Scans
for reactants and TS

|

| MultiD Hindered rotor Scan |

*

Evaluation of Symmetry numbers
for reactants, TS

ﬁ

| High Level Energies of all stationary point |

ﬁ

| IRC analysis |

i

Assembly of results and ME simulations |

Figure 12. A sequence of EStokTP modules for determining addition rate constants for reactions.
With this protocol, the geometry of the product is determined automatically using the same

algorithm that is generally used for determining the product vdW well.

The protocol shown in Fig. 12 was used to study the addition of H atoms to CoHa. This is a reaction

112 113,114

that has been extensively studied in the literature, both experimentally''“ and theoretically.
Here, calculations were performed at the same theoretical level used to study the rate constant for
H-abstraction from methyl acetate (see section 3.2) by OH. The rate constants for addition reactions
are characterized by a significant pressure dependence, as evidenced in Fig. 13. The coupled
EStokTP and MESS codes are suitable for studying pressure dependent reactions. The only

additional requirement for the user is to supply an estimate of the collisional energy transfer

parameters.
The simulations reported in Fig. 13 were performed using literature Lennard-Jones parameters for

He and C;Hs (the CoHg parameters were used in this case) and the AEqown temperature dependent
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expression recommended by Miller and Klippenstein.!!* For this specific reaction, tunneling
corrections were determined at the HPL level also using SCT theory, as implemented in EStokTP.
A hundred steps were taken in the reactant and product directions from the saddle points using a
step of 0.02 bohr. Hessians were computed at each point along the PES. It can be noted how, also in

this case, increasing the level of theory leads to an improved agreement with experimental data.

1.00E-10 5
N HPL
N C,H,+H = C,H,
100 atm™~_g,
1006-11 1 10atm g,
b 1 atm R -
Q8.
_ 0.1atm - ""-‘--..,_\'_\\’
~ S 9
)
€ 1.00E-12 + 0.01 atm "--T.?_:‘
o E .
‘;' 0.001 atm
—— This work Eckart
------ This work SCT
1.00E-13 + - = = HPL Miller and Klippenstein
F O Lightfoot and Pilling, 0.13 atm
B Lightfoot and Pilling, HPL, 1987
A Leeetal, HPL, 1978
¢ Hanning-Lee et al., HPL, 1987
® Sugawaraetal., HPL, 1981
100E-14 +——rdo e o
0.5 1.0 1.5 2.0 2.5 3.0 3.5
1000/T [K]

Figure 13. Comparison of the rate constant calculated for H addition to C,Hs with literature
values.!'*11® The pressure dependence was predicted by solving the 1D master equation for an

exponential down energy transfer model. Simulations were performed for a He bath gas.

For addition reactions, we performed a statistical analysis of the success rate of the EStokTP
algorithms in similar fashion to what was done for abstraction reactions. In particular, the same two
sets of abstracting radicals considered in the HAB65 and HABYI reaction sets were added to four
different molecules: CoH», CoHs, HC(O)OH, and H>CO. Two different addition centers were
considered for formic acid and formaldehyde, so that the total number of reactions investigated for

the first set is 30 (ADD30), while for the second is 42 (ADD42). Calculations were performed at the
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same level of theory used to study the abstraction reactions (see above) for the RRHO 1D HR

model and variational TST analyses. Rate constants were determined using the 2TS model

discussed in section 2.9.2.

The simulation results are summarized in Table 3 and Table 4. Notably, as is sometimes the case

when trying to construct reaction sets without using chemical knowledge on a case by case basis,

some of the investigated reactions lead to products that are either very shallow wells or that, in

several cases, are not a PES minimum as there is no energy barrier to their separation to products.

This is the case for 2 reactions in the ADD30 set and for 5 reactions in the ADD42 set.

Table 3. Summary of the performance of EStokTP for a test set of 30 addition reactions (ADD30).2

Reaction” TS W HR HL V S k (300 K)° k (1000 K)°
CHs+H y vy y y y y | 71E-13(1.1E-12)'¥ 1.5E-11
+ OH y Yy y Yy y 'y | 47E-12(8.2E-12)'* 5.8E-12
+ OOH y vy ¥y vy vy vy 3.2E-23
+ CH3 y Yy Y Yy Yy Yy 8.6E-19 3.0E-14
+0 Yy V Yy V Yy ¥y 1.6E-13 3.4E-12
CH,+H y Y VY Y Yy ¥y 2.3E-13 3.5E-11 (3.0E-11)'*!
+ OH y Yy y Yy y 'y | 41E-13(8.7E-13)'* 5.1E-12
+ OOH y y Yy y Yy Yy 1.2E-24 1.6E-15
+ CH3 y Yy Y Yy Yy Yy 5.3E-19 6.8E-14
+0 y y y y y 'y | 6.4E-14(1.6E-13)'*® |[7.2E-12 (1.2E-11)'*
HC(O)OH + H y YV VYV Y V Yy 1.2E-18 1.3E-13
+ OH y 'V Y YV Yy Yy 3.3E-20 3.0E-15
+ OOH y 'V Y YV Yy Yy 3.5E-34
+ CH3 y Yy Y Yy Yy Yy 7.3E-24 1.4E-16
+0 Yy V Yy V Yy ¥y 1.8E-23 8.8E-16
HC(O)OH + H y YV VYV Y V Yy 1.9E-20 3.3E-14
+ OH Unst
+ OOH Unst
+ CH3 y Yy Y Yy Yy Yy 5.4E-33 6.5E-19
+0 y V Yy YV Yy ¥y 1.8E-23 8.8E-16
H,C(O) + H y YV YV Y yV Yy 3.1E-14 2.5E-12
+ OH y y n° y y y 3.1E-33 9.5E-12
+ OOH y y n° y y y 1.9E-28 2.0E-18
+ CH3 y Yy Y Yy Yy Yy 3.5E-18 1.4E-14
+0 y y y n y vy
H,C(0) +H y YV YV Y yV Yy 9.5E-18 3.8E-13
+OH y vy VY ¥y y ¥y f f
+ OOH n
+ CH3 y Yy Y Yy Yy Yy 1.2E-26 8.5E-17
+0 y 'V Y yV Yy Yy 1.4E-32 6.1E-18
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2 The acronyms have the same meanings as in Table 1, i.e.; TS (y/n), the transition state was/was
not found; HR, the hindered rotor scan was/was not successful; HL, high level calculations
were/were not successful; S, the correct global symmetry factor was/was not found; W, wells and
reactant vdW wells were/were not found; V, variational calculations were/were not successful; Unst
denotes that the product is either a very shallow minimum or it is not a well on the PES.

® The bold atom denotes the site of the addition.

¢ Rate constants calculated for the 2TS model are reported in cm® molecule™ s at 300 and 1000 K
and compared with a selection of experimental data (in parentheses). This comparison is meant to
be representative of reasonably established values, rather than exhaustive.

4To obtain converged results the HR backup options had to be modified, i.e., by imposing a search
with a fixed Rrs rather than for a torsionally constrained saddle point.

¢ The automatically selected HR does not converge to the TS structure and was therefore treated as
a HO.

T The product well energy is similar to that of the TS, so that a proper phenomenological rate
constant does not exist.

Table 4. Summary of the performance of EStokTP for a test set of 42 addition reactions (ADD42).2

Reaction" | TS W HR HL V S k (300 K)° k (1000 K)°
C,Hs + CH nd
+CGHs |y 'y 'y 'y y y | 3.2E-16(6E-16)'" 1.5E-13
+CHs |y y y 'y y Yy 6.7E-19 1.8E-14
+Cl| n
+HS | y y y y y Yy 6.3E-13 3.3E-12
+NH | y y y Yy Yy Yy 1.0E-16 9.3E-14
O vy vy oy vV oy ¥ e e
GH +CH| y 'y 'y 'y y vy |15E-10(1.5E-10)'* 6.6E-11
+CH; |y y y 'y y vy |1.5E-16 (2.9E-16)'" 3.6E-13
+CHs | y y y 'y Yy Yy 4.7E-19 4.3E-14
+Cl| n
+HS| vy y y 'y y y |3.5E-14 (3.3E-14)'® 3.8E-12
+NH | y y y Yy Yy Yy 2.3E-17 1.4E-13
O vy vy oy vV oy ¥
HC(O)OH +C,H| y y y Vv Yy ¥y 2.4E-17 3.8E-14
+CHs |y y y y Yy Yy 1.5E-20 9.4E-16
+CHs | y y y 'y Yy Yy 6.3E-23
+Cl| y y y Yy Yy y 5.3E-22 1.9E-15
+ HS Unst.
+NH | y y y 'y Yy Yy 3.6E-22 3.2E-16
O | y y y n y y
HC(O)OH +C,H| vy y y Vv Yy ¥y 6.3E-15 3.2E-14
+CHs |y y y y VY Yy 3.1E-28 9.1E-18
+CHs | y y y 'y Yy Yy 2.0E-31 1.5E-18
+Cl Unst.
+ HS Unst.
tNH |y vy y vy vy vy e e
+ O, Unst.

H.C(O) +C:H | y n' y Vv Yy ¥y 3.0E-14 6.3E-13
+CHs |y y y y VY Yy 9.5E-16 8.3E-14
+CHs | y y y y Yy Yy 2.6E-17 1.4E-14

+Cl| y n' y y Yy y 9.4E-16 2.7E-13
+HS| vy y y y Yy y 3.0E-18 1.5E-14
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+NH | y y y y y Yy 1.5E-16 2.5E-14
tO| vy y y ny y
H.C(O) +CH| y y y Yy Yy ¥y 8.0E-18 5.0E-14
+CHs |y y y 'y Yy Yy 1.8E-22 1.0E-15
+CHs | y y y y Yy Yy 9.8E-25 1.8E-16
+Cl| n
+HS | y y y Yy Yy y 1.4E-28 3.2E-17
+NH | y y y y Yy Yy 2.7E-33 8.1E-19
+ O, Unst.

2 The acronyms have the same meanings as in Table 1, i.e.; TS (y/n), the transition state was/was
not found; HR, the hindered rotor scan was/was not successful; HL, high level calculations
were/were not successful; S, the correct global symmetry factor was/was not found; W, wells and
reactant vdW wells were/were not found; V, variational calculations were/were not successful; Unst
denotes that the product is either a very shallow minimum or it is not a well on the PES.

® The bold atom denotes the site of the addition.

¢ Rate constants calculated for the 2TS model are reported in cm?® molecule™! s at 300 and 1000 K
and compared with a selection of experimental data (in parentheses). This comparison is meant to
be representative of reasonably established values, rather than exhaustive.

d This reaction may be barrierless.

¢ The product well energy is similar to that of the TS, so that a proper phenomenological rate
constant does not exist.

" Refers to the reactant side of the PES.

The results reported in Table 3 are again promising. TSs were found for 96% of the reactions,
global symmetry factors were always determined correctly and geometries of vdW wells on the
reactant side were always found. In one case the TS could not be found and in one case the high
level CCSD(T) calculations did not converge at the ROHF stage. The HR algorithms seem to be
less resilient than they were for the abstractions; in three cases (10%) the HR optimization strategy
had to be modified to obtain meaningful results. This suggests that, in order to use EStokTP reliably
for automated studies of addition reactions, it would be necessary to implement post processing
algorithms that check the success of EStokTP modules, such as the HR module in this case, and
restart the calculations modifying the original options in case of failure. While some of this

machinery is already implemented in the current set of algorithms, further work is needed when

dealing with HRs for addition reactions.

The results for the ADD42 set are of lower quality. This was expected as this test set, for the same

reason explained above for the HABII test set, is more challenging than the ADD30 test set. TS
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geometries were found only for 89% of the reactions. It seems likely that these failures were largely
due to the absence of an energy barrier, and not by an inherent problem with the TS search protocol.
Also in this case, although global symmetry factors were always successfully determined, vdW
reactant wells were found in only 95% of the cases. In two cases the high level calculations for the
TS failed at the RHF step, which prevented the evaluation of a rate constant. IRC calculations were

successfully completed for both the ADD30 and ADD42 test sets.

Finally, it can be observed that the mean unsigned error of the common logarithms of the rate
constants in their high pressure limit at 300 K is 0.2, while not enough experimental data is
available at 1000 K to draw a statistically meaningful conclusion. As found for abstraction
reactions, the agreement is again quite good. It should however be mentioned, as highlighted in
section 2.10, that when considering larger molecules with several coupled torsional degrees of
freedom or when rate constant predictions are determined at lower pressures uncertainties can be

expected to increase significantly.

3.4 Isomerization

The most complete protocol for isomerization reactions is very similar to the one shown in Fig. 8c
for abstraction. The only difference is that there are no vdW wells present in isomerization
reactions. Although we have not prepared an extensive test set for this case, our experience is that it
is generally successful, especially for radicals. For closed shell species, difficulties sometimes arise
due to the common presence of extensive multireference character in the TS for closed shell
isomerizations. In particular, such reactions generally proceed through open shell singlet states (i.e.,

carbenes), which are well known to require multireference descriptions.

For example, finding the TS for the isomerization of benzene oxide to 2,4 cyclohexadienone was

somewhat challenging. At a relatively low level of theory it is possible to determine the TS for this
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process by performing the calculations at the spin-unrestricted level and using a broken symmetry
guess wave function. The TS can then be found with the isomerization algorithm by performing a
grid scan that increases the length of one of the C-O bonds from 1.42 A to 2.4 A. The TS structure
is shown next to the reactant and product structures in Fig. 14. However, if the grid scan is instead
performed on the reacting H, or if a spin-restricted wavefunction is used, the algorithm fails to find
a guess structure of sufficient quality for the TS optimization procedure to converge. Thus, an
effective EStokTP protocol for arbitrary closed shell isomerizations may require a careful selection
of the scanned bond lengths, of the range of the grid scan, as well as of the number of points

selected for each scan.

Figure 14. Structures of reactant, product, and TS for the isomerization of benzene oxide to 2,4

cyclohexadienone.

3.5 Beta-scission

Beta-scission reactions are, of course, just the reverse of addition reactions. Thus, the beta-scission
protocol is in many ways redundant with the corresponding protocol for addition reactions. Its
usefulness lies mostly in the possibility for exploiting this protocol in systematically investigating
all possible reaction channels for a given radical. Thus, it will be useful in the construction of PESs

performed sequentially by reaction classes through a study of the reactive properties of each well
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deemed relevant on the specific portion of the PES that is investigated. The protocols, success

ratios, and accuracy are expected to be the same as those reported above for addition reactions.
3.6 Barrierless reactions

Currently, for barrierless reactions, the EStokTP modules can be used to implement variational TST
with RRHO approximations corrected by 1D and/or multi dimensional HR treatments, as sketched
in Fig. 15. The protocol is organized in three phases. In the first phase, the PES is scanned along
the length of the breaking bond (Rts) at theory level 0, which can be for example DFT, until the
distance Dist0 is reached. In the second phase, a scan in Rrs is initiated at Dist0 for a given interval
(e.g., 2 to 4 A) at a given step (usually 0.1-0.2 A), with this scan providing the data for the

variational determination of the rate constant.

This second scan is performed at theory level 1, which can be specified as a spin-unrestricted
wavefunction in DFT or in a single reference post Hartree-Fock method. However, as is well
known, for radical-radical reactions such unrestricted single-reference based approaches are
plagued by spin contamination and generally lead to significant errors in the PES energy profiles
(e.g., typically by several kcal/mol in the key TS region of separations even for CCSD(T)/CBS
evaluations). Alternatively, and more properly, this scan should be performed with a multireference
method, preferably corrected for dynamic correlation. We have found that CASPT?2 is particularly

effective for such calculations.

For each optimized point in this second scan Hessian, hindered rotor potentials, and high level
energies are determined. These calculations for each grid point are performed in separate EStokTP
directories cloned from the directory used in phase 1. Finally, in the third phase the ME blocks

produced in the second scan are assembled and a VTST calculation is performed.
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Level 0 Geometry Optimization
for reactant and products with stochastic scan

i

| Grid scan up to Dist0 ‘

ﬁ

| Level 0 Geometry Optimization at DistO ‘

ﬂ

‘ 1D/MD Hindered rotor Scans of Reactant and products |

| Selection of active space at DistScan=Dist0 and DistO MR Optimization |

H

‘ Optimization of reactant and fragments at large separation at MR level ‘

|

Level 1 MR Geometry Optimization at DistScan and Hessian |

!

| 1D/MD Hindered rotor Scans at DistScan ‘

|

DistScan + Step

‘ High Level Energies at DistScan by rescale |

NO
{ End of Scan cycle ? |

- YES

Evaluation of Symmetry numbers for reactant, products, TS

i

DistScan

|

Assembly of results and
ME simulations with VTST

Figure 15. A preliminary protocol for the estimation of rate constants for barrierless reactions.
Dist0 represents the lower edge for a scan over Rrs (the length of the breaking bond) with a given
number of steps and a stepsize of Step. The PES and Hessian along Rrs are determined with a

suitable multireference (MR) electronic structure method, such as CASPT?2.

Automated implementation of this approach for a large set of reactions is still somewhat
challenging. First, the implementation of the CASPT2 method requires some specification by the
user of the orbital active space, and the best active space to use can often be difficult to determine a
priori. A possible solution to this problem is to predetermine a set of optimal active spaces
according to the type of bond being broken. Secondly, at large bond separations the scan of the PES
can lead to undesirable reorientations of the two reacting moieties. An example of this issue is given

below for the decomposition of methanol (CH3;OH = OH + CH3).
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It should perhaps also be noted that, for this methodology, limitations in the description of the
transitional modes may limit the accuracy of its predictions. In particular, the large amplitude nature
of the transitional mode motions may result in significant deviations from the predictions of any
reaction path based approach. The variable reaction coordinate TST (VRC-TST) approach?#12%:130
provides a more accurate description of the transitional mode contributions, and we plan to

implement a protocol to include this approach within EStokTP in the near future.

To test the accuracy and limitations of the present approach, high pressure rate constants were
computed for two reactions for which high quality theoretical and experimental data are available in
the literature: the recombination of two methyl radicals to form ethane and the recombination of
methyl and OH to form methanol. The first reaction provides a system for which the protocol
shown in Fig. 15 should work well, mostly because it is straightforward to define a reliable minimal
active space, while the methanol case is expected to be more challenging. For both reactions the
calculations were performed at the CASPT2 level; with a (2e,20) active space for ethane, and a
(4e,30) active space averaged over two states of equal weight for CH3OH. Calculations were

performed using the cc-pVTZ and aug-cc-pVTZ basis sets.

The present predictions for the high pressure recombination rate constants are compared with VRC-
TST and other literature results in Fig. 16. This comparison shows that for the recombination of
methyl radicals, good agreement can be achieved by using a large basis set and CASPT2 theory,
while reasonably satisfactory agreement can be reached for the CH; + OH reaction. However, it
should be noted that for the CH; recombination rate, simulations performed using DFT at the M06-
2X/cc-pVTZ level considerably underestimate the rate constant. This failure can be ascribed to the
inappropriateness of a single reference method to describe the transition state region of barrierless
radical-radical reactions. Meanwhile, for the CH3 + OH reaction, convergence problems at large

separations precluded us from obtaining DFT based rate predictions.
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Figure 16. Comparison between the high pressure rate recombination constants calculated with the
EStok TP protocol shown in Fig. 15 and VRC-TST and other literature rate constants!2%!31-139 for: a)

the CH3 + CH3 recombination reaction and b) the CH3; + OH recombination reaction.
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The simulations for the CHz + OH recombination reaction are indicative of the type of challenges
that can be expected in automating the rate constant evaluation process for barrierless reactions.
First, the sensitivity to the choice of the active space should be noted. The hydroxyl radical has two
degenerate electronic states that are only slightly split by spin-orbit interactions and further by
interactions with the methyl radical. As a result, a two state multireference wave function that
includes both the O lone pair and radical orbital in the active space is required in order to obtain
converged wavefunctions throughout the transition state region. These sorts of requirements are an
important aspect of any automated active space selection. Secondly, the bond length constrained
minimum energy structure changes dramatically as the C-O distance is increased to 3.6 A and
beyond. At these separations, the hydrogen atom of the hydroxyl group is interposed between the C
and O atoms forming a H-bond with the C. As a result, the inertia moment of the CH3-OH 1D-rotor
tends to 0, which leads to the failure of the adopted model for internal motions. Notably, this would

not be a problem for VRC-TST.

It can thus be reasonably concluded that the proposed EStokTP algorithm for barrierless reactions is
promising, but that some challenges still need to be overcome. This will properly require a
systematic study similar to the ones performed for abstraction and addition reactions. Notably, the
automation of a barrierless reaction algorithm would pave the way for the implementation of VRC-
TST theory in EStokTP, which utilizes a high level estimation of the minimum energy path (MEP)
energy, and thus to the possibility for estimating highly accurate rate constants for barrierless

reactions within the EStokTP framework.
3.7 Multiple Wells reactions

Although EStokTP has been built to determine rate constants of selected classes of single well
elementary reactions, it can be readily be used to investigate the kinetics of more complex multi-
well multi-channel reactions by exploiting the ME blocks produced from different EStokTP

calculations. As explained above, each ME block refers to a single stationary point of a PES, i.e., a
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well, or a saddle point, or a grid point in a variational TS analysis. Once generated, these blocks can
easily be assembled to generate the input for a multi-well master equation simulation with the
MESS solver. The only information that needs to be provided by the user is which wells are

connected by each TS included in the PES.

.J‘Q%/ ’

Figure 17. The reaction channels explored in the use of EStokTP to investigate the kinetics of

decomposition of acetic acid. !

This approach has been used for example to study the kinetics of acetic acid decomposition.!!! The
investigated channels are shown in Fig. 17. The rate constants for each individual pathway were
investigated through separate EStokTP calculations. Thus, the isomerization of CH3C(O)OH to
CH,COHOH was studied with the EStokTP isomerization module, the elimination reactions
CH;C(O)OH — CH:CO + H20, CH3COOH — CH4 + COz, and CH.COHOH — CH:CO + H20
were studied with the beta-scission module, and the barrierless decompositions CH3C(O)OH —
CHs + COOH and CH3C(O)OH — CH3C(0O)O + H were investigated using the EStokTP protocol
of Fig. 15 for barrierless reactions. The ME simulations yield channel specific rate constants for all

the decomposition and isomerization channels, as well as for all the reverse processes. These

60

ACS Paragon Plus Environment



Page 61 of 70 Journal of Chemical Theory and Computation

oNOYTULT D WN =

simulations required at least one order of magnitude less human time than would have been
necessary if the calculations were performed without the assistance of the automated EStokTP

protocols.

4. Conclusions and Perspectives

Theoretical chemical kinetics has progressed rapidly in recent years. Nowadays, it is possible to
determine rate constants of gas phase reactions at a level of accuracy that is approaching that of
experiments. At present the systematic determination of accurate rate constants for large sets of
reaction families of kinetic mechanisms is primarily limited by the need for human intervention in
the calculations. EStokTP is a computer program that was built to address this issue. In particular, it
aims to allow for the determination of the rate constants both automatically and with a high level of

accuracy.

In this work we demonstrated that EStokTP is able to automatically determine the rate constants for
four classes of reactions: abstraction, addition, isomerization, and beta-scission. Tests performed on
a set of about 150 abstraction and 70 addition reactions showed that EStokTP is able to proceed
automatically up to the end of the rate constant estimation protocol in more than 90% of cases. A
protocol for barrierless reactions, not yet fully automated, has also been developed and shows
promising preliminary results. EStokTP can be downloaded from the internet’’ or obtained upon

request from the authors.

EStokTP is an ongoing project and is expected to grow significantly in capabilities in the coming
years. Several studies are in progress where EStokTP is extensively used. These include the creation
of a set of codes to automatically determine the thermodynamic parameters for a list of chemical
species starting from a list of structures in SMILES or InChl format*! and a systematic study of the

accuracy of different approaches for the determination of rate constants of abstraction reactions.
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Supporting Information for

EStokTP:

Electronic Structure to Temperature and Pressure Dependent Rate Constants;

A Code for Automatically Predicting the Thermal Kinetics of Reactions

C. Cavallotti', M. Pelucchi', Y. Georgievskii®, S. J. Klippenstein®

This file contains

S1. The ME Block structure format: the concept

S2. ME Block structure format: well

S3. ME Block structure format: bimolecular species

S4. ME Block structure format: conventional transition state

S5. ME Block structure format: variational transition state



S1. The ME Block structure format: the concept

The master equation (ME) block format is a concept that took shape while writing EStokTP and
thinking how the portion of the data generated through the electronic structure calculations that are
relevant for single channel ME calculations could be organized so that they could subsequently be
used to set up the master equation input for a Multiwell and/or multichannel PES. Ultimately, it was
realized that such ME blocks are also useful for store information for various other uses, such as for
creating a database of reactant and product species.

In the ME block format all the information necessary to run a ME for each stationary point on the
PES, be it a well or a saddle point, are stored in a single file, with the associated electronic energy,
corrected with ZPE, stored both in the file and in a separate file. The structure of a ME block is
consistent with the input structure of the MESS solver, for which a manual is available

(http://tcg.cse.anl.gov/papr/codes/mess.html) with detailed description of the meaning of the used

keywords. In the following sections we provide descriptions of the ME block format for wells
(section S2), bimolecular species (section S3), conventional TS (section S4), and variational TS

(section S5).



S2. ME Block structure format: well

The ME block for ethane is reported below. The file contains: xyz geometry, in Angstrom, global
symmetry factor (includes optical symmetry number), hindered rotor potential, frequencies (in rows
of ten values), energy, and electronic energy levels (in cm™) with degeneracy. The whole hindered
rotor section should be repeated for as many times as there are hindered rotors.

|

Well REAC1
Species
RRHO
Geometry[angstrom] 8
C 0.00000 0.00000 0.00000
C 0.00000 0.00000 1.52350
H 1.01566 0.00000 1.91771
H -0.50781 0.87960 1.91769
H -0.50782 -0.87958 1.91770
H 0.50792 -0.87953 -0.39418
H -1.01567 -0.00013 -0.39417
H 0.50770 0.87966 -0.39417
Core RigidRotor
SymmetryFactor 6.0000000000000000

End

Rotor Hindered
Group 6 7 8
Axis 1 2

Symmetry 3
Potential[kcal/mol] 12
0.00 0.17 0.64 130 2.00 253 273 253 200 130 0.64 0.17
End
Frequencies[1/cm] 17
3144.4 3143.6 3121.1 3120.3 3067.8 3066.2 1510.2 1509.9 1508.2 1507.8
1424.3 1406.1 1222.1 1221.8 1020.2 823.89 822.63
ZeroEnergy[kcal/mol] 0.
ElectronicLevels[1/cm] 1
0.0000000000000000 1.0000000000000000
End
End

| st sk sk sk s sk sk sk sfe sk sk s sk sk s s sk sk s sk sk seoske sk seoskosk skeskosk ke skoskosk skosk
|




S3. ME Block structure format: bimolecular species

The ME block structure for reactants or products consisting of two species has a dedicated format,

similar to the one used for wells (section S2). The ME bimolecular block for ethane and H is
reported below.

|

Bimolecular BIMOL1
Fragment REACT1
RRHO
Geometry[angstrom] 8
C 0.00000 0.00000 0.00000
C 0.00000 0.00000 1.52350
H 1.01566 0.00000 1.91771
H -0.50781 0.87960 1.91769
H -0.50782 -0.87958 1.91770
H
H

0.50792 -0.87953 -0.39418
-1.01567 -0.00013 -0.39417
H 0.50770 0.87966 -0.39417
Core RigidRotor
SymmetryFactor 6.0000000000000000

End

Rotor Hindered
Group 6 7 8
Axis 1 2
Symmetry 3

Potential[kcal/mol] 12
0.00 0.17 0.64 130 200 253 273 253 200 130 0.64 0.17
End
Frequencies[1/cm] 17
3144.4 3143.6 3121.1 3120.3 3067.8 3066.2 1510.2 1509.9 1508.2 1507.8
1424.3 1406.1 1222.1 1221.8 1020.2 823.89 822.63
ZeroEnergy[kcal/mol] 0.
ElectronicLevels[1/cm] 1
0.0000000000000000 1.0000000000000000

| st sfe ske sk sfe she sk st she sie st sfe ske sk sfe she sk st she sk st sfe sk sk sfe sheoske sk sfeoske sk skeoskeoske skesk

End
!*********
Fragment REACT2
Atom
Name H
ElectronicLevels[1/cm] 1
0.0000000000000000 2.0000000000000000

| 3t 3 sk sk s sk sk sk sfe sk st sfe sk sk s sk sk sk sfe sk sk seoske sk seoskosk skeskosk ke skoskosk skosk

End

| st sfe sk sfe sk sk sk

GroundEnergy[kcal/mol] 0.0
End
!




!

S4. ME Block structure format: conventional transition state

The ME block structure for a conventional TS is similar to the one used for the wells. In the
following the ME block for the C,Hg+ H abstraction reaction is reported. The first line means that
this is a TS with a barrier that connects the species ‘REAC1’ and the species “WR’, each of which
should be defined by one of the ME block structures described in section S2 (single well) or S3
(bimolecular).

Please note the presence of the tunneling section that, for the Eckart model, requires as information
the imaginary frequency and the heights of the forward and backward barriers.

|

Barrier TS REAC1 WR

RRHO ! transition state
Geometry[angstrom] 9
C 0.00000 0.00000 0.00000
C 0.00000 0.00000 1.50264
H 1.01547 0.00000 1.89712
H -0.51559 0.87483 1.89711

H -0.50570 -0.88508 1.89624

H

H

H

0.60163 -0.76824 -0.47615
-0.96762 0.12597 -0.47615
0.64545 1.13284 -0.37168
H 1.09252 1.91810 -0.56192
Core RigidRotor
SymmetryFactor 1.0000000000000000

End

Rotor Hindered
Group 6 789
Axis 1 2
Symmetry 3
Potential[kcal/mol] 4
0.00 0.89 1.83 0.89

End

Frequencies[1/cm] 19

3197.0 3136.0 3118.3 3108.4 3050.9 1610.2 1493.3 1493.2 1469.0 1404.5
1234.1 1181.7 1173.8 1114.2 1037.7 863.99 827.46 545.94 294.24

ZeroEnergy[kcal/mol] 9.77
ElectronicLevels[1/cm] 1
0.0000000000000000 2.0000000000000000

Tunneling Eckart
ImaginaryFrequency[ 1/cm] 1457.0200000000000

WellDepth[kcal/mol] 9.77
WellDepth[kcal/mol] 13.81
End
End

st sfe sie st she ske sk sfe she sk st sfe sk sk she she sk st she sk sk sfe sk sk sfe sk st sfeoske sk seoskeosk skesk

End

!




S5. ME Block structure format: variational transition state

The variational TS is in many ways simply a extension of the conventional TS ME block structure
shown in section S4. For it, the key RRHO subcomponent is repeated n times, where n is the
number of variational grid points. Here we report a sample block structure for C,Hg + H. The
number of variational structures reported in the input can be as many as desired. For simplicity,
only two are reported here.

!
Barrier B2 WR WP

Variational

RRHO ! Structure 1
Geometry[angstrom] 9

-0.03959 -0.06950 -0.70733
-0.04483 -0.07870 0.79935
0.97068 -0.07761 1.19347
-0.55961 0.79667 1.19347
-0.55017 -0.96323 1.19122
0.54826 -0.85519 -1.17507
-1.01518 0.03575 -1.17508
0.54978 0.96483 -1.05228
1.06140 1.86348 -1.27132
Core RigidRotor

SymmetryFactor 1.0000000000000000

TZTTIZDZTOO

End

Rotor Hindered
Group 6 789
Axis 1 2
Symmetry 3
Potential[kcal/mol] 4
0.00 0.89 1.83 0.89

End

Frequencies[1/cm] 19

3181.7 3135.5 3121.0 3103.8 3059.5 1500.6 1500.3 1471.7 1412.2 1351.3
1339.9 1297.9 1220.6 1187.3 1040.3 863.19 829.33 407.20 93.420
ZeroEnergy[kcal/mol] 8.0991247398917476
ElectronicLevels[1/cm] 1
0.0000000000000000 2.0000000000000000
RRHO ! Structure 2
Geometry[angstrom] 9
-0.04019 -0.07057 -0.70690
-0.04476 -0.07857 0.79923
0.97075 -0.07764 1.19340
-0.55966 0.79671 1.19340
-0.55017 -0.96321 1.19127
0.54959 -0.85383 -1.17585
-1.01468 0.03758 -1.17586
0.55696 0.97743 -1.05550
1.05868 1.85871 -1.27020
Core RigidRotor

TZTTEDEZT OO



SymmetryFactor 1.0000000000000000

End

Rotor Hindered
Group 6 789
Axis 1 2
Symmetry 3
Potential[kcal/mol] 4
0.00 0.89 1.83 0.89

End

Frequencies[1/cm] 19

3184.1 3135.7 3120.0 3105.2 30583 1499.9 1499.6 14709 1411.4 1353.3
13219 1276.6 1219.2 1172.7 1039.7 864.60 829.58 440.07 166.31

ZeroEnergy[kcal/mol] 8.5418081932175607
ElectronicLevels[1/cm] 1
0.0000000000000000 2.0000000000000000
End
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Tunneling Eckart
ImaginaryFrequency[1/cm] 1457.0200000000000

WellDepth[kcal/mol] $wdepfor
WellDepth[kcal/mol] $wdepback
End
End
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End
!






