
Spiers Memorial Lecture: theory of unimolecular reactions

Journal: Faraday Discussions

Manuscript ID FD-ART-06-2022-000125

Article Type: Paper

Date Submitted by the 
Author: 05-Jun-2022

Complete List of Authors: Klippenstein, Stephen; Argonne National Laboratory, Chemical Sciences 
and Engineering Division

 

Faraday Discussions



1
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USA

Abstract

One hundred years ago, at an earlier Faraday Discussion meeting, Lindemann presented a 
mechanism that provides the foundation for contemplating the pressure dependence of 
unimolecular reactions. Since that time, our ability to model and predict the kinetics of such 
reactions has grown in leaps and bounds through the synergy of ever more sophisticated 
experimental studies with increasingly high level theoretical analyses. This review begins with a 
brief historical overview of the progress from the Lindemann mechanism to the master equation, 
which now provides the cornerstone for most theoretical analyses. The current status of ab initio 
transition state theory based implementations of the master equation is then reviewed, beginning 
with a discussion of the energy resolved chemical conversion rates, followed by a review of the 
pressure dependence of the thermal kinetics. The latter discussion focusses on the collisional 
energy and angular momentum transfer rates as well as the complexities of non-thermal effects 
and of multi-well multiple channel reactions. The synergy with recent state-of-the-art experiments 
is used to motivate these discussions. Attempts to automate the calculations are also briefly 
reviewed. Throughout the discussion, we provide our perspective on current understanding and 
continuing challenges and opportunities. One key challenge relates to the coupling of sequences 
of reactions, which frequently leads to deviations from the classic presumption of thermal 
reactants.  
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1. Historical Overview

The year 2022 is a special time in the history of unimolecular reactions with many major 
milestones occurring. Most notably, this year marks the 100th anniversary of the Lindemann 
mechanism,1 which remarkably still provides an effective framework for interpreting the kinetics 
of unimolecular reactions. Meanwhile, Rudy Marcus, the key figure in RRKM theory, 2 another 
major landmark for theoretical treatments of unimolecular reactions,  celebrates his 100th birthday 
in 2023. Sadly, two other giants in unimolecular reaction theory, Bill Hase (who was noted for his 
analyses of non-statistical effects) and Jim Miller (who was noted for his applications of 
unimolecular rate theory to combustion kinetics as well as his work on the multiple well master 
equation), passed away in 2020 and 2021, respectively. I had the great fortune of extended close 
scientific and personal interactions with each of the latter 3 scientists. Indeed, as my Ph. D. advisor, 
Marcus was instrumental in formulating my perspective of what good science is. Meanwhile, Hase 
was one of the first scientists to appreciate my own independent efforts. My interactions with 
Miller began during the prime of my career. Our daily discussions during my time at Sandia (2000-
2005) usually began with some review of a family or sports event, but generally led to some deep 
discussion on scientific matters. His profound insights into kinetics were a key driving force behind 
our collaborative efforts to advance the utility of the master equation as a tool for studying 
unimolecular reaction kinetics. 

The Lindemann mechanism for “unimolecular” dissociation involves a two step process; 
excitation of a molecule A to an excited state A* via collisions with a bath gas M (together with 
the reverse deexcitation), followed by unimolecular decay of that excited molecule to products. 

A + M = A* + M (k1/k-1) (1)

A*  P (kdiss) (2)

Assuming a steady state of A* molecules yields,

d[P]/dt = kLindemann
uni [A] (3)

where

kLindemann
uni = k1 kdiss[M] / (k-1[M] + kdiss) (4)

Notably, the Lindeman mechanism provides a rate that is linearly dependent on pressure, 
P, in the low-P limit and independent of P in the high-P limit. These limits are now accepted as 
generally correct, although radiative stabilization, tunneling, and pre-reactive complexes each 
affect these limits. Furthermore, the linear low-P limit is not generally applicable to the higher 
energy channel in reactions with multiple channels. 

Although the Lindemann limits have the correct P dependence, the initial procedures for 
evaluating their prefactors were flawed. Key advances from the Lindemann mechanism initially 
arose from the incorporation of more details and improved expressions for the 
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excitation/deexcitation rates, and with explicit prescriptions for calculating the dissociation rate 
constant.3 Most recently, the direct evaluation of each of the underlying theoretical parameters 
with ab initio electronic structure theory has allowed for deeper validation of the formalisms. 
Substantive comparisons between theory and experiment have been the driving force behind many 
of these developments. 

A more physically correct treatment of the unimolecular dissociation process should 
account for the conservation of the total internal energy E and total angular momentum J of the 
molecules between collisions. This understanding, coupled with the use of quantum statistical 
theory expressions to compute both the dissociation rates and the collisional excitation rates (which 
are now E and J dependent) led to what has become known as RRKM theory.2 An excellent 
overview of the sequence of efforts leading to the RRKM result is provided in the book of 
Holbrook et al.3 For conciseness, we simply review the end result. 

Within RRKM theory the single excitation/deexcitation process is replaced with a set of E 
and J dependent processes, thereby allowing for the proper inclusion of E and J resolved 
dissociation rate constants. Steady state approximations for each of the [A*(E,J)] then yields a 
temperature T and [M] dependent effective rate constant given by

kRRKM
uni(T, [M]) =  dE dJ kdiss(E,J) P(E,J) Pstab(E,J) , (5)

where P(E,J) is taken to be the Boltzmann probability for a given E,J state, (E,J)exp(-E)/QA, 
with  as the density of electronic and rovibrational states of the reactant A, and QA the canonical 
partition function for A. The quantity  is simply 1/(kBT) where kB is Boltzmann’s constant and T 
is the temperature. The quantity Pstab denotes the stabilization probability for a molecule excited 
to an (E,J) state. 

Within RRKM theory2 the stabilization probability is simply taken as the probability that 
a collision with the bath gas occurs before the molecules dissociates:

Pstab(E,J) = kc [M] /[kc [M] + kdiss(E,J)] (6)

where kc is the collision rate. Meanwhile, with transition state theory assumptions, the E,J-resolved 
dissociation rate may be written 

kdiss(E,J) = N‡(E,J) / [ h (E,J) ] (7)

where the quantity N‡(E,J) denotes the number of accessible states on the transition state dividing 
surface with an energy less than or equal to E and in angular momentum state J. The J dependence 
of the rate constant is often ignored. 

The transition state is a key concept in unimolecular rate theory. It is an N-1 dimensional 
hypersurface (where N is the number of degrees of freedom in the system) that is presumed to 
completely separate reactant and product regions of phase space. In particular, every trajectory 
that passes through the dividing surface is presumed to proceed directly on to products without 
ever recrossing the dividing surface. When the “true” transition state dividing surface is replaced 
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with an approximate physical realization of it, as in essentially all numerical implementations of 
transition state theory (TST), the resulting rate overestimates the true rate for a statistical 
distribution of initial states. Correspondingly, variational minimization of the transition state 
dividing surface within some family of representations provides an improved estimate of the 
statistical dissociation rate. Numerical implementations of this variational principle play an 
important role in high accuracy TST based predictions.4 Because E and J are strictly conserved 
between collisions, it is most accurately implemented at the E,J-resolved level, with appropriate 
thermal averaging. Commonly though, it is instead implemented at the canonical level, which 
yields modest overpredictions (e.g., 20%) in the rates. 

A key aspect of RRKM theory is that it provides explicit statistical theory based 
prescriptions for the evaluation of it parameters. Early on, experimental work by Rabinovitch and 
coworkers was instrumental in demonstrating the basic validity and utility of the RRKM 
formalism.5 Subsequent comparisons were ever more stringent, as progress was made in first 
principles procedures for evaluating the components of RRKM theory, and as more and more 
sophisticated experimental probes were designed. In this review, we consider some very recent 
tests of the RRKM expression for the E/J resolved dissociation rate, Eq. (7).  

Notably, the RRKM form retains the two key results from the Lindemann mechanism: 
linear in P at low-P, and independent of P in the high-P limit. However, it does show a stronger 
deviation from those two limits at intermediate pressures (i.e., in the falloff regime). Accurately 
treating that deviation is a key focus of improving the theoretical description. One clear 
shortcoming in the RRKM derivation is the assumption that every collision is fully stabilizing. 
Simple attempts at improving RRKM theory replace the collision frequency kc in Eq. (6) with c 
kc, where c is some number less than unity, to obtain a modified strong collider version of RRKM 
theory. In essence, the factor 1/c is meant to correspond at least qualitatively to the number of 
collisions required for stabilization of the excited state populations. 

Substantive improvements to 
RRKM theory arise from quantitative 
treatments of the collision induced flow of 
energy, particularly for states that lie in the 
neighborhood (within about 10 kBT) of the 
dissociation threshold. The “one-
dimensional” master equation (1DME) 
represents the time dependence of the full 
set of E-resolved state populations in terms 
of the rates for collision induced transitions 
in molecular rovibrational states and E-
resolved dissociation rates. In the “two-
dimensional” master equation (2DME) one 
also considers the collision induced 
transitions in J (cf. Fig. 1) and the 
dissociation rate is evaluated at the E,J-
resolved level. For a simple single well, 

Fig 1: Schematic diagram of the collision induced 
dissociation process for ammonia decomposition.
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single channel dissociation the lowest eigenvalue of the master equation is directly related to the 
T and P dependent dissociation rate.3,6

As illustrated in Fig. 2 for a 
representative calculation of the dissociation 
of formaldehyde (H2CO  H2 + CO), the 
1DME again yields a rate constant that shows 
linear in P behavior in the low-pressure limit 
and approaches a constant value at high 
pressure. However, the Lindemann and 
RRKM models fail to capture the full extent of 
the “falloff” in the rate constant for 
intermediate pressures. For the illustrative 
purposes of this calculation, neither tunneling 
or radiative emission effects are included. 
Those effects will instead be discussed later as 
part of the main review.

Troe was instrumental in 
demonstrating the utility of the one channel 
1DME approach.7,8 His simplified expressions 
connecting the master equation solutions to 
molecular properties have provided the basis 
for many an application of unimolecular 
reaction rate theory.9 Furthermore, his empirical expressions for representing the T and P 
dependence of the master equation solutions have become the de facto standard for combustion 
modeling. 

When I moved to Sandia to work on combustion kinetics with Jim Miller, one of the 
problems that he really wanted to solve was the treatment of complex multiple well, multiple 
channel reactions. This interest was driven by a desire to properly model the reaction of C3H3 + 
C3H3, which he considered to be the most important reaction in the formation of the first aromatic 
ring,10 which in turn was deemed to be the most important step in first PAH (polycyclic aromatic 
hydrocarbon) and then soot formation. At the time, I had just collaborated with Struan Robertson 
in coupling his master equation methodologies with our variable reaction coordinate transition 
state theory methodologies11 within the VariFlex code.12 To satisfy Jim’s interests I first took on 
the task of extending the VariFlex code to multiple-well multiple-channel (MWMC) reactions. 
Fortunately for me, Struan generously shared some of his own MWMC master equation codes,13 
which greatly simplified the task.14  

For kinetic modeling purposes, the time dependent solutions to the master equation still 
needed to be connected to the phenomenological rate constants describing the time dependence of 
the species concentrations. Initially, we followed an “experimentalist’s” approach, where we tried 
to find initial conditions for which the populations would decay exponentially and could thus be 
related to the rate constants. This approach was reasonably successful for systems that were not 
too complex. Indeed, it proved effective for comparing theory with the groundbreaking 

Fig. 2: Plot of k(P) at T=2000 K for formaldehyde 
dissociation for various models. Note the 
calculations do not include tunneling or radiative 
emission.
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experimental measurements of radical oxidation being performed in the Taatjes lab at the time.15,16 
However, when we tried to use this approach for the C3H3 + C3H3 reaction, we found the overlap 
in the decays to be much too complex to allow for a direct extraction of individual rate constants 
one at a time. I reluctantly gave up on that approach before too long.

It then occurred to me that there should be a one-to-one correspondence between the 
phenomenological rate coefficients and the eigenvalues and eigenvectors describing the chemical 
transformations (as opposed to the internal energy relaxation arising from the collision energy 
transfer process). With this recognition it was then straightforward to analytically connect the 
phenomenological rate coefficients to the eigensolutions of the master equation by simply 
considering the time dependence of the solutions after the fastest, non-chemical, contributions had 
decayed away.17 Jim then took the task of elegantly expanding my derivations17-19 and in the 
process recognized a connection to some earlier, underappreciated work of Bartis and Widom.20 
With this approach in hand, we could finally tackle the C3H3 + C3H3 reaction, which led to 
quantitative explanations for a number of existing observations.21 We also made generic 
predictions for the T and P dependence of the full set of phenomenological rate coefficients, some 
of which were subsequently validated experimentally. 

Interestingly, as part of this discussion meeting, some aspects of the isomerizations on the 
C3H3 + C3H3 potential energy surface (PES) were revisited by Osborn and coworkers with 
threshold photoelectron photoion coincidence (PEPICO) spectroscopy.22 The PEPICO technique 
is also used by Hochlaf and coworkers to examine the fs timescale dissociation dynamics of neutral 
and ionic pyruvic acid.23 In a follow up study of the C3H3 + C3H3 reaction, we replaced our initial 
empirical PES model based variable reaction coordinate (VRC)-TST approach for the “barrierless” 
entrance channel kinetics, with a direct CASPT2 based VRC-TST analysis.24 The VRC-TST 
approach provides a quantitative treatment of the interfragment mode couplings including a full 
analysis of their anharmonicities.11 The statistical adiabatic channel model, which provides an 
alternative to VRC-TST, is applied by Troe and coworkers to the N + OH reaction in a paper 
presented at this meeting.25

There are now a number of fairly well developed freeware master equation codes for 
treating MWMC reactions that are receiving wide spread use. These include the MESMER26,27 
and TUMME28,29 codes from the Robertson and Truhlar teams, respectively, as well as the MESS 
code from Georgievskii.30,31 These codes rely on the chemically significant eigenvalue (CSE) 
approach for connecting the master equation to the phenomenological rate coefficients,17-19 while 
the MultiWell code of Barker and coworkers32,33 instead relies on a stochastic approach with 
numerical fitting of the rates. Both the large span of eigenvalues and the merging of chemical and 
energy relaxation eigenvalues occasionally limit the range of applicability of the CSE approach. 
Efforts to improve the numerical stability and range of applicability of the solutions continue, as 
discussed further below, as well as in the paper of Johnson and Green from this meeting.34 

The above-described advances in the theoretical framework for treating the kinetics of 
unimolecular dissociation have been followed by ever more sophisticated numerical 
implementations of the framework. These numerical implementations rely on methodologies for 
predicting partition functions (canonical and microcanonical), collisional energy transfer kernels 
(with and without J resolution), barrier heights, tunneling probabilities, and nonadiabatic transition 
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rates. Of course, the progress in electronic structure theory from an empirical science to a highly 
predictive one has been at the heart of these advances. Currently, each of these quantities may now 
generally be predicted to a high degree of accuracy with first principles theoretical methodology. 
As a result, comparisons between state-of-the-art numerical implementations of the “ab initio 
transition theory based master equation” (AI-TST-ME) approach with experiment now provide 
definitive tests of the theoretical framework.

These advances in our theoretical understanding have been driven by the desire to (i) better 
understand and model ever more sophisticated, detailed, and wide-ranging experimental 
observations and (ii) build high fidelity chemical mechanisms for complex chemically reactive 
mixtures. Recent years have seen exquisitely detailed and precise observations of energy resolved 
dissociation rate constants, as well as measurements of thermal rate constants, branching ratios, 
and time dependent species populations covering vast ranges of temperature (from a few K to more 
than 2000 K) and pressure. Furthermore, novel methods for observing some of the most ephemeral 
chemical species provide further challenges and tests for the theoretical methodologies. Notably, 
more global experimental observations of the evolving species concentrations in complex 
chemically reactive environments are now driving improved understanding of the connection 
between sequences of unimolecular and bimolecular reactions. It is now clear that the classic 
model of separated sequences of reactions between thermally equilibrated clearly is not generally 
correct. With the current state of theory, an important new driving force is a burgeoning desire to 
develop fully first principles based theoretical models for the whole complex chemically reactive 
environments.

This review begins with a discussion of energy resolved chemical conversion rates. First a 
recent experimental study of a QOOH (hydroperoxyalkyl radical) dissociation is used to motivate 
a review of the advances in theoretical methodologies for predicting k(E). Then related studies of 
Criegee intermediates are used to motivate discussions of the chemical complexities that can arise 
in unimolecular dissociations. After that, we proceed to discuss the pressure dependence of 
unimolecular dissociation kinetics. This discussion ranges from collisional E and J transfer 
calculations to the MWMC master equation. Summary of the numerical implementations, 
comparisons with experiment, and remaining challenges are included throughout. We should 
perhaps note that this review is not meant to be exhaustive, but rather to simply touch on some 
interesting aspects of unimolecular reactions that are of current topical interest. 

2. Chemical Conversions and RRKM Theory

Energy resolved observations of the dissociation process provide valuable tests of 
theoretical models for the chemical aspects of the dissociation process. Early observations of 
energy dependent dissociation rates for cycloheptatrienes,35 NCNO,36,37 CH2CO,38-43 H2CO,44 
NO2

45-47 and hydroperoxides,48 provided valuable tests of the RRKM model for the E and/or E,J- 
resolved collision-free dissociation process [Eq. (7)]. The generally good agreement between 
RRKM models and experimental measurements provided strong conformation of the general 
validity of the statistical and transition state theory assumptions underlying the RRKM expression.

 
Related observations for ionic compounds led to similar conclusions.49,50 For ionic 

molecules, confidence in the RRKM models grew to the extent that the community has long used 
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them as key components of procedures for determining binding energies.51-53 A new application 
of RRKM-based modeling to radical ion + molecules by Trevitt and coworkers in this discussion 
meeting finds good agreement with companion experimental observations.54 The dissociation 
dynamics of multiply-charged ions are of increasing interest as an analytic tool. A paper in this 
discussion by Vallance and coworkers illustrates the use of covariance-map imaging to explore the 
plausible dissociation mechanisms.55

In recent years, the Lester group has developed a novel and very effective methodology for 
examining the E,J-resolved dissociation of highly unstable reactive intermediates.56,57 Their 
approach involves an in situ generation of the intermediate coupled with stabilization in a pulsed 
jet expansion followed by time-resolved IR pump-UV probe action spectroscopy. Variation of the 
IR pump wavelength yields E-resolved dissociation rate constants for a variety of energies. The 
UV probe is used to observe laser-induced fluorescence of OH radicals. These new observations 
from the Lester group provide important new challenges and tests for theoretical models. Thus, we 
will use them as a focus for our discussion.

2.1 QOOH Decomposition Kinetics

Chain branching in low 
temperature oxidation is a key feature of 
atmospheric and combustion chemistry. 
This chain branching arises from a 
sequence of two O2 additions to a radical 
following by decomposition of the 
ketohydroperoxide product. Eskola and 
coworkers have recently presented 
theory-experiment studies of the thermal 
kinetics for the first stage of this process,58 
including for the pent-3-en-2-yl radical as 
part of this discussion meeting.59 These 
studies illustrate the utility of automated 
parameter optimization within AI-TST-
ME calculations. The addition of the 
second O2 is preceded by an internal H 
migration to form a carbon centered 
QOOH (hydroperoxyalkyl) radical.

Recently, the Lester group used 
their in situ synthesis plus time-resolved 
IR pump-UV probe action spectroscopy 
method to directly probe the dissociation 
of a prototypical QOOH radical, 
CH2(CH3)2COOH.60 These radicals are 
central to chain branching in low 
temperature oxidation, but there have 
been very few direct studies of their 

Fig. 3: Energy-dependent unimolecular decay rates for the 
decomposition of CH2C(CH3)2OOH. Experimental rates 
and corresponding lifetimes are denoted with symbols, 
with ±1 error bars. The solid lines denote ab initio RRKM 
predictions with (blue) and without (gray) tunneling 
corrections. The vertical dashed lines denote the saddle 
point barrier of 10.3 kcal mol-1. The inset shows a 
representative time trace for the appearance of OH 
products. From Ref. 60. Reprinted with permission from 

AAAS.
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kinetics due to their ephemeral nature. Their reaction with O2 ultimately leads to the conversion of 
one radical into three. A quantitative understanding of the dissociation rate is of key importance 
because it occurs in direct competition with the reaction with O2. 

We collaborated with Lester in developing an AI-TST-ME model for the dissociation 
reaction, CH2(CH3)2COOH   cyc-CH2OC(CH3)2 + OH. As illustrated in Fig. 3, the theoretical 
predictions are in quantitative agreement with the experimental observations, with only a minor 
discrepancy occurring at the lowest energy, which lies slightly below the barrier threshold. The 
apparent discrepancy at the highest energy correlates with a limit in instrument resolution, as 
denoted by the gray shaded region. This agreement nicely validates RRKM theory for a very 
weakly bound molecule (barrier height of only 10.3 kcal mol-1). It relies on the use of high accuracy 
methods for evaluating the tunneling probabilities, the barrier height, the density of reactant states, 
and the transition state number of states, as discussed below.

2.1.1 Tunneling

Our collaborative study of the QOOH decomposition highlights the importance of heavy 
atom tunneling. The reaction coordinate for this system involves a combination of OO stretching 
and OCC bending motions. The lower gray curve in the plot of Fig. 3 illustrates the predicted 
dissociation rate in the absence of tunneling. The tunneling effect at the lowest energy is about a 
factor of 5 and remains significant up to about 4 kcal mol-1 above the barrier top. As reported in a 
paper for this discussion meeting, Lester has followed up this work with a related study of the 
dissociation of a selectively deuterated form of the radical, QOOD, where the deuteration is of the 
OH group.61 The agreement between related RRKM predictions for this isotopically substituted 
reaction, with nearly identical tunneling frequency, strongly validates the proposed significant role 
for heavy atom tunneling.

There are currently a variety of practical methods for predicting tunneling probabilities. 
The asymmetric Eckart model provides a particularly simple one-dimensional tunneling correction 
that is very widely used due to its simplicity.62 Its implementation requires only the barrier height, 
reaction energy, and imaginary frequency for the reaction coordinate. However, it neglects 
multidimensional tunneling effects that can be quite important. The small and large curvature 
tunneling methods of Truhlar and coworkers63-66 explicitly consider the multidimensional aspects 
of the tunneling process. These methods have also found widespread use, in part due to their 
effective direct dynamics implementation within the freeware PolyRate code,67 as well as their 
sound theoretical basis. More recently, the semiclassical transition state theory (SC-TST) 
approach68 has gained in popularity, in part because of the current facility of generating the 
requisite anharmonicity parameters with readily available electronic structure codes. Barker, 
Stanton, and their coworkers applied this approach to the OH + CO addition elimination 
reaction69,70 as well as a number of abstraction reactions. For this discussion meeting, Stanton and 
coworkers apply SC-TST to an analysis of the H + C2H4 reaction system.71 Meanwhile, Clary has 
explored the effectiveness of reduced dimensionality simplifications in the SC-TST approach that 
facilitate its widespread use for larger molecules.72 

The SC-TST approach is based on perturbation theory and does not incorporate variational 
effects. As such, it might be expected to fail to some degree in both the low-temperature deep 
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tunneling regime, where the potentials deviate from their perturbative expansions,73 and the high 
temperature regime, where variational effects become significantly. Notably, for many abstraction 
reactions, variational effects are quite significant even at 0 K because the zero-point corrected 
barrier is displaced by a large distance from the electronic barrier. More work is needed to compare 
the SC-TST approach to the variationally corrected reaction path approaches of Truhlar over broad 
ranges of temperature. 

Our calculations for the QOOH decomposition60 employed a new semiclassical tunneling 
approach derived by Georgievskii.74 In this work, a closed-form rate expression was obtained that 
explicitly treats the nonseparability of tunneling from other vibrational coordinates. The 
expression was also extended to properly account for the conservation of angular momentum, 
although a numerical implementation of that has not yet been provided. For our QOOH study, we 
employed a perturbative form of this approach that bears some similarity to the SC-TST approach 
including its nonvariational nature, but also differs in significant ways, including the contribution 
of a novel term, which was labeled the entanglement factor. Its implementation is also more 
straightforward and requires less PES information than does SC-TST. Interestingly, the 
perturbative form of this approach provides a natural decomposition of the tunneling action into 
components from different vibrational modes and also explains in simple terms the quantum 
bobsled and MEP curvature effects. In future work, it will be interesting to explore the role of 
angular momentum on tunneling probabilities, which has largely been neglected in prior work and 
to numerically contrast this approach with SC-TST and the reaction path based approaches of 
Truhlar.  

2.1.2 Electronic structure theory

For many years, the goal of electronic structure theory was to provide “chemically 
accurate” energies, which came to mean absolute errors of 1 kcal mol-1 or less. Ultimately, a variety 
of different approaches were found to yield this level of accuracy or better. Each of these 
approaches were in essence based on some form of approximation to the complete basis set (CBS) 
limit of the CCSD(T) (coupled cluster with singles doubles and perturbative triples) method. The 
popular G475 and CBS-QB376 methods achieve 2 accuracies of 1.1 and 2.4 kcal mol-1, 
respectively for a set of 114 combustion relevant heats of formation.77 While methods with 1-2 
kcal mol-1 accuracies have many utilities, they are not really effective for making first principles 
kinetics predictions, especially for atmospheric chemistry. For example, at room temperature the 
Boltzmann factors for 1 and 2 kcal mol-1 energies are 0.19 and 0.035, respectively.

The explicitly correlated CCSD(T)-F12 method dramatically improves the ability to 
approach the CCSD(T)/CBS limit.78 Furthermore, domain based local correlation methods allow 
for the generation of approximate CCSD(T)/CBS limit energies for molecules with tens of heavy 
atoms, but at the cost of modest deviation from the true CCSD(T)/CBS limit. Effective 
implementations of the DLPNO-CCSD(T)79,80 and the PNO-LCCSD(T)-F1281 methods, are now 
available in the widely available Orca82 and Molpro83,84 software packages. Proper evaluation of 
the CCSD(T)/CBS limit should lead to reduced errors relative to composite methods such as G4 
and CBS-QB3. However, the 2 errors are unlikely to fall much below about 1.0 kcal mol-1, due 
to limitations in the CCSD(T) method itself.  
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Major further reductions in the error 
of ab initio energy predictions have been 
obtained by a number of groups through the 
inclusion of a variety of corrections to the 
CCSD(T)/CBS limit as well as by better 
approaching that limit through the use of 
larger basis sets, with better geometry 
optimizations and frequency evaluations.85-88 
As shown in our recent wide ranging analysis 
of combustion enthalpies (cf. Fig. 4), the most 
important correction involves the CCSDT(Q) 
correction, while core-valence and 
anharmonicity corrections are also quite 
significant. 77  Meanwhile, relativistic and 
Born-Oppenheimer corrections are typically 
quite small.77 Substantive comparisons of our 
ANL methods77 with reference values from 
the active thermochemical tables 
approach89-91 indicate 2 errors of 0.2 kcal 
mol-1, as long as the CCSDT(Q) correction is 
not too large. Large CCSDT(Q) corrections 
are indicative of significant multi-reference 
effects, for which alternative multireference 
approaches should be used. Notably, a room temperature Boltzmann factor for an uncertainty of 
0.2 kcal mol-1 is 0.72, at which point the accuracy of kinetic theory is starting to rival that of many 
experiments. 

The need for accurate geometries and zero-point energies is often underappreciated. 
Doubly hybrid density functional methods provide geometries and harmonic zero-point energies 
for minima that rival the accuracy of CCSD(T) values. We have found the B2PLYP functional92 
with a cc-pVTZ basis set to be very effective in that regard, while the newly optimized revDSD-
PBEP86-D3BJ functional appears to provide slightly higher accuracy at similar cost.93 
Unfortunately, for transition states there are still significant errors in such DFT geometries – at 
least there are often significant discrepancies in the geometries obtained at the CCSD(T) and 
B2PLYP or revDSD levels. For coupled cluster methods, it important to use a large enough basis 
set in such determinations. Currently, we prefer to use CCSD(T)-F12 based saddle point 
geometries and harmonic frequencies, as the most reliable yet feasible approach at our disposal. 
For our study of the QOOH decomposition we found that CCSD(T)-F12/cc-pVDZ-F12 geometry 
and frequency optimizations were an essential part of achieving a high accuracy barrier height. 
The remaining components of the barrier height were obtained according to the ANL0-F12 
methodology, except for the CCSDT(Q) correction, where a smaller 6-31G* basis was used in 
place of the cc-pVDZ basis.60 

It is important to also consider the effect of vibrational anharmonicities on the zero-point 
energy. Second order vibrational perturbation theory (VPT2) provides a straightforward procedure 
for doing so.94 Density functional and coupled clustered implementations generally yield quite 

Fig. 4: Plot of the cumulative distribution function for 
the ANL0 corrections for higher order excitations 
[CCSDT(Q)/DZ], core-valence interactions, 
vibrational anharmonicity, relativistic, and Born-
Oppenheimer effects. Reprinted with permission from 
Ref. 77. Copyright 2017 American Chemical Society.  
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similar anharmonic ZPE corrections. However, the VPT2 procedure itself occasionally fails, 
particularly for low frequency torsional and umbrella motions. Harding and coworkers have 
demonstrated the utility of diffusion Monte Carlo calculations for such problematic cases.95 

We have observed irregularities in such VPT2 calculations for abstraction reactions. For 
example, in the OH + H2  H2O + H reaction at the CCSD(T)/cc-pVQZ level, the second highest 
harmonic frequency is at 2591 cm-1, while the corresponding anharmonic fundamental is at 3747 
cm-1. Such large anharmonic corrections have significant ramifications for rate predictions. 
Notably, the calculated anharmonic values are remarkably sensitive to method. For example, at 
the B2PLYPD3/cc-pVTZ and B3LYP/cc-pVTZ levels the anharmonic values for this mode are 
instead 4190 and  4629 cm-1, respectively.  This behavior appears to be related to a strong coupling 
of the symmetric and asymmetric stretching coordinates. The method dependence then arises from 
the substantially different lengths for the forming OH bond in the TS: 1.346, 1.373, and 1.412 Å 
for the CCSD(T)/cc-pVQZ, B2PLYPD3/cc-pVTZ, and B3LYP/cc-pVTZ methods, respectively.  
This issue is quite common in OH abstraction reactions and deserves further study.

A number of recently presented methods such as the W3X-L,96 diet-HEAT-F12,97 and 
mHEAT98 methods bear many similarities to the ANL0 and ANL0-F12 methods. These methods 
were designed to reduce the cost of the original W4 and HEAT methods by constraining the most 
expensive parts of the composite scheme, while retaining some form of CCSDT(Q) correction, 
much as was done with the ANL methods. The most expensive part of these calculations, as well 
as the part that effectively determines the accuracy, is the CCSDT(Q) evaluation for a double-zeta 
quality basis set. This required CCSDT(Q) evaluation limits our use of the ANL0 methodology to 
systems with about 6 or fewer heavy atoms. Fortunately, prototypes for most classes of reaction 
can be captured with 6 heavy atom systems. 

Various literature approaches attempt to obtain high accuracy at reasonable costs by 
building in some type of empirical correction or reference scheme. The recently developed WMS99 
composite approach of Truhlar and coworkers aims to reproduce the accuracy of the W3X-L 
method96 at dramatically reduced cost (i.e., approximately that of the G4 method) through separate 
scalings of the individual terms. The incorporation of bond additivity corrections (BAC), as in the 
pioneering BAC-MP4 work of Melius,100 can correct for many of the deficiencies in approximate 
quantum chemistry models. For example, a BAC-QCISD(T)/CBS analysis of Goldsmith et al.101 
yields 2 uncertainties of about 0.5 kcal mol-1.77 Alternative procedures use chemically similar 
species as references (e.g., with isodesmic and related reactions102), which often allows for high 
accuracy predictions at relatively low levels of theory, as long as the references are accurately 
known. Such isodesmic schemes have found considerable utility in recent combustion studies (see, 
e.g., Ref. 103). 

The connectivity-based hierarchy (CBH) scheme of Raghavachari and coworkers104-106 
provides a useful explicit prescription for systematically choosing larger and larger reference 
species that increasingly represent the chemical environment of the target molecule. We have 
implemented an automated version of the CBH schemes within our freeware automated kinetics 
software package AutoMech.107-109 We find that the CBH-2 methodology coupled with ANL0 
reference energies provides a very effective means for predicting enthalpies of formation. For 
example, sample B2PLYPD3/cc-pVTZ calculations with the ANL0-CBH-2 scheme for a set of 
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alkane oxidation related species yielded a 
maximum error of 0.7 kcal mol-1 relative to 
corresponding CCSD(T)-F12/cc-pVTZ-F12 
ones (cf. Fig. 5).109 

It should be possible to design and 
generate similarly effective post facto 
corrections for barrier height evaluations. For 
example, a study of Knyazev illustrates the 
utility of an isodesmic reaction type approach 
for energy barriers.110 Meanwhile, a recent 
study of Karton provides high quality for data 
for a set of 28 reactions.111 Overall, more 
effort is needed at designing well validated 
correction schemes for transition states. Of 
course, with sufficient high quality data, 
machine learning will become an effective 
tool for predicting barriers for larger sets of 
reactions.

2.1.3 Anharmonic State Counts

Rigid-rotor harmonic-oscillator models provide the foundation for most evaluations of the 
reactant and transition state partition functions and state densities. Nevertheless, it is well 
understood that various forms of anharmonicities can significantly affect the state counts. In 
particular, torsional modes of the molecules are not well represented as a harmonic oscillator, and 
some form of hindered rotor correction is generally employed. The umbrella/inversion mode in 
radicals is also often highly anharmonic, although this fact is often ignored. Furthermore, the 
umbrella and torsional modes are often strongly coupled, and limitations in the treatment of this 
coupling are perhaps the single biggest shortcoming in many calculations. 

The partition functions for the remaining, higher frequency, vibrational modes generally 
show a few percent deviation from the harmonic limit for each mode, with this deviation increasing 
with temperature.112 For larger molecules, the total number of vibrational modes results in a 
substantial total anharmonic effect (e.g., a 6 heavy atom molecule might have 50 vibrational modes 
yielding more than a factor of two effect on the partition function at 1000 K). For reaction rate 
calculations, the effects of the anharmonicity on the transition state and the reactant often, but not 
always, cancel out to a significant degree. For absolute thermodynamic properties, quantitative 
inclusion of anharmonicity corrections is essentially always required.  

Jasper and coworkers recently employed Monte Carlo phase space integration to calculate 
the fully anharmonic partition functions for a large set of systems.112,113 These calculations, which 
employed high quality PESs and included systems with up to three “fluxional” (torsions and 
umbrella inversions) modes and 30 degrees of freedom, provide valuable benchmarks for more 
approximate approaches. Simpler approaches generally employ some form of assumed separation 
between the fluxional and remaining higher frequency vibrations. The analysis of Jasper explored 

Fig. 5: Difference between B2PLYPD3/cc-pVTZ and 
F12-CCSD(T)/cc-pVTZ-F12 energies for a set of 150 
RH, R, RO2, and QOOH species Both calculations 
employed an ANL0 reference based CBH-2 scheme.109
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the accuracy of such presumed separability approximations, as well as the appropriateness of 
decoupled one-dimensional treatments of the fluxional modes. 

Within assumed separability approaches, the anharmonicities in the higher frequencies are 
often ignored, or else simply treated through the use of an estimated fundamental frequency within 
the RRHO expressions (e.g., from VPT2 or scaling relations). Such corrections seem reasonably 
accurate up to about 1000 K, but increasingly fail beyond that. It is perhaps worth noting that 
explicit state counting based on VPT2 expressions commonly leads to issues related to turnovers 
in the energy versus quantum number. These issues, which are simply indicative of the limits of a 
perturbation theory approach, tend to be particularly severe for transition states.

The most common approach for treating torsional anharmonicities involves a presumed 
separation into a set of decoupled one-dimensional hindered rotors (1DHR). This approach is often 
preferred, especially for larger systems, because the effort involved in the expansion of the 
potential is proportional to the product of the number of rotors (nrotor) and the number of grid points 
per rotor (ngrid). In contrast, for grid based multidimensional hindered rotor (MDHR) analyses the 
computational effort is proportional to (ngrid)nrotor. Such MDHR analyses, which are available in 
some current software,27,31,114 are reasonably effective for up to about 3 or 4 rotors. Of course, the 
decrease in cost for the 1DHR comes with a corresponding decrease in accuracy. 

Although seldom discussed, there are important choices to make in implementing one-
dimensional hindered rotor representations. For example, three simple alternatives may be used in 
performing the torsional scans: (i) all coordinates except for the torsion of interest may be 
optimized at each grid point, (ii) only the non-torsional degrees of freedom may be optimized, or 
(iii) all coordinates could be held fixed at the values of some reference geometry. There is also an 
important choice to be made in the reference conformer about which to perform the 1DHR scans. 
Commonly, the reference geometry is taken to be that with the lowest potential energy in some 
preliminary conformer sampling. However, the zero-point energy can vary quite substantially 
among conformers. In that case, one might expect the conformer with the lowest zero-point 
corrected energy to provide the best reference geometry since it would have the largest contribution 
to the zero K enthalpy. Generalizing that concept, one might instead choose a reference conformer 
that has the lowest Gibb’s free energy at the temperatures of interest. The latter choices can be 
useful in avoiding hydrogen-bonded configurations that commonly have the lowest potential 
energy but do not contribute as much to the partition function at the higher temperatures of 
practical interest. 

Ideally, one would like a 1D based approach to reproduce the harmonic oscillator limit at 
low temperature, and a free-rotor limit at higher temperatures. However, symmetry aspects of the 
torsional motions often imply that one would need to use temperature dependent symmetry 
numbers in order to achieve this. This difficulty arises because the product of 1DHRs often do not 
sample the full set of equivalent minima. The problem is exacerbated by the coupling of inversion 
and torsional motions. Indeed, it is often difficult to tell a priori if a 1D torsional mapping will find 
the full set of inversion and torsional minima or just a set of torsional minimum related to one 
fixed form of the inversion. Practically, we find that the preferred choice of symmetry number is 
most often the higher value that correlates with the value appropriate for a MDHR sampling.
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For our study of the QOOH decomposition we employed multidimensional rotor 
representations.60 In this case, one of the primary advantages of the MDHR approach was in its 
proper treatment of the symmetry aspects of the problem. In our study of the dissociation of methyl 
ethyl Criegee intermediate (MECI),115 we compared the results of a MDHR approach with those 
from both RRHO and 1DHR based approaches. Here, some of the differences were more 
substantive. For both cases, we incorporated anharmonic effects for the higher frequency modes 
through the use of the VPT2 expressions for the fundamental frequencies.

An alternative approach to treating the rotamer aspects of the problem involves a 
representation of the partition function in terms of a sum of contributions from each of the 
conformational minima. The simplest form of multi-conformer approach employs a sum of RRHO 
expansions about the minima (see, e.g., Refs. 116, 117). This approach should be quite accurate at 
low enough temperatures (e.g., room temperature) and when only considering the high pressure 
limit. At higher temperatures, and for falloff where the density of states at the dissociation 
threshold is needed, the harmonic expansions can lead to an overcounting of the available phase 
space. For these reasons, Truhlar and coworkers developed an alternative form of multi-conformer 
transition state theory where they evaluate the contributions from each conformational minimum 
with local expansions that account for the full multidimensional nature of the problem.118-120  

This multi-structural torsional (MS-Tor) approach of Truhlar and coworkers is highly 
effective, and widely used, but is limited to cases where all the minima can be mapped out. A 
recent study from Ren and coworkers explores a multistructural 2-dimensional torsion approach 
that extends the applicability of the MS-Tor approach to much larger molecules.121 A recent study 
from Zhang and coworkers122 suggests a Voronoi tessellation based procedure for correcting an 
apparent overestimate in the MS-AS (multi-structural all-structures) version123 of the MS-Tor 
approach. Later versions of the MS-Tor approach120 employ a coupled potential approximation 
that also appear to deal with the shortcoming addressed by Zhang and coworkers.

Unfortunately, most applications of the MS-Tor approach have focused on comparisons 
with simple single conformer RRHO results, which naturally indicate major anharmonicity effects. 
It is less clear how substantive the deviations generally are for a high quality 1DHR approach. 
Zhang and coworkers do indicate significant deviation from a 1DHR model for the reactions of 
HO2 with methylbutanoate.124 These reactions have a high degree of hydrogen bonding, which is 
likely the primary cause for these deviations. It would be interesting to compare these MS-Tor 
results with 1DHR calculations that employ the lowest Gibbs free energy conformer as a reference 
instead of the lowest energy conformer. 

An alternative Monte Carlo integration based approach to evaluating the MDHR 
contributions125 to the canonical partition function is incorporated in MESMER.27 One appealing 
feature of this approach is its lack of any approximation in the hindered rotor mode couplings, at 
least for a given potential energy surface and within a classical framework. Note that the canonical 
partition functions are readily converted to microcanonical state densities within MESMER via 
invert Laplace transform, which is a generally useful technique since it is often easier to examine 
corrections at the canonical level. We have begun to perform some related benchmark calculations 
based on a novel implementation of a path integral based random sampling approach.126 This 
approach, which effectively considers all aspects of the multidimensional fluxional mode 
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couplings, including for the inversions, has already been incorporated and tested in the AutoMech 
software. One important feature of this approach is that it does not involve expansions about each 
of the minima and so does not require the determination of all minima on the potential energy 
surface. Indeed, demonstration calculations for n-dodecane have already proven to be feasible with 
direct ab initio sampling of the torsional potential. One drawback of this approach is that the results 
converge more slowly at lower temperatures, but for combustion temperatures (e.g., 700 K and 
higher) convergence appears to be efficient enough. Such benchmark calculations should find 
utility in developing and test simpler approaches.

2.2 Criegee Intermediates

The Lester group has also used their novel jet cooled IR action spectroscopy approach to 
observe the dissociation rates for a large set of Criegee intermediates (CIs).56,115,127-129 These 
species, which are formed in the atmosphere through the ozonolysis of alkenes, are of considerable 
importance as a source of OH radicals. The key first step in this process generally involves an 
intramolecular H transfer to form a vinyl hydroperoxide species, with a low barrier that is 
commonly in the 15 to 20 kcal mol-1 range.130 The OO bond in the incipient vinylhydroperoxide 
(VHP) is readily split to yield OH and an alkoxy radical at an energy that is below that of the H 
transfer barrier.  Lester’s experiments use LIF to observe the time dependent appearance of the 
OH after IR induced excitation to specific vibrational states of the CI.

A priori tunneling corrected RRKM predictions for the rates have been compared with the 
energy resolved rate constants for the whole series of CIs [CH3CHOO, CD3CHOO, (CH3)2COO, 
CH3CH2CHOO, CH3CH2C(CH3)OO, CH2CHC(CH3)OO, and CH3CHCHCHOO] studied by 
Lester and coworkers. The rate predictions were found to be in excellent agreement with the 
experimental observations, with the differences rarely being outside the estimated experimental 
error bars. The agreement across the series validates both the statistical RRKM model for this class 
of reactions, as well as our specific ab initio implementation of it. Clearly, the ANL0 predictions 
for the barrier heights are highly accurate. 

2.2.1 Tunneling

For the CH3CHOO and (CH3)2COO dissociations the observations spanned a broad range 
of energies from the deep tunneling regime (~ 5 kcal mol-1 below the barrier) to energies in the 
neighborhood of the barrier. Notably, even near the barrier, the tunneling corrections were 
predicted to be significant, with good agreement between SC-TST and Eckart estimates extending 
down into the deep tunneling regime. The accurate prediction of the rate for both CH3CHOO and 
CD3CHOO, where there is a kinetic isotopic effect of ~50, provides a clear indication of the 
importance and accuracy of the tunneling correction.57 

2.2.2 Resonance Stabilization

The ozonolysis of isoprene, which is the second most abundant volatile organic compound 
in the Earth’s troposphere (after methane), yields a mixture of three CIs: CH2OO, methacrolein 
oxide [MACR-OO; CH2=C(CH3)CHOO] and methyl vinyl ketone oxide [MVK-OO; 
CH2CHC(CH3)OO].131 MACR-OO and MVK-OO exhibit resonance stabilization of their CC and 
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CO -bonds, which modifies their chemistry. Lester and coworkers observed the E-resolved 
decomposition kinetics for the MVK-OO case, as well as for 2-butenal oxide (CH3CHCHCHOO), 
which is also resonantly stabilized. The latter CI is of interest because it is predicted to isomerize 
by a 1,6-H-transfer instead of the usual 1,4-H-transfer mechanism of smaller CIs.132  

For the syn-MVK-OO case, the resonance stabilization of the reactant results in a H-
transfer barrier of 18 kcal mol-1, which is ~2 kcal mol-1 higher than in the non-resonantly stabilized 
cases we have studied.128 Meanwhile, the 2-butenal oxide case occurs in two steps, with the first 
stage involving a low barrier (8 kcal mol-1) conformational isomerization, and the second stage 
involving an even lower barrier (5 kcal mol-1) H-transfer. The remarkably small barrier for this 
1,6-H-transfer,129 yields a much faster CI decomposition rate in agreement with earlier predictions 
of Vereecken for the thermal rates.132 

2.2.3 Stereochemistry 

One aspect of unimolecular reactions that is highlighted by the Criegee intermediate 
observations is that the kinetics is strongly dependent on the stereochemistry of the reactants.128,130 
For example, the syn and anti isomers of many CIs have vastly different dissociation rates, and 
products. In MVK-OO the syn form reacts via H transfer from the CH3 group to the terminal O 
atom. In contrast, the anti form reacts via 5 membered ring formation and is predicted to have a 
thermal rate that is two orders of magnitude faster than that for the syn form.128 

The importance of incorporating different rates for different stereoisomers has been 
recognized in recent theoretical calculations for both atmospheric133-135 and combustion 
processes.136,137 However, at least in combustion modeling, such effects have largely been ignored 
in the formulation of global chemical models. The large number of species and reactions present 
in a combustion model makes it challenging to convert a non stereospecific mechanism to one that 
properly includes the stereochemical nature of the conversions. We have recently developed scripts 
for automatically implementing such stereochemical expansions.138 They are available as part of 
our AutoMech code.107 One interesting challenge that was encountered in this work was a 
shortcoming in the InChI formalism for identifying the stereochemistry in resonantly stabilized 
radicals. We have developed a supplement to InChI, which we label AMChI, that properly handles 
such species. Notably, a paper by Rotavera and coworkers in this discussion meeting explores the 
stereochemical dependence of the reaction kinetics for the peroxy radicals derived from 2,4 
dimethyloxetane.139

2.2.4 Multiple Transition States and Roaming in “Simple” Bond Fissions

Bond fission to produce two radicals was long thought to be a simple process that occurs 
over a monotonically rising minimum energy path potential, i.e., without a reverse barrier. 
However, in reality, this is rarely the case. Instead, most pairs of radicals have some form of weak 
hydrogen-bonded or van der Waals long-range complex that exists as a minimum on the potential 
energy surface at large separations (typically about 3 Å separation). The optimal orientation of the 
two radicals in that long-range complex generally differs quite significantly from that in the 
chemically bound molecule. Correspondingly, there is a transition state (typically at about 2-3 Å 
bond separation) that correlates with the required reorientation of the radicals for the transition 
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between the two complexes. From the long-range complex, gradually increasing the separation 
between the incipient fragments yields a monotonically increasing potential energy. Nevertheless, 
there is also a transition state for this final separation of the two fragments. It correlates with an 
entropic minimum for the relative bending motions, arising in part from the effect of centrifugal 
barriers. We label these two transition states as the “inner” and “outer” transition states for the 
bond fission process.  

The quantitative description of the radical-radical interaction energies in this long-range 
region of configuration space, is challenging. Single reference-based methods are not applicable. 
We generally find that the CASPT2 (second order perturbation theory applied to a complete active 
space reference wavefunction) and MRCI+Q (singles and doubles multi-reference configuration 
interaction with Davidson corrections for higher order excitations) methods provide effective 
means for exploring the interactions in this long-range “roaming” regime. We also find that a 
“trick” involving the use of multireference methods to evaluate the difference in energy between 
high and low-spin energies, and coupled cluster methods to evaluate the high-spin energies often 
provides the highest quality energies.140

 
In Fig. 6, we illustrate the calculated 

interaction energies for constrained 
optimizations in this long-range roaming 
region with fixed OO separation in the OO 
bond fission of CH2CHOOH, which is the 
VHP that is produced by 1,4 H-transfer in 
CH3CHOO. The 4-electron, 4-orbital active 
space employed in these CASPT2 
calculations correlates with the two radical 
orbitals and the π,π* orbitals of the CC bond.  
All the calculations employ the cc-pVTZ 
basis set of Dunning. The CASPT2 results 
show a saddle point at 2.4 Å separation with 
an energy that is 4 kcal mol-1 below 
separated radicals. A corresponding H-
bonded minima occurs at an OO separation 
of 2.9 Å, with an energy of -9 kcal mol-1. 

The B2PLYPD3 and CCSD(T) results (which are calculated for the B2PLYPD3 
geometries) in Fig. 6 demonstrate the limitations in standard single-reference methods (essentially 
equivalent results are obtained with other common functionals such as B3LYP and M062X). These 
calculations employ symmetry-broken unrestricted spin reference wavefunctions, which generally 
yields solutions that appear to show the qualitatively correct behavior (i.e., with a saddle point near 
zero-energy), but are from far quantitatively accurate. Unfortunately, such inaccurate approaches 
are still commonly employed in kinetic analyses of radical-radical reactions. 

The CASPT2//B2PLYPD3 curve presented in Fig. 6 demonstrates that the primary 
problem is not in the geometries that are obtained with the symmetry-broken B2PLYPD3 method, 
but rather in the ability of single reference methods to quantitatively treat radical-radical 

Fig. 5: Interaction energies along the OO bond 
fission distinguished coordinate minimum 
energy path for CH2CHOOH. The molecular 
structure depict the reactant, transition state, and 
long-range hydrogen bonded complex.

Fig. 6: Interaction energies along the distinguished 
coordinate minimum energy path for OO fission of 
CH2CHOOH. The molecular structures depict 
reactants, transition state, and hydrogen-bonded 
complex.
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interactions at large separations. Nevertheless, the shift in the location of the saddle point from 2.4 
to 1.9 Å from the CASPT2 to the B2PLYPD3 analysis implies errors of about -3 kcal mol-1 if the 
saddle point energy were to be obtained from a multireference analysis at the B2PLYPD3 saddle 
point, as is occasionally done. Meanwhile, a variational CASPT2//B2PLYPD3 analysis of the 
saddle point (i.e., with single point CASPT2 evaluations at each of the B2PLYPD3 optimized 
geometries) would only be in error by about 1.2 kcal mol-1.

For many bond fissions, alternative paths from the long-range minimum are also 
accessible. In particular, an alternative reorientational or “roaming” motion of the radicals with 
respect to each other often connects two separate long-range minima. These new long-range 
minima are then often connected to an abstraction saddle point.141 Alternatively, they may be 
connected to a separate molecular complex if one of the radicals is resonantly stabilized. The set 
of multiple transition states for partial fission, roaming, abstractions, and long-range separation 
adds considerable complexity to the classic picture of simple bond fission. Such roaming induced 
complexities are ubiquitous in the “simple” bond fission of neutral closed shell molecules. They 
occur essentially every time one of the incipient radicals is either resonantly stabilized or has an H 
atom that is easily abstracted. We have developed a simple statistical theory for treating the kinetics 
of such multiple transition state processes.142 It involves the use of steady state approximations for 
each of the weakly bound intermediates. 

In some dissociations, both 
ordinary tight transition states and 
roaming radical saddle points can exist for 
the same products. For those cases, second 
order saddle points generally exist and 
provide a connection between the two 
first-order saddle points.143 In a paper 
presented at this meeting, Lourderaj and 
coworkers, use ab initio classical 
trajectory simulations to examine the 
influence of second-order saddle points on 
some sample reaction mechanisms.144 A 
joint experiment-theory paper from Suits 
and coworkers provides an interesting 
exploration of the role of resonances in the 
roaming branching and of the dependence 
on the angular momentum state in the 
photodissociation of formaldehyde.145 

The initial 1,4 H-transfer that 
occurs in the decomposition of many CIs 
is generally followed by OO bond fission 
of the VHP. The incipient alkoxy radicals 
are resonantly stabilized, and roaming 
isomerization then yields the possibility 
for hydroxycarbonyl formation. Notably, 

Fig. 7: Schematic reaction mechanism for the dissociation 
and roaming induced isomerization of CH2CHOOH. 
Energies are in kcal mol-1 as described in Ref. 147. 
Reprinted with permission from Ref. 147. Copyright 2018 
American Chemical Society.
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an experimental study of the dissociation of (CH3)2COO observed the formation of the 
hydroxyacetone product.146 Subsequent theoretical work from Kuwata and coworkers provided an 
explanation for these observations in terms of the roaming induced mechanism as outlined above 
(cf. Fig. 7),147 and provided estimated branching ratios for the formation of the hydroxyacetone at 
a range of temperatures and pressures of relevance to the troposphere. Notably, their analysis 
suggests that hydroxyacetone will account for 70% of the CI decomposition products at 200 K and 
100 Torr. 

We have reanalyzed the energetics in the roaming region for the smaller CH3CHOO case 
(which Kuwata et al. also explored147) with a CASPT2 approach. We find good agreement with 
their results, with the primary distinction being the absence of the TS-5a saddle point in the 
CASPT2 analysis. Interestingly, this absence implies that the 6a hydrogen bonded complex, which 
is a key precursor to hydroxyaldehyde, is formed by roaming from 6b. Although not yet explored, 
one might also expect a roaming induced abstraction (to produce ketene + water) to be accessible 
from the vinoxy…OH long-range complexes.

In our collaborative study of the dissociation of  syn-MVKOO with the Lester group we 
provided a similar exploration of the roaming path for this process.128 Again in collaboration with 
Lester, Caravan, and others, we are now exploring this process in even greater detail for 
methylethyl CI, as described in a poster for this meeting.148 Notably, in this case, the experimental 
effort was able to identify stable hydroxybutanone products, just as predicted by our mapping of 
the roaming induced isomerization pathways. Interestingly, in these VHP dissociations a multi-
step sequence of two different roaming reactions may occur. In particular, simple CC fission may 
provide the lowest energy path for dissociation of the hydroxycarbonyl arising from roaming in 
the original VHP. For such CC fissions, a variety of roaming induced reactions are feasible. The 
net result is that the dissociation of a single CI may occur through first an H-transfer reaction 
followed by a two stage sequence of roaming reactions. 

A key remaining experimental challenge for roaming radical reactions involves the detailed 
observation of the branching to the various product channels over a wide range of E and/or T. Our 
statistical kinetic roaming model should provide a qualitatively correct description of the 
branching, but there are indications that the dynamics of the intermediate weakly bonded 
complexes is not fully ergodic.149 Experimental observations of the product branching from just 
below the threshold to formation of separated fragments to well above it would provide valuable 
benchmark data for testing of theoretical models. This product branching is expected to show 
dramatic dependence on E and T. Furthermore, for a dissociation with multiple possible roaming 
abstraction channels (e.g., CC fission in OHCH2CHO), the observations over a range of sub-
threshold energies would provide an interesting description of the competition between distinct 
roaming processes. 

2.2.5 Prompt Dissociation 

The kinetics of CIs also highlights another important aspect of unimolecular dissociations 
that has come to the forefront in recent years. In particular, there are many instances where one 
cannot consider the dissociation of a species in isolation. Instead, the species decomposition rate 
as well as the distribution of its product species can be strongly dependent on how that species is 
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first formed. For example, if the formation process is highly exothermic, the subsequent 
dissociation may occur more rapidly than the collisions that are required to form a thermal 
distribution. In such “prompt” dissociations, the dissociation rate and product branching will not 
be well modelled by the standard solution of the master equation for a thermal distribution.

The ozonolysis that leads to the formation of CIs is highly exothermic. For example, for 
ethylene the ozonolysis to yield CH2OO + H2CO is 48 kcal mol-1 exothermic.150 There is also a 
small branching to a ketohydroperoxide (KHP; OCHCH2OOH) product (12%), which is 101 kcal 
mol-1 exothermic.150 With this high an exothermicity for the KHP forming channel, and no 
companion product to take away the excess energy, it will all promptly dissociate to OCHCH2O + 
OH.  Meanwhile, the lowest dissociation barrier for the CI is at 19.1 kcal mol-1,151 and the 
probability for prompt dissociation then depends strongly on the fraction of the reaction 
exothermicity that is deposited into the CI. This prompt dissociation of CIs is well known, and 
considerable effort has been invested in the development of schemes for predicting the fraction 
that thermalizes prior to stabilization [known as the stabilized CI (sCI) yield].152 

One of the challenges in predicting the sCI yield theoretically is that one cannot simply use 
statistical theories to predict the partitioning of energy into the separate fragments. The validity of 
RRKM theory for rates says nothing 
about the extent of energy flow from 
the saddle point out to products. 
Furthermore, the decomposition of the 
primary ozonide that acts as a 
precursor to the CI formation is a 
highly multireference problem with a 
diradical pathway accessible in the 
same energy range as the CI forming 
channel. In a recent study,150 we used 
direct trajectory simulations of the 
primary ozonide decomposition to 
explore the energy partitioning into 
the CI (cf. Fig. 8). We then combined 
these partitioning estimates with 
master equation simulations of the 
prompt dissociation probabilities to 
yield predicted sCI yields and also 
quantitated the uncertainties in our 
approach. There are essentially two 
ranges of experimental values for this 
quantity, with our prediction of 48% 
sCI yield, falling well within the 
higher set of experimental values. 

A recent study of -pinene oxidation provides a spectacular example of how complex the 
process of prompt reactions can be.153 In particular, the ozonolysis of -pinene leads to a CI that 
promptly isomerizes to a VHP. The VHP then promptly dissociates to OH plus a vinoxy radical, 

Fig. 8. Energy dependent yields of sCI (black), dioxirane 
(red), and HCO + OH (blue) from master equation modeling. 
The dashed, solid, and dotted curves denote results for energy 
transfer parameters of 110, 170, and 260 cm-1, respectively. 
The green and orange histograms denote the CI rovibrational 
distributions predicted for concerted and stepwise pathways, 
respectively. Reprinted from Ref. 150 with the permission of 

AIP Publishing.
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which in turn promptly performs a ring-opening isomerization. This sequence of 3 prompt 
processes was necessary to rationalize the observed production of ring opened products. 
Interestingly, although not examined in that work, the VHP decomposition might also involve a 
roaming radical induced isomerization since the vinoxy radical is resonantly stabilized. Similarly, 
there is also a readily abstracted H atom in the vinoxy, so there might also be a roaming induced 
abstraction from it. Furthermore, the hydroxyketone would also be subject to further prompt and 
roaming reactions. It is truly remarkable how complex the sequence of conversions can become.

Such prompt dissociations are also ubiquitous in combustion chemistry. For example, 
many radicals are formed via exothermic abstractions of an H atom from a fuel molecule. The 
combination of the low binding energies for radicals, the high temperatures of combustion, and 
the excitation of the radicals via the exothermicity of their formation reactions results in a 
significant probability for prompt dissociation of the radicals. Indeed, for high temperatures 
combustion modellers have found it useful to simply replace the radicals with the products of their 
breakdown reactions.154 

Sivaramakrishnan and coworkers 
performed a detailed study of the probability 
and importance of such prompt dissociations 
for the HCO radical.155 This radical plays a 
key role in combustion, with the branching 
between its dissociation and further reaction 
with O2 playing an important role in 
determining the flame speed. The coupling 
of direct trajectory simulations of the 
abstraction induced energy distribution with 
master equation simulations of the HCO 
decomposition process indicates that the 
prompt dissociation gradually rises in 
significance starting at about 800 K and 
reaching 50% probability by about 2000 K.  
The inclusion of these prompt dissociation 
probabilities in global combustion models 
indicated up to a 15% increase in the flame 
speed (cf. Fig. 9), which has important 
ramifications for practical modeling 
purposes.

 Prompt dissociations also play a key role in the sequence of radical oxidation reactions 
that lead to chain branching in low temperature oxidation.156 For example, in a collaborative study 
of diethyl ether oxidation with Goldsmith we explored the coupled sequence of prompt 
dissociations of first the O2QOOH, then the KHP, and finally the ketoalkoxy radicals.157 This 
sequence had a strong effect on the chain branching through an effective increase in the KHP 
dissociation rate, as well as in the final product branching from the ketoalkoxy decomposition. 
Notably, the importance of the prompt processes increased significantly as more reactions were 
included in the prompt analysis sequence. The predicted broadening and shift in the production of 

Fig. 9. Plot of the effect of prompt dissociation of HCO 
on modeling of 1,3,5-trioxane flame speeds. Reprinted 
with permission from Ref. 155. Copyright 2016 American 
Chemical Society.
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acetic acid to lower temperature improved the agreement with the observations from jet stirred 
reactor experiments. 

It is time consuming to estimate the energy distributions with trajectory simulations. In 
general, one expects that a radical will be formed with at least a thermal distribution of energy 
states. Notably, even such thermal distributions contain some probability for prompt dissociation 
because the steady state distribution of dissociating molecules is depleted in states near the 
dissociation threshold, whereas an incipient thermal distribution is not. The prompt dissociation 
probability for a thermal distribution turns out to be identical to what has come be known as the 
nonequilibrium factor, fne.158 

Statistical approaches provide an alternative means for predicting the energy distribution 
of the nascent radicals. Various statistical limits were considered in our study of the alkene 
ozonolysis process.150 Goldsmith and coworkers also considered a number of possible statistical 
distributions.159 The sudden vector projection model of Guo and coworkers provides an alternative 
estimate that is based on mode projections at the saddlepoint.160 We have now implemented a 
number of these approaches into our AutoMech software suite.107  It will be interesting to explore 
the suitability of these models for various reactions. One expectation we have is that the fully 
statistical model will prove more effective for larger more complex molecules, particularly for 
ones with stronger hydrogen-bonding interactions in the long-range region. One interesting 
preliminary finding is that the fully statistical models lead to greatly enhanced prompt dissociation 
effects over fne based estimates.161  

Currently, the coupling of an arbitrary sequence of dissociations initiated by a single 
bimolecular reaction has been implemented and is being tested within AutoMech.161 The inclusion 
of a sequence of bimolecular reactions is a bit more complicated due to the need to couple multiple 
PESs in order to properly treat the dissociations back to reactants. Lei and Burke recently presented 
an approximate methodology for handling that process together with a set of scripts for doing so.162 
Earlier work by Roberston and coworkers presented a fully reversible method for doing so.163,164  

2.2.6 Hot reactions 

The preparation of molecules with an excess of energy in their internal states can also lead 
to an enhancement of their bimolecular reaction rates. For example, the abstraction of an H atom 
from CH4 by standard abstractors (e.g., OH, H, or O2) is greatly increased when the CH4 itself is 
highly excited in energy. Thus, any consideration of the effect of prompt dissociation should also 
consider the increase in the species bimolecular reaction rates. Of course, for such effects to be 
important, the bimolecular reactions need to be competitive with the collisional cooling process.

For the recombination of CH3 with H to form chemically activated CH4, Jasper et al. 
demonstrated with trajectory calculations that the rates of such hot bimolecular abstractions are 
indeed enhanced by orders of magnitude and do compete with the collisional cooling process.165 
A follow on study led by Sivaramakrishnan explored related effects for chemically activated H2O 
reactions and showed that the inclusion of such hot bimolecular reactions can significantly effect 
global combustion properties such as the flame speed.166 A separate study with Burke indicated 
that the chemically activated complex does not even need to be long lived for its reactions to have 
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a significant impact on the global kinetics.167 In particular, chemically termolecular H + O2 + X 
reactions (X = H, O, and OH) significantly enhance the net rate of H loss in H2/O2 flames. As a 
result, the flame speeds were predicted to significantly decrease. 

As discussed by Plane and Robertson, optical transitions can also lead to vibrational 
disequilibrium. For this meeting, they use master equation simulations to demonstrate that such 
vibrational nonequilibrium can increase the predicted concentration of metal silicates in oxygen-
rich AGB stars by 6 orders of magnitude.168  

In a paper at this meeting, Burke et al. describe yet another unexpected affect that arises 
for hot reactants.169 In particular, the steady state distribution of dissociating molecules is depleted 
in energy states near and above the dissociation threshold. This depletion, which is increasingly 
significant at lower pressures, implies that the presumed “thermal” distribution of states for the 
molecules bimolecular dissociation is inaccurate. Correspondingly, one expects a decrease in the 
bimolecular rate constant from that predicted by standard transition state theory, with this decrease 
becoming increasingly significant with decreasing pressure. 

Meanwhile, the paper of Xu and coworkers, provides another example of a situation where 
a bimolecular abstraction reaction is pressure dependent.170 In this case, the pressure dependence 
arises from partial stabilization of a van der Waals complex between the two reactants. Related 
descriptions of pressure dependent bimolecular reaction rates arising from partial stabilization of 
a weak precursor complex have been presented by Canosa and coworkers171 and by Nguyen and 
Stanton.172

2.3 ROXR'

The decomposition of oxide molecules, ROXR' with x=2, 3, or 4, provide an excellent 
example of the full complexity of dissociation dynamics for a reaction with just a single well. 
These species arise in the self and cross reactions of RO, RO2, and R, and are important in both 
atmospheric and combustion environments. Their unimolecular decomposition generally begins 
with a partial fission of one of the OO bonds to produce some form of hydrogen bonded 
intermediate. A wide assortment of reaction channels are then accessible from these hydrogen 
bonded complexes. However, access to many of these channels requires various combinations of 
roaming and intersystem crossing processes. Furthermore, quantitative treatments of their 
energetics require multi-reference wavefunction based methods, and the treatment of the channel 
specific kinetics is similarly challenging due to the strong anharmonic couplings of the 
interfragment modes. 

For a peroxide complex (RO2R'; formed from the reaction of RO2 with R' for example), 
the initial partial OO fission yields a singlet RO…OR' complex, and the possible products are 
relatively simple. In particular, roaming induced abstractions from this hydrogen bonded complex 
can yield R-HO + R'OH or ROH + R'-HO. Meanwhile, complete fission simply yields RO + R'O. 
In this case, there may also be some intersystem crossing to a triplet RO…OR', but the dissociation 
of this triplet intermediate simply contributes to the RO + R'O flux. 
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Meanwhile, for a trioxide complex, RO3R', initial OO fission can yield singlet and triplet 
RO2…OR' as well as singlet and triplet RO…O2R' complexes. Notably, intersystem crossing 
should yield rapid equilibration of the singlet and triplet states due to the near degeneracy of the 
singlet and triplet hydrogen bonded complexes. Roaming induced abstractions from the singlet 
RO2…OR' complex may yield RO2H + R-HO, or R-HO2 + R'OH, while continued separation of the 
fragments will simply yield RO2 + R'O. Interestingly, the R-HO2 complex is typically a Criegee 
intermediate, or if R is an H atom, then it is 1O2. In the H atom case, the dissociation of the triplet 
RO2…OR' complex may yield R'OH + 3O2.  Following the analogous paths from the RO…O2R' 
hydrogen bond complexes, suggests that R-HO + R'O2H, ROH + R-H'O2, RO + R'O2 and ROH + 
3O2 may also be formed.

The set of feasible channels is even larger for tetraoxides, RO4R'. In this case, initial OO 
partial fissions can yield singlet and triplet RO3…OR', RO…R'O3, and RO2…R'O2 complexes. 
Again, one can have roaming induced abstractions and complete fission channels from each of 
these complexes. However, in this case the RO3 fragments are generally metastable and may 
partially dissociate within the RO3…OR' complex (or from within the RO…R'O3 complex) to yield 
RO…O2…OR'. This complex may exist in singlet, triplet, or quintet states, with rapid intersystem 
crossing expected between them all. From this complex, roaming induced H abstractions are again 
accessible (cf. the channels discussed for the RO2R' case), with these channels perhaps occurring 
before or after departure of 1O2 or 3O2. Notably, the 3O2 production does not even require 
intersystem crossing since the triplet spin of the O2 could be balanced by formation of a 3RO…OR' 
complex. 

A number of recent experimental and theoretical studies have examined the kinetics of 
formation and decomposition of the ROXR' molecules. For the RO2 + OR' reactions, there has been 
considerable recent interest in the branching between stabilization of the RO3R' and the various 
bimolecular products.173-178 For the HO2 + HO2 reaction, we demonstrated the importance of the 
previously neglected formation of OH + OH + O2 to combustion kinetics.179 For this meeting, 
Kuwata et al. discuss new calculations for the reaction of acetylperoxy with HO2.180 Recent 
theoretical studies of RO2 + R'O2 are beginning to explore the full complexity of the kinetics, 
although there is still progress to be made.181-185 There was also a recent attempt to develop a 
structure activity relation for the related reactions.186 The development and validation of 
quantitative models for those complex unimolecular dissociations would be a major 
accomplishment for the modeling of unimolecular dissociation kinetics. 

The singlet triplet nonadiabatic crossings are important features of the ROXR' dissociations. 
For this meeting, Guo and coworkers considered the nonadiabatic dissociation dynamics of 
electronically excited HCO. Their study finds an interesting modulation of the nonadiabatic decay 
rate through a combined experimental-theoretical study.187 Meanwhile, a combined experiment 
and theory study of Cavallotti et al. explores the effect of nonadiabatic crossings on the reaction 
of O(3P) with 1,3-butadiene. The good agreement between theory and experiment for this study 
provides a nice illustration of the complexity of system that can now be quantitatively treated with 
AI-TST-ME models that include the effects of nonadiabatic transitions. It is perhaps worth noting 
that while an effective treatment of intersystem crossing within nonadiabatic statistical theory, 
even including multidimensional corrections,188 is reasonably straightforward, the treatment of 
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internal conversion is much more challenging. In particular, the latter case commonly involves 
delocalized, history-dependent transitions that demand a dynamical treatment.189 

3. Pressure Dependence

A neglect of the pressure dependence for unimolecular reactions is a common shortcoming 
in large scale chemical modeling. Notably, our ability to provide accurate a priori treatments of 
this pressure dependence has improved dramatically in recent years. A paper presented by Van 
Geem and coworkers at this meeting provides a nice illustration of the importance of replacing 
high pressure limit rate constants with proper pressure dependent expression in the modelling of 
steam cracking.190 In this section we briefly overview some of the recent progress in the 
methodologies for predicting this pressure dependence. 

3.1 Collisional Energy Transfer 

The treatment of the pressure dependence via the master equation requires some 
prescription for the rate of collision induced transitions in the state of the molecule. Within a 
statistical framework the state of the molecule is defined by its total energy E and total angular 
momentum J, since those are the only two quantities that are conserved between collisions. Thus, 
within that framework, the requisite collision kernel should describe the rate of transitions in E 
and J. However, to simplify the calculations, one commonly presumes that the effect of the 
transitions in J can be averaged over, and the collisional analysis focuses solely on the transitions 
in E.

Over time, a practical approach to one dimensional (in E only) master equation modeling 
developed around the combination of Lennard-Jones collision rates, kc

LJ, coupled with an 
“exponential down” model for the probability of a given energy transfer in each collision. For a 
transition from state E to state E' the collision kernel is written as

kc(E,E') = kc
LJ exp[-(E-E')/] for E > E'

The expression for upwards transitions is obtained from that for downwards transitions via 
microscopic reversibility. 

With this expression, the parameter  correlates with <Edown>, the average energy 
transferred in all collisions that transfer energy from the molecule to the bath gas. This quantity 
depends on both E and T. The dependence on T is commonly represented as a power law:

 = 298 (T/298)n 

Incorporating this T dependence is important when modeling dissociation rates from room 
temperature all the way up to combustion temperatures. In contrast, the E dependence of  is 
usually of little significance and is often ignored. In effect, the collision kernel plays a significant 
role in determining the dissociation rate only for E near the dissociation threshold. Over this range 
of energies, the variation in <Edown> is typically quite mild. 
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Nevertheless, as the precision of theoretical predictions improves, it may become important 
to consider this variation. This concern will be particularly important for reactions with 
energetically distinct barriers. Notably, Barker has long argued for the use of energy dependent   
parameters as a means to obtain more stable master equation solutions, especially at lower 
energy.191 Perhaps more importantly, he has also noted that some variation is in better accord with 
experiment. Truhlar and coworkers have recently discussed the significance of such energy 
dependent  parameters.192

The parameters 298 and n depend on the specific molecule and collider. Historically, these 
values have been determined from fits to experimental data, with 298 generally larger for larger 
molecules, and for colliders that interact more strongly with the dissociating molecule. Typical 
values for 298 range from about 50 to 500 cm-1. With the current substantive body of fitted and 
calculated 298 values one could make empirical estimates with uncertainties of about a factor of 
1.5 to 2. Meanwhile, the parameter n commonly takes values between 0.5 and 1, but its variation 
with molecule is much less well understood.

It is important to recognize that the primary utility of the Lennard-Jones plus exponential 
down procedure for predicting dissociation rates is as a model for fitting and extrapolating data. 
The presence of dipolar and other strong interactions suggests that one should really employ 
collision rates that are larger than the LJ collision rate. The use of kc

LJ can lead to challenges in 
fitting data for strong colliders with large average energy transfers. Meanwhile, the assumption of 
an exponential form may not be flexible enough to fit the energy transfer probability over a broad 
range of energy. This limitation can lead to challenges in fitting/predicting data for multiple 
channel reactions. Lastly, it is not clear how the neglect of J conservation, and anharmonicities in 
state densities affects the fitted values. Nevertheless, the approach has proven remarkably effective 
for “predicting” (more precisely extrapolating and interpolating) the T and P dependence of simple 
one channel dissociations. To some extent, this success has hindered the use of more accurate 
representations, since that would negate some of the utility of the empiricism developed over time. 
But, for more complex MWMC reactions, there is a considerable cause for caution in interpreting 
the results of such calculations.

Jasper made a bold step beyond the historic empiricism of this Lennard-Jones plus 
exponential down procedure when he began directly calculating <Edown> with trajectory 
simulations.193 He has now mapped out <Edown> as a function of temperature for a wide range of 
molecule types and sets of bath gases.194,195 A new set of data for water as a collider is included in 
his paper for this meeting.196 This latest analysis focusses on the low-pressure limit, which Jasper 
argues provides an effective regime for considering collider effects.196,197 Matsugi has presented 
examinations for the bath gas dependence of unimolecular decomposition reactions for a few 
different reactions.198,199 You and coworkers recently presented related calculations for PAH 
molecules.200 It also worth noting that Jasper’s analysis employs some of his recent strategies for 
efficiently generating high quality intermolecular potentials, which are key to obtaining 
quantitative predictions.201,202 

Jasper’s trajectory calculations for CH4 yielded  parameters that were about two times 
larger than those obtained empirically, once anharmonicity was accounted for. This discrepancy 
highlights the empirical nature of prior master equation modeling efforts, although there was also 
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some possible concern about a role for quantum effects in energy transfer. However, this seemed 
unlikely given the high energy states of the molecules and a more likely explanation lay in the 
neglect of angular momentum within the 1DME.

3.2 Angular Momentum and the 2DME

Within the 1DME there is considerable ambiguity regarding how best to average over the 
total angular momentum. Naively, one might simply replace the E,J-resolved numbers and 
densities of states with their J-integrated analogues. This standard 1DME approach corresponds at 
least qualitatively to presuming J is thermally randomized after each collision. Presuming instead 
that the product J value after a collision is statistically distributed for a microcanonical distribution 
yields a different result that is slightly more justified physically.203,204 Notably, with that 
presumption the J part of the 2DME can be integrated over analytically. This approach came to be 
called the 2D/ model, although I prefer 1D/microcanonical-J model. More recently, an opposite 
limit for the J-averaging has been pursued by Stanton and coworkers.205 In particular, they 
presume that collisions have no effect on the J-distribution. They then perform 1DME simulations 
for the full range of J-values and average over the results from each of those J-dependent 
simulations. Stanton and coworkers also like to call this approach a 2DME approach, but I think a 
better label would be 1D/fixed-J to better emphasize the nature of the assumption about the J part 
of the collision kernel. Similarly, their recent “3DME” approach, which includes K conservation 
(where K is the projection of J on the body-fixed axis), would be better labelled as 1D/fixed-
J,fixed-K.206 Clearly, neither the 1D/microcanonical-J or 1D/fixed-J models are physically correct 
and the proper solution should lie somewhere between these limits. 

In collaboration with Jasper we 
explored the issue of the proper treatment of 
J through 2DME calculations employing 
collisional transfer kernels directly 
determined from trajectory simulations. 
Smith and coworkers had already 
demonstrated the feasibility of solving the 
2DME numerically.207,208 Meanwhile, 
Barker and Weston had nicely explored the 
4-dimensional collisional transfer kernel 
P(E,J;E',J') with trajectory simulations for 
some sample dissociative systems.209  
Building from these works, we developed a 
novel representation of the collisional 
kernel that was focused on accurately 
reproducing the trajectory determinations 
of the lowest few moments of the 
distributions in E and J.210 Implementing 
this form in the 2DME for the CH4 and 
C2H3 reaction systems yielded remarkably 
good agreement with experimental data211 
obtained over a wide range of conditions 

Fig. 10: Plot of the full 2DME a priori predictions 
(lines) for the pressure-dependent rate constant for CH3 
+ H → CH4 for a variety of temperatures, all with He as 
a bath gas. Symbols denote experimental results from 
Brouard et al.211 From Ref. 210. Reprinted with 

permission from AAAS.
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(cf. Fig. 10). This good agreement demonstrated that the trajectory simulations were indeed 
providing accurate predictions of the collisional transfer kernels, and that the real problem lay in 
the assumption of microcanonical strong collisions in J. Experimental efforts to resolve the J-
dependence of energy transfer probabilities, such as the one on CO energy transfer presented by 
Mullin and coworkers at this meeting,212 are helpful in better understanding the full 2-dimensional 
transition kernels. 

Matsugi has recently presented an alternative approach to implementing 2DME 
simulations in combination with a trajectory based analysis of the E,J collision induced transition 
kernel.213 His most recent analysis includes a treatment of channel switching in three separate 
sample reactions.214 Stanton and coworkers have also begun performing full 2DME simulations215 
including for the dissociation of C2H5 as part of this meeting.71 Although,  the E,J transition kernel 
is never specified, the discussion seems to suggest that the E, J components of the kernel are 
presumed to be separable. Furthermore, that is the presumption that was made in their earlier work. 
Exponential down representations of the individual E and J components of the kernel are obtained 
empirically. 

Further work is needed to validate the forms for the E,J transition kernel of Matsugi and or 
Stanton and coworkers. Notably, our comparisons for CH4, C2H3,210 HO2,

216
 and QOOH60 together 

with the new results presented by Jasper at this meeting,196 demonstrate the success of our 
representation of the E,J transition kernel for single channel reactions. The limited attention paid 
to the high-energy tail in all of these representations suggests the need for careful testing and 
validation of E,J transition kernel forms for multichannel reactions with energetically separated 
reaction thresholds. The inclusion of a fit to the second order moments within our form may be 
enough to handle such effects, but that remains to be demonstrated.

The implementation of the 2DME approach can be somewhat time consuming. Thus, it is 
useful to have simple procedures to correct for the limitations in the existing 1DME models. 
Empirically, it seems that simply reducing the calculated <Edown> value by a factor of 2 within a 
1DME calculation often provides a reasonably effective approximate approach. Alternatively, a 
better approach is to properly evaluate the 2DME result in the low pressure limit, and then use that 
to renormalize the <Edown> values employed in 1DME calculations of the full pressure 
dependence. 

The latter approach was used in our AI-TST-ME calculations of the temperature and 
pressure dependence of the QOOH dissociation rates,60  which were found to be in quantitative 
agreement with the available experimental data217  (cf. Fig. 11). Interestingly, even in these 
thermal calculations, we see an important (factor of 2) contribution from heavy atom tunneling. 
Furthermore, when extrapolated to temperatures of relevance to combustion modeling, the 
predicted pressure dependence as well as the high pressure limit deviate quite significantly from 
those employing a 1DME based on fits to the same set of thermal experimental data. 

3.3 Multiple Collider Effects

Typically, in a master equation calculation one considers the collisions with a single bath 
gas. However, in complex chemically reactive systems there are often a number of major species 
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present, and the composition of these 
species can evolve with the progress in 
reaction. For example, in a combustion 
environment, the reaction progress can 
lead to a significant fraction of H2O and 
CO2 being produced. Furthermore, the 
collider efficiencies for H2O and CO2 
are often much larger than those of O2 
and N2.  Meanwhile, the fuel itself may 
initially be present at significant mole 
fraction, before it is gradually converted 
to products. 

In global kinetic models it is 
commonly presumed that the effect of a 
mixture of bath gases on the rate 
constant can be expressed as a linear 
sum of the effects of contributions from 
each of the bath gases considered in 
isolation. The MESS master equation 
code allows for the implementation of 
arbitrary combinations of colliders with 
separate collisional and energy transfer 
parameters. In a series of studies, Burke 
and coworkers have used this code 
(together with its predecessor VariFlex) to examine the appropriateness of the linear mixture rule 
for a variety of reactions and collider cases.218-223 They find that the deviations from that 
assumption are often very large, and certainly need to be accounted for in realistic simulations. 
They also provide alternative representations that should provide a more accurate description of 
the multiple collider effects. It is perhaps worth mentioning that such multiple collider effects can 
have important ramifications for attempts to extract collider efficiencies from some kinetics 
experiments where mixtures of bath gases were used. 

3.4 Lennard Jones Collision Rates

The uncertainty in the Lennard-Jones collision rates is generally much less than that of the 
energy transfer probabilities. Nevertheless, it is worth calculating those values with sufficient 
accuracy that their contribution to the overall uncertainty is negligible. Jasper and Miller have 
developed and implemented effective procedures for calculating these parameters and the related 
binary diffusion coefficients.224,225 Global kinetics models general employ tables of Lennard-Jones 
parameters for the pure species and then obtain values for mixtures via simple combining rules. 
This situation is unfortunate, as such combining rules yield values that are significantly less 
accurate than could be calculated.226

 A general code for automatically implementing Jasper’s “OneDMin” spherically averaged 
procedure is available and is also directly integrated into our AutoMech software suite.227  A large 

Fig. 11: Pressure-dependent thermal rates for unimolecular 
dissociation of hydroperoxyalkyl radical intermediates 
(•QOOH) with N2 bath gas [at 277 K (blue), 298 K (black), 
and 600 K (red)]. The master equation predictions are with 
(solid) and without heavy-atom tunneling (dashed). The 
experimental data (symbols) are from Ref. 217. From Ref. 

60. Reprinted with permission from AAAS.
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number of values are now available with this approach. A paper at this meeting from You et al. 
explores an alternative “-” method for calculating the Lennard-Jones parameters.228 This 
method aims to represent both the repulsive and attractive aspects of the potential and is also 
accurate and efficient. 

3.5 The Low Pressure Limit

A recent paper from Truhlar and coworkers229 highlighted the fact that in certain situations 
the low P limit behavior of the unimolecular decomposition rate is not actually linear in P. In 
particular, when there are two or more product channels the falloff in the rate constant for the 
slower channels is superlinear. This greater than linear decrease arises from the extra depletion by 
the faster dissociation channel of the excited energetic states of relevance to production of the 
slower channel. The study of Ref. 229 also discussed the interesting effects of competition between 
multiply connected species. 

The inclusion of tunneling through the 
barrier also has important impacts on the low 
P behavior of the dissociation rate constant. In 
effect, with tunneling, the low P limit is not 
reached until the collision rate is less than the 
tunneling rate at the reaction exothermicity. 
This leads to a very slow approach to the low 
pressure limit when the reaction exothermicity 
is much less than the barrier height. In 
contrast, in the absence of tunneling, the linear 
in P behavior is reached as soon as the 
collision rate is lower than the dissociation 
rate at the barrier top. For formaldehyde 
dissociation (cf. Fig. 12) the effect is 
particularly dramatic. For a calculation with 
tunneling excluded, the rate constant 
approaches the linear in P low pressure limit 
by a pressure of about 0.01 bar. In contrast, 
with tunneling, there is no sign yet of linear in 
P behavior even at a pressure of 10-12 bar. The 
formaldehyde dissociation also clearly 
illustrates the superlinear falloff behavior for 
the dissociation to the higher energy/slower 
channel to produce H + HCO. 

Radiative processes provide perhaps the strongest limit on the appearance of a linear P low 
pressure limit behavior. In particular, at low enough pressures radiative processes provide energy 
transition rates that exceed those of collisions. As a result, the true low pressure limit to the rate 
constant is simply a constant. Since the rate of radiative emission is typically ~103 s-1, this limit is 
not usually reached until very low pressures – e.g., ~10-6 bar. Nevertheless, in astrochemical 
environments the pressures are often much lower than that, and radiative emission is an important 

Fig. 12: Plots of the pressure dependence of the 
unimolecular dissociation rate constant for H2CO at 
1000 K. The dotted lines depict the expected linear in 
P limit starting from the rate at 10-12 bar. The black 
and red lines denote calculations with and without 
tunneling, while the blues lines denote the results for 
the higher energy H + HCO channel.
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process in that regime. Furthermore, such low pressures are accessible in current vacuum 
experiments, and it can be important to consider radiative processes. Indeed, some time ago, 
together with Dunbar,51 we developed a scheme for employing a comparison of low-pressure ion-
cyclotron resonance radiative association rate measurements with simple theoretical treatments to 
obtain estimated binding energies in ion-molecule complexes. 

3.6 Multiple Exit Channels

As illustrated in a paper on dimethyl methane decomposition by Olzmann and coworkers 
for this discussion meeting, there can be many exit channels accessible from a single molecular 
species.230 Furthermore, the branching between these channels can be a strong function of E and 
J, and thus T and P. For reactions with multiple exit channels, the branching to the higher channel 
can be exquisitely sensitive to the energy transfer parameters. For example, in C2H5OH there are 
two primary dissociation products: C2H4 + H2O and CH3 + CH2OH. The TS for the C2H4 + H2O 
channel lies 20 kcal mol-1 lower in energy that the CH3 + CH2OH energy.  Zhang and coworkers 
detailed uncertainty analysis of 1DME calculations for this system found a factor of 160 
uncertainty in the rate to produce CH3 + CH2OH at 1000 K and 0.001 atm.231 Furthermore, this 
already very large uncertainty factor continues to increase with decreasing pressure and/or 
temperature. 

The primary contributor to this uncertainty comes from the presumption of a 50% 
uncertainty in the <Edown> value. In the low-pressure limit, production of CH3 + CH2OH requires 
a collisional excitation of at least 20 kcal mol-1. This level of excitation lies far into the tail of the 
collisional kernel P(E, E'). Clearly, the exponential down model is not designed to accurately treat 
the energy transfer probabilities that far into the tail. There is a strong need for more detailed 
comparisons of the temperature and pressure dependence of the product branching in reactions 
with multiple exit channels accessible. It is perhaps worth mentioning though that the probability 
of such events is low enough that the corresponding branching fraction is generally quite small, 
and thus usually not particularly important to the overall reaction rate. Nevertheless, this exquisite 
sensitivity does highlight the need for better understanding the limitations of the exponential down 
model coupled with the 1DME when considering branching fractions.

3.7 Multiple-Well Multiple-Channel (MWMC) Master Equation 

For unimolecular reactions with multiple wells on the PES the T and P dependence of the 
decomposition kinetics can become remarkably complex due to the plethora of processes that exist 
and the complicated intermingling of their kinetics. The chemically significant eigenvalue (CSE) 
approach17-19 provides an analytic one-to-one relation between the eigensolutions of the MWMC 
master equation and the phenomenological rate coefficients describing the time dependence of the 
species concentrations for all species for which a phenomenological rate description exists. 
Nevertheless, there are certain challenges that can arise when implementing the CSE approach. 

In particular, at high T and/or low P, some of the eigenvalues that describe the chemical 
transitions can become of comparable magnitude to those that describe the intramolecular energy 
relaxation. Then, the presumed separation between chemical and relaxational eigenvalues, which 
provides the foundation for the CSE approach, begins to break down. In essence, a 
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phenomenological rate description for the corresponding eigenvalue simply ceases to exist. The 
isomerization of RO2 and QOOH species provides a classic illustration of the conundrum provided 
by this rapid equilibration/merging of species. These two species typically merge near 600-800 K, 
which is exactly the region of interest to low T oxidation. Thus, at least for combustion chemistry, 
it is important to find solutions to this issue.

The formally correct solution to the issue is to realize that this merging of one of the CSEs 
into the quasi-continuum of relaxational eigenvalues correlates with the merging of two species 
into one. Those two species are now converting back and forth so rapidly that one cannot in any 
way isolate them kinetically within a thermal environment. Correspondingly, one should replace 
those two species with a single species within the phenomenological description. Within the master 
equation, the requisite state densities are then replaced with the union of the two independent 
densities (and similarly for the partition functions). Together with Miller we provided a detailed 
discussion of how such species merging is accomplished.232 This species merging is performed 
automatically within MESS and depends only on a single parameter specifying at what point to 
consider a CSE to have merged into the quasicontinuum. 

While formally this procedure provides the correct extension of the CSE approach to 
arbitrary conditions, it does create certain challenges for kinetic modeling. In particular, as one 
passes the temperature at which two species merge, there is a transition in the number of species. 
Standard kinetic modeling approaches do not allow for such a change in the kinetic representations. 
As a result, it is useful to continue to express the phenomenology in terms of the premerged list of 
species. To do so requires some approximate representation of the rate of transition between the 
two components of each merged pair of 
species. 

 We have recently developed a “well-
extension” based approach for doing so 
through the introduction of artificially 
stabilized wells. This approach satisfies the 
following important set of conditions: First, 
the rate constants effectively coincide with the 
actual rate constants in their region of 
existence. Second, when species merge at 
higher temperatures and/or lower pressures, 
the extended rate constants are large enough 
to guarantee thermal equilibration within the 
combined species group. Last, but not least, 
the extended rate constants satisfy detailed 
balance. This approach is now integrated 
within the MESS software. An illustration of 
the approach for selected channels in the n-
propyl RO2/QOOH system is provided in Fig. 
13. The solid lines denote the true 
phenomenological rate constants, while the 

Fig. 13: The solid lines denote the phenomenological 
rate coefficients for the n-C3H7O2 system, while the 
dotted lines denote their well-extended extrapolation 
to higher temperatures.

Page 33 of 50 Faraday Discussions



34

dashed lines illustrate our “well extension” based extrapolation of them to higher temperature. 

A paper by Johnson and Green from this meeting discusses an alternative approach to 
extending the phenomenological description to cover all ranges of temperature and pressure.34 It 
is based on the fitting of the full phenomenological rate description to the calculated time variation 
of the populations including the variation arising from the energy relaxation process. Johnson and 
Green perform this fitting for a specific set of initial conditions. 

It is important to realize that no extended description of the phenomenological rate 
coefficients can be completely general. In particular, one cannot provide a description of both 
species in a merged pair of species that is correct for all initial conditions. Instead, the approach of 
Johnson and Green is specifically appropriate only for the presumed initial conditions of the fitting 
process. It should provide the correct rate description for the phenomenological rates that continue 
to exist, but for the other rates it is just providing an initial condition dependent prescription for 
the time variation. Meanwhile, the MESS approach simply provides an extrapolation of the rate 
coefficients for the independent components of the merged species that is physically appealing in 
its extrapolation. Likely, the two approaches yield similar results under most conditions. 

Another approach to dealing with the merging issue is to instead artificially merge species 
even for temperatures where the relevant eigenvalue has not yet merged into the continuum. For 
large PAHs, with complex PESs, this approach has the desirable effect of significantly reducing 
the dimension of the fully phenomenological rate description. However, it does necessarily 
introduce some approximation. Such automated lumping procedures are also integrated within 
MESS. A recent paper from Pratali Maffei et al. provides an alternative post facto lumping based 
on species concentration fittings.233

At low temperatures the span in the eigenvalues can be very large, which creates numerical 
stability issues in the CSE approach. The temperature at which such problem occurs depends a lot 
on the system of interest, but it is not unusual to have troubles already at 800 K. The numerical 
issues are also particularly severe at lower P. Increasing the numerical precision employed in the 
eigensolver from double to quadruple or even octuple precision, as was first done in MESMER,26,27 

ameliorates such issues to some extent but issues still commonly arise. Furthermore, the 
calculations then become much more timeconsuming. The time to solution is an important concern 
in many cases, particularly for larger systems with many wells or when performing uncertainty 
and/or optimization studies. A much more effective approach to handling the numerical stability 
issues involves the use of a reservoir state,234 which effectively amounts to replacing the detailed 
energy transitions at low energies to a Boltzmann distribution at a certain energy below the barrier. 
Within the reservoir state approach the connection between the high energy directly treated states 
and the low energy reservoir is done reversibly in a manner that maintains detailed balance. Within 
MESS we insert a reservoir state at some multiple of T (e.g., 10 kBT) below the barrier, in contrast 
with traditional implementations that appear to employ reservoir states at a fixed E. This choice 
allows for numerically stable solutions to be obtained over very broad ranges of temperature for 
many situations, but some issues can still arise in MWMC cases. Although, solutions can generally 
be found on a case by case basis, further improvement in the numerical stability for the solutions 
would be valuable for automated kinetics approaches.
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A study of Green et al. includes a nice comparison of various alternative, more approximate 
approaches, to solving the master equation.235 In particular, the modified strong collider 
approach,236 the reservoir state approach,234 and the CSE approach are all compared.17-19 The 
stochastic master equation approach provides another useful approach.237 For complex reactions, 
the latter approach requires some sort of numerical inversion of the observed time dependent 
behavior back to the phenomenological rate coefficients. 

For reactions of relevance to PAH formation, the web of wells and barriers connecting 
different species on the PES are often remarkably complex. Mebel has long been a leader in 
mapping such complex reactions. For this discussion meeting, Mebel and Frenklach provide PES 
mapping and kinetic studies for the dissociations of naphthalenyl, acetanaphthylenyl, and pyrenyl 
radicals.238 The schematic diagram provided in Fig. 14 illustrates the complexity of such PESs for 
the interconnected dissociations of o-, m-, and p- xylyl (from ongoing work with Cavallotti, 
another leader in the field, and Georgievskii). The disparate well depths and barriers lead to a range 
of merging temperatures for the different pairs of species, as illustrated in Fig. 15. 

The plot in Fig. 16 illustrates what we call the kinetic landscape for this system, i.e, the 
sequence of mergings that occur as the temperature is gradually increased from room temperature. 
It provides an informative picture of how the different species equilibrate. Panels a) to c) illustrate 
how the ortho, meta, and para wells are basins of attraction, with a number of other wells gradually 
getting merged into the ortho meta and para wells as the temperature is increased. Meanwhile, 
panel d) illustrates the temperature at which each of the remaining wells merge into various 
bimolecular products.
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4. Automation

The implementation of the ab initio transition state theory based master equation (AI-TST-
ME) methodology for an arbitrary unimolecular reaction involves some fairly tedious 
computational work. It requires the widespread application of ab initio electronic structure codes 
to find stationary points, energies, Hessians, and minimum energy paths for each of the reactive 
channels in the system. The information from these ab initio calculations must then be collected 
and prepared as input to a master equation code. The master equation codes must then be run over 
a range of T and P with the results then collected and fit to representations appropriate for use in 
chemical modeling. To further complicate matters, it is not uncommon for each of these steps to 
encounter some numerical difficulty. 

The widespread recognition of the utility of AI-TST-ME calculations has led to a growing 
desire to increase the throughput of such studies. Thus, a number of groups have attempted to 
automate various aspects of these calculations, and recent years have seen great progress in that 
regard. Such efforts are non trivial due to the disparate nature of the various pieces, as well as the 
wide variety of ways in which the calculations can fail. An excellent review of the current status 
of these efforts has recently been provided by Cavallotti.239 We provide here only a brief mention 
of some of the more substantive efforts. 

There are now a variety of approaches that focus primarily on the mapping of the PES, as  
recently reviewed by Unsleber and Reiher.240 In the artificial force induced mapping method of 
Maeda et al.241 the saddle points from a given potential energy minima are found by considering a 
set of fragmentation possibilities. The AFIR method is quite unique, and appears to be highly 
successful as judged from its diverse set of applications. With the KinBot code of Van de Vivjer 
and Zador,242 a set of saddle points are instead determined according to a predefined set of reaction 
classes. String based methods (e.g., the growing string method, GSM, and the single-ended 

Fig. 15: Eigenvalue spectrum for C8H9 
decomposition.

a) b)

d)c)

Fig. 16: Kinetic landscape plot for C8H9.
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growing string method SSM) are also popular.243,244 Other approaches, such as the ChemTraYZer 
approach of Leonhard and coworkers245,246 and the AutoMeKin2021 code of Martinez and 
coworkers247 instead employ molecular dynamics simulations in the initial saddle point discovery. 
A recent study provided an informative comparison of the AFIR, GSM, SSM, and KinBot 
methods.248 This comparison was later updated with a more careful implementation of the AFIR 
code.249 There are advantages and disadvantages to these various approaches, and to the particular 
implementations of them that are readily available. To a great degree, the optimal method is highly 
dependent on the purpose of the analysis. 

For cases where the reaction mechanism is known, as is often the case, and the user just 
wishes to find a particular saddle point connecting a prespecified reactant and product, then simpler 
reaction specific approaches are useful. Truhlar and coworkers combination of Polyrate67 and 
Gaussrate250 codes provided some of the earliest examples of coupling ab initio potential energy 
surface mapping with transition state analyses. These codes remain the most effective schemes for 
implementing variational TST. West and coworkers developed the AutoTST code251 to find saddle 
points and implement TST for abstraction, hydrogen migration, and radical addition reactions via 
group libraries of initial guesses for the saddle point geometries. 

The EStokTP code of Cavallotti and coworkers for the first time provided a full and direct 
coupling of PES mapping, variational transition state theory, and torsional analyses with the MESS 
master equation code. Initially, the PES mapping was limited to abstraction, addition, beta-
scission, and isomerization reaction, but that list has been expanded. The code uses simple generic 
templates for each of the reaction classes. These templates use a limited set of constrained 
optimizations to obtain high quality starting guesses for the saddle point geometries. The use of 
generic prescriptions facilitates the implementation of the code for a wide variety of reactions 
within the generic reaction classes. The TS searching algorithm was shown to have a remarkably 
high success rate (> 95%) in its initial testing, 252 which is a key prerequisite to performing fully 
automated large scale kinetic mappings. The code was designed to automate all aspects of high 
level AI-TST-ME evaluations. It included conformational sampling, multidimensional torsional 
mapping, high level energies, symmetry number evaluations, and variational TST implementations 
(including a recent extension by Cavallotti to include VRC-TST). 

The success and utility of the EStokTP code led us to embark on a grander vision of 
developing a code that could take a given mechanism for some complex reactive environment and 
produce first principles theoretical predictions for all of the underlying kinetic, thermodynamic, 
and transport properties. Implementing this vision turned out to be quite a challenge, requiring 
deep dives into cheminformatics, graph theory, file management and databasing, improvements in 
our TS searching and mapping protocols, and further automation of the procedures for converting 
from master equation solutions to phenomenological representations. The end product of this effort 
is the AutoMech software suite,107,108 which can be viewed as the logical extension of the EStokTP 
code from single reactions to a whole mechanism. Nevertheless, the EStokTP code itself retains 
great utility in its simpler focus on single reactions. Some recent publications demonstrate some 
of the capabilities of the AutoMech code,138,253,254 but many more are now available, and we 
continue to work at expanding its utility in a variety of ways. 
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It is perhaps worth noting that the Green group has recently tackled many of the same 
issues in their development of the Arkane software.255 More importantly, we should note that other 
theoretical kineticists, such as Vereecken, are prolific enough in their computations, that it is clear 
that they must have their own self-contained automation efforts. It is exciting to see how greatly 
the throughput and the quality of theoretical calculations for unimolecular reaction kinetics has 
increased in recent years.

5. Conclusion

Recent years have seen spectacular progress in our ability to measure, interpret, and predict 
the kinetics and dynamics of unimolecular reactions. This understanding arises from the long and 
concerted effort to connect theory and experiment for ever more complex reactions and reactive 
systems. Building from the foundational perspective provided by first the Lindemann mechanism 
and then RRKM theory with its explicit statistical theory prescriptions, the master equation now 
provides the basis for essentially all theoretical kinetics analyses. One notable finding is that 
careful attention to details (e.g., tunneling, competing channels, non-thermal effects including 
reactive depletion of Boltzmann distributions, radiative emission, and the effect of long-range 
complexes) indicates significant deviations from the classic pressure dependence of the 
Lindemann mechanism (linear in P at low pressures and independent of P in the high pressure 
limit). They also indicate some pressure dependence where none was previously expected. 

Remarkably, all components of the master equation can now often be evaluated to a high 
degree of accuracy with first principles theory through couplings of ab initio electronic structure 
and dynamics calculations (although inadequate utilization of existing theoretical methodology 
still limits many studies). Nevertheless, there are still many important frontiers for furthering our 
understanding. There is a need for continued experimental examination of complex reactions, 
especially for highly transient species, for ones leading to the formation of multiple products, and 
to examine the effect of processes occurring in the long-range region of the potential energy 
surface. The theoretical prescriptions for calculating the rate coefficients need to progress to the 
point that high accuracy predictions are readily obtained even for large molecules and for reactions 
occurring over complex potential energy systems. Further studies and methods for treating 
collisional E and J transfer kernels, anharmonic effects, intersystem crossing, tunneling, dynamics 
on the long-range/roaming region of the potentials, as well as for hot reactants, are all warranted. 

One repeated finding over the last few years is that in complex reactive environments 
reactions often do not occur as isolated reactions of thermalized species. Instead, the distribution 
of energy states that the molecule is prepared in can have significant ramifications for the overall 
chemistry of the system. Because of this, it is becoming increasingly important to replace the 
standard single reaction master equation simulations with ones that describe a whole sequence of 
non-thermal events. For the simple prompt dissociation sequence, this coupling of reactions is 
readily achieved and has now been implemented in freely available software. For limited 
sequences of bimolecular reactions, some progress has been made, but certain approximations are 
being made, and it is difficult to know how far back in the reaction system one should couple the 
reactions. I believe that ultimately some form of complete/global master equation modeling, where 
the energy populations of essentially all of the species are propagated together in time, will be used 
to definitively explore the ramifications of non-thermal effects in chemically reactive systems. For 
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simple systems, such as the H2 oxidation environment, it is clear that such complete master 
equation modeling is now technically feasible. Such global master equation modeling would 
provide the first fully in silico high accuracy modeling of a complex reactive environment.
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