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Abstract

Rate constants for four gas-phase reactions related to the formation of complex 

organic compounds in the interstellar medium were determined theoretically using the 

POLYRATE kinetics and Gaussian 09 electronic structure modeling programs. 

Variational transition state theory rate constants with multi-dimensional optimized 

tunneling corrections were determined at the M05-2X/6-311++G(d,p) level of theory, 

then compared to rate constants taken from the Kinetic Database for Astrochemistry 

(KIDA). For two of the reactions, tunneling effects were predicted to produce a 

sunstantial increase in the rate constant below 300 K. The primary models used in KIDA 

do not account for the effects of tunneling on rate constants, even though low temperature 

gas-phase reactions are an integral part of interstellar chemistry. Properly including these 

effects will be essential for developing accurate models of the chemistry occurring in the 

interstellar medium.

___________________________

Dr. Steven Shipman

Division of Natural Sciences
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Chapter 1: Introduction

Astrochemistry is a multi-disciplinary field of study that concerns itself with the 

chemical evolution of the interstellar medium (ISM). The ISM refers to the matter 

existing in the large expanse of space between star systems.  Most of the chemistry in the 

ISM occurs in interstellar clouds, which make up the overwhelming majority of the 

matter in the universe in the form of massive collections of gas and dust spanning 

multiple lightyears across. These clouds are the sites of star and planet formation, and 

much work has been invested in determining how these objects form. 

A central topic of current astrochemical research is how the chemical composition 

of clouds serves as an indicator of the various stages of star and planet formation, and a 

particularly interesting question which arises from this idea is what combination of 

factors relevant to the chemistry of interstellar clouds are necessary for the formation of a 

planetary system that can support life. In the past decade, several simple, biologically-

relevant organic compounds have been detected in the gas-phase by radio telescope. 

Some of these compounds include glycolaldehyde(1), propenal(2), propanal(2), and 

ketenimine.(3) Though their presence in the interstellar medium is known, the mechanisms 

by which they form still remain the subject of debate as the chemical evolution of 

interstellar clouds is poorly understood. 

Kinetic models that attempt to map the evolution of interstellar bodies and match 

observed experimental abundances are one means by which astrochemists have attempted 

to study interstellar chemistry. These models contain kinetic data for thousands of 

chemical reactions which are used to calculate the time-dependent evolution of clouds 
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over the course of millions of years under a wide variety of physical conditions. The 

physical conditions of interstellar clouds can vary greatly depending on the type of cloud 

being modeled. Clouds can generally be classified as either diffuse or dense. Diffuse 

clouds have gas densities between 10 ≤ n ≤ 1000 cm-3 where n refers to the number of

 molecules per cubic centimeter.(4) Temperatures for these clouds generally range from 50 

-100 K and, because they are so diffuse, they typically lack regions which are shielded 

from UV radiation and other ionizing radiative processes. Because of the susceptibility of 

these clouds to interstellar radiation, these clouds are often called atomic clouds because 

polyatomic species which form in these regions decompose readily. In contrast to the 

diffuse clouds, dense or molecular clouds have higher gas densities in the range of 103 ≤ 

n ≤ 106 cm-3 and have temperatures below 50 K.(4) Both diffuse and dense clouds can have 

radii spanning tens of lightyears, are chemically non-homogenous, and contain cores of 

“high-density” material existing in pockets of lower density matter. The existence of 

higher density cores in dense clouds allows for the formation of molecular species due to 

the shielding effects of the outer envelope. The exterior portions of dense clouds buffer 

the interior against interstellar UV radiation and cosmic rays, allowing for interesting 

chemical species to develop. 

Chemical synthesis occurs in dense clouds either in the gas-phase or on the 

surfaces of carbonaceous and silicate dust particles. Of these two potential media, the 

gas-phase processes are better understood. Due to the extremely low temperatures and 

pressures present in these clouds, gas-phase species must be highly reactive to participate 

in chemical processes. Generally, reactions with a potential energy barrier do not occur in 
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the gas-phase because at 10 K, the reactants typically lack the required internal energy to 

overcome the barrier.  This limitation generally restricts gas-phase chemistry to 

barrierless processes and, as such, interstellar chemistry is dominated by ion-neutral and 

radical processes. The barrierless restriction is not a hard set rule, however, especially for 

reactions containing atomic or small molecular reactants. For such reactions, tunneling of 

the reactants through the potential barrier can significantly increase the rate of reaction 

relative to expected values at low temperatures. This effect has been observed with 

CRESU experiments, which stands for “Cinétique de Réaction en Ecoulement 

Supersonique Uniforme” and is translated to mean Reaction Kinetics in Uniform 

Supersonic Flow. These experiments measure the kinetics of reactions at very low

 temperatures by expanding gas from a high pressure reservoir into a vacuum chamber 

through a de Laval nozzle. The expansion of the gas induces rapid cooling and the shape 

of the nozzle directs the gas as a column of air which can be measured. Specific 

temperatures in the range of 10 - 298 K can be selected for by making small adjustments 

to the shape of the nozzle. Kinetics measurements taken using this technique have 

revealed that tunneling can produce a negative temperature dependence for the rate at 

temperature below room temperature, in direct contrast to what would be predicted by 

Arrhenius kinetics.(5) Since tunneling can increase the rate at low temperatures, it is 

highly likely that tunneling processes are important for interstellar chemistry. 

One of the most prominent kinetic databases for the modeling the interstellar 

chemistry is the Kinetic Database for Astrochemistry (KIDA). KIDA contains kinetic 

data for over 6000 reactions involving more than 450 distinct chemical species.(6) Of the 

3



reactions in the database, an important class of reactions are the bimolecular reactions. 

The rate expression used by KIDA for these processes is the Kooij equation.

k(T) = α(T/300)βe-γ/T    (1)

The Kooij equation is the Arrhenius equation with a temperature-dependent prefactor and 

reduces to the Arrhenius expression when β = 0. The equation was developed by Kooij in 

1893 to account for reactions where the temperature dependence of the rate constant does 

not exactly follow Arrhenius kinetics. For some processes, the introduction of the 

temperature dependent prefactor provides a better fit to experimental data. It is unclear 

what the physical justification is for the better fits obtained by the Kooij equation, and the 

literature seems to suggest that the β factor was added simply as an empirical fitting 

parameter.(7) Each reaction included in KIDA is accompanied by a rate constant stored in 

the form of the three parameters from the Kooij equation (values for the β factor typically 

from 0 – 5). The rate constants are given with the temperature range they are considered 

valid for along with a recommendation from the experts in charge of running the 

database. Recommendations can be one of four types: 1) Recommended, 2) Valid, 3) Not 

Recommended, or 4) Unknown. The database has a website where members of the public 

are allowed to make an account and submit kinetic data that they have measured, so the 

recommendation scheme is critical for the inclusion of accurate rates into these models. 

While the majority of reactions in the database are recommended values, some of the 

reactions in the database are designated “Unknown.” Furthermore, some of these 

“Unknown” rates have suspicious looking data. For example, identical rate parameters 

were listed for a large number of clearly chemically distinct processes (Figure 1). 
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Figure 1. Screenshot from the Kinetic Database for Astrochemistry displaying identical kinetic data for a 

number of different hydrogen exchange processes involving hydroxide. Note that in spite of the fact that 

these 13 reactions are all different, they have the same rate constant of 4.11 x 10-7 cm3 molecule-1 s-1. Taken 

04/11/13 at 2:16 PM.(8)

Multiple values for the same reaction in the temperature range were also 

encountered for several processes. In addition to these more obvious issues, investigation 

of the references listed for some of these processes revealed further problems. In some 

cases, investigation of the reference reported along with the reaction data in KIDA 

revealed that the reference reported data for a different reaction than the one in the 

database. For the case of the formation of carbon dioxide from carbon monoxide and 

hydroxyl radical (CO + •OH → H + CO2), extrapolation of the experimental data outside 

of the temperature range where measurements were taken and into the low temperature 

regions was observed despite the specific recommendation of the reference that the 

measured rates were not valid at low temperatures.(9) 
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In order to assure the validity of these kinetic models, accurate rates are a 

necessity. Since suspicious rates were encountered for many of the reactions in this 

database and because the Kooij equation does not account for tunneling factors at low 

temperatures, reevaluation of the kinetic data should be performed. However, due to the 

extreme conditions that exist in the interstellar medium, experimental measurements of 

such values are difficult if not impossible without highly sophisticated equipment. Also, 

many of these reactions involve highly reactive ionic and radical species which can be 

prohibitively difficult to create and isolate in the laboratory. The difficulties present in 

obtaining experimental measurements of the reactions make theoretical chemistry a good 

candidate to provide estimates for rates of interest. Ab initio methods are capable of 

calculating reaction potential energy surfaces to sufficient accuracy for the radicals and 

ions that participate in interstellar chemical processes without the need for costly lab 

work. Using potential energy surfaces in combination with transition state theory can 

produce rate constant of similar quality as the experimental measurements. This can be 

done via two programs. The Gaussian 09 electronic structure calculation program can 

provide accurate calculations of the potential energy surface and the POLYRATE kinetics 

program can calculate rates from the potential energy surface. The POLYRATE program 

is also capable of calculating tunneling corrections, which will be especially important at 

the low temperatures in the interstellar medium. Reactions for which the rate constants 

were well known were first evaluated using ab initio methods in combination with a 

variety of transition state theory calculations performed with and without tunneling 

corrections in order to benchmark these programs against experimental data. After this 
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benchmarking process was complete, calculations were performed on several of the 

reactions from the KIDA database with suspicious data to provide new estimates of the 

rate constants. 

The rest of this thesis is divided into the following sections. Chapter 2 provides a 

background of the transition state theories and ab initio methods employed for the rate 

constant calculations. Chapter 3 will discuss the benchmarking procedure used to 

determine whether the programs used were capable of calculating accurate rates. The 

results of this procedure are included as well as a brief description of the methods used to 

calculate rates for the reactions from KIDA. Chapter 4 discusses the results of the 

calculations performed on the reactions chosen from KIDA. Chapter 5 summarizes the 

results performed in this work and provides suggestions for future work. 
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Chapter 2: Theory

This section provides a description of the methods employed in the calculations 

performed in this study. The section is intended for those interested in continuing the 

work started in this study, and provides relatively in depth derivations for the transition 

state theories, tunneling corrections, and ab initio methods utilized. To find the results of 

the benchmarking procedure and theoretical evaluation of KIDA rates, please refer to 

Chapters 3 and 4.

Conventional Transition State Theory

Transition state theory is a method for determining the absolute reaction rates for 

elementary processes. The theory was developed by Henry Eyring and Evans and Polyani 

based on classical mechanics.(10) The derivation of this theory, and all subsequent 

discussions of transition state theories in this chapter are based on derivations from 

Reference 10. Conventional transition state theory is based on a few assumptions. First, 

molecules on the reaction coordinate which have crossed the transition state going in 

either direction are assumed to be incapable of reversing their direction and recrossing 

the transition state. Another way of stating this is that reactant molecules which have 

already reached a transition state must proceed to form products, rather than reverting 

back to their reactant-state geometries. A second assumption is that, at the transition state 

configuration, motion along the reaction coordinate can be separated from other types of 

motion and treated as a classical translation. The final assumption is that transition states 

are distributed in accordance with a Maxwell-Boltzmann distribution regardless of 
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whether or not an equilibrium exists between reactants and products. This final 

assumption is referred to as a “quasi-equilibrium” hypothesis and is critical to defining 

transition state theory. The basis of this assumption begins by considering the following 

elementary reaction:

A + B → TS‡ → C    (2)

Suppose the reaction has an activation energy in both directions and that a region can be 

defined about the peak of the reaction coordinate for which all reactants entering pass 

through to products and vice versa without recrossing. This region is referred to as the 

dividing surface (Figure 2) of the reaction path and all structures that exist within its 

region are defined as transition structures (TS‡). All molecular systems outside of this 

region are either reactants or products depending on the direction and orientation being 

considered. Within the bounds of the dividing surface, two types of transition states exist, 

those going to products and those going to reactants. The concentration of reactant-

directed and product-directed transition states at the dividing surface are designated as N‡
f 

and N‡
b where the f and b stand for forward and backward. When the reactants and 

products are in equilibrium, then the rates of forward and backward reactions are 

equivalent, therefore:

N‡
f = N‡

b    (3)

and

N‡
f + N‡

b = [TS‡] = K‡[A][B]    (4)

The variable K‡ is the equilibrium constantbetween the reactants and transition state. If 

all of the products were suddenly removed from equilibrium, then the number of 
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transition states moving towards the reactants (N‡
b) would suddenly become zero. The 

rate of forward reaction is determined by the flux of forward-moving transition states

 (N‡
f) across the dividing surface, however, which is not affected by the concentration of 

backward-moving transition states. Therefore, the concentration of forward-moving 

transitions would remain unchanged, so:

N‡
f = K‡[A][B]/2    (5)

The assumption that the rate of forward and backward reactions are determined by the 

flux of the forward-moving and backward-moving transition states only and are 

independent of each other is the “quasi-equilibrium” hypothesis. The assumption is called 

this because a direct equilibrium exists between the reactants and the transition state 

complexes, just as a direct equilibrium exists between the products and the transition state 

complexes, but there is no direct equilibrium between reactants and products (only a 

“quasi-equilibrium” exists between them). 
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Figure 2. Diagram of a reaction coordinate depicting a dividing surface from which transition state theory 

can be derived.(10)                                                          

The “quasi-equilibrium” hypothesis allows one to consider forward and reverse 

reaction rates separately. To determine the absolute rate coefficient for the forward 

process, the average velocity (v) with which transition states pass over the dividing 

surface to products is required. This quantity is determined by the length of the dividing 

surface (δ) along the reaction coordinate and the average time (δt) it takes for a transition 

structure to traverse the distance.

v =  δ/ δt    (6)

The concentration of transition states crossing the dividing surface towards the products 

is equal to half the concentration of total transition states, resulting in the following rate 

expression for the overall forward rate of reaction:

dNf/dt =  δN‡
f/δt = (N‡/2)(v/δ)    (7)

According to Steinfeld, Francisco, and Hase, if an equilibrium distribution of velocities is 

assumed, the average velocity for a transition state moving along a dividing surface can 

be expressed as: 

v = (2kBT/πμ)1/2    (8)

where μ is the reduced mass for motion through the dividing surface.(10) Also, from the 

“quasi-equilibrium” hypothesis, it is assumed that the total concentration of transition 

states (N‡) is in equilibrium with the reactants. The equilibrium constant between the 

reactants and transition states can be expressed in terms of the partition functions for the 

reactants and transition states, resulting in the following expression for the transition state 

concentration.(10) 
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N‡ = K‡[A][B] = (Q‡
tot/QAQB)exp(-E0/kBT)    (9)

The partition functions, designated by Q, in the above expression are the total partition 

functions per unit volume for the reactants and transition states and the value E0 is the 

activation energy for the forward reaction determined from the difference between the 

zero-point energies. The second assumption required for transition state theory states that 

motion along the reaction coordinate can be treated as translational motion and can be 

treated as separate from other degrees of freedom. As such the total partition function per 

unit volume for the transition can be expressed as the product of the translational partition 

function for motion in one dimension and the partition function for the remaining degrees 

of freedom.

Q‡
tot = Q‡

tranQ‡ = (2πμkBT)1/2(δ/h)Q‡    (10)

Substituting values into the previous expression for the total forward rate of reaction 

results in the following expression:

dNf/dt = (kBT/h)(Q‡/QAQB)exp(-E0/kBT)[A][B]    (11)

Therefore, for conventional transition state theory, the absolute rate coefficient for the 

reaction is,

k = (kBT/h)(Q‡/QAQB)exp(-E0/kBT)    (12)

All of these quantities are either constants or can be estimated from quantum mechanical 

calculations, allowing a route by which rate constants can be estimated theoretically.

Canonical and Microcanonical Transition State Theory

Reaction rates can be derived using a statistical approach. First a definition of the 
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concept of a microstate is required. A microstate is a specific microscopic energy 

configuration of a thermodynamic system. To illustrate this concept, consider a system 

consisting of three distinguishable particles that share three quanta of energy. There exist 

10 possible configurations for the ways the quanta can be distributed. Each distribution 

configuration for the three quanta (i.e., all quanta occupy the first particle, each particle 

has one quanta, two quanta are on the first particle and one is on the second, etc) is 

considered a microstate configuration of the system . If we assume that the probabilities 

of a reactant molecule occupying any of its accessible microstates are equivalent for a 

particular energy, then there is an equivalent population of reactant molecules for each of 

the accessible states and the entire system can be considered a microcanonical ensemble. 

The rate constant for a reactant system in a microcanonical ensemble can be derived in 

terms of the energy of the ensemble. The analysis begins by assuming that the reaction 

coordinate is separable from the other degrees of freedom, and the Hamiltonian can be 

written in two separate terms.

H = H‡ + H'    (13)

The term H‡ represents the energy of the reaction system along the reaction coordinate 

and H' represents the energy of all the degrees of freedom orthogonal to the reaction 

coordinate. A microcanonical transition state is then defined as a reactive system having a 

total energy H=E and a position along the reaction coordinate q1 between q1
‡ and q1

‡ + 

dq1
‡. The potential energy of the reaction coordinate at the transition state is equal to E0. 

For a bimolecular reaction, the sum of the accessible states at energy E for the two 

reactants represent a supermolecule, a multi-molecular complex. The fraction of 
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supermolecules that lie at the transition state with momenta along the reaction coordinate 

from p1
‡ to p1

‡ + dp1
‡ can be found using statistical mechanics. This fraction is found by 

determining the ratio for the density of states for the degrees of freedom orthogonal to the 

reaction coordinate to the density of states of the reactant system multiplied by the 

number of translation states along the reaction coordinate. 

where E1
‡ is the translational energy along the reaction coordinate. The product dq1

‡p1
‡ 

divided by Planck's constant is the number of translational states along the reaction 

coordinate and the integral in the numerator divided by h3N-1 is the density of states for the 

3N-1 degrees of freedom orthogonal to the reaction coordinate. The integral in the 

denominator is the density of states for the reactant system multiplied by h3N. The 

supermolecules which lie within the bounds of the transition state region with a positive 

momentum will cross the transition state in the time interval

dt = μ1dq1
‡/p1

‡    (15)

where μ1 is the reduced mass. Substituting this value into the previous equation yields an 

expression for the product-directed flux through the transition state. 
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The translational energy along the reaction coordinate is

H‡ = E1
‡ = (p1

‡)2/(2μ1)    (17)

so the following substitution in the previous equation can be made.

dE1
‡ = (p1

‡)dp1
‡/(μ1)    (18)

The total reaction flux is found by integrating with respect to the translational energy 

along the reaction coordinate over the range 0 to E – E0. The result of this integral yields

The expression, dN/dt, is the same as N*k(E), so the ratio between the two integrals in 

the above expression is the microcanonical rate constant. Expressed in more compact 

terms, the microcanonical rate constant is

k(E) = G‡(E – E0)/hN(E)    (20)

The numerator is the sum of states at the transition state multiplied by h3N-1 and the 

denominator is the density of states for the reactants multiplied by h3N. 

The canonical transition state theory rate constant, k(T),  is found by taking the 

Boltzmann average over the microcanonical rate constant. 

In the above expression, k(E) is the microcanonical rate constant between the energies E

 and E + dE and P(E) is the Boltzmann probability. The Boltzmann probability is equal 
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to,

P(E) = N(E)exp(-E/kBT)/Q    (22)

where Q is the total partition function for the reactants.  Substitution of this expression 

and the microcanonical rate equation produces the following canonical rate constant

By writing E as E = E‡ + E0, the canonical rate expression can be rearranged to obtain

This equation is the same as that derived from conventional transition state theory.

Canonical, Microcanonical, and Improved Canonical Variational Transition 

State Theory

The fundamental assumption of conventional transition state theory is that 

recrossing of the dividing surface cannot occur. Under these conditions, in a universe that 

operates solely by the laws of classical mechanics, the conventional transition state 

theory rate is the true rate for a reaction. However, recrossing of the dividing surface does 

occur, and this artificially inflates the rate of flux of reactants through the dividing 

surface. Since the rate of reaction is based on the rate of flux, in practice, the transition 

state theory rate constant represents an upper bound to the true rate constant. This 

scenario is represented in Figure 3. Only two of the six trajectories depicted contribute to 
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the reactive flux of the forward reaction (trajectories 1 and the second recrossing of 3). 

Classical transition state theory treats each crossing of the transition state as contributing 

to the reactive flux, so clearly, the rate is an overestimation. For the purposes of transition 

state theories however, the transition state dividing surface is not necessarily located at 

the maximum potential energy along the reaction coordinate. As a reminder, the surface is 

defined as a region along the potential energy surface where once the reactants enter, a 

reaction will occur. There is a certain degree of ambiguity in how this region is defined. (11) 

Variational transition state theories derive a more accurate estimate of the absolute rate 

constant by varying the width of the dividing surface to minimize the number of 

recrossings in order to yield a minimum upper bound to the rate. A redefined transition 

state position is depicted by the dashed-line in Figure 3. The number of transition state 

crossings for the new position of the transition state is half as many as the previous value, 

resulting in a more accurate theoretical reaction rate. Though more accurate than classical 

transition state theory rate constants, the variational rates are still only approximations, as 

recrossing can still occur (trajectory 5).

The canonical variational transition state theory rate is found by minimizing the 

canonical transition state theory rate along the reaction coordinate where

dk(T)/dq‡ = 0       (25)

In conventional transition state theory, the equilibrium constant between the reactants and 

transition state can be expressed in terms of the partition functions of the reactants and 

transition states multiplied by an exponential. 

Kc
‡ = (Q‡/Q)exp(-E0/kBT)    (26)
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This equilibrium constant can be expressed in terms of the molar Gibbs free energy with 

the van't Hoff relation, resulting in the following expression for the conventional 

transition state theory rate constant.

k(T) = (kBT/h)exp(-ΔG‡o/RT)    (27)

Figure 3. Diagram representing different trajectories of reactants across the transition state (black solid 

line). The dashed-line represents the canonical variational transition state.(10)

Since the conventional and canonical rate constants are the same, the above 

expression applies to the canonical variational rate constant as well. The canonical 

variational rate constant will then be located at the position of the maximum in the 

available Gibbs free energy along the reaction path. The canonical variational rate 
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constant is an approximate upper bound to the rate constant. A more accurate upper 

bound is obtained by minimizing the microcanonical rate constant along the reaction 

coordinate. In this approach a different transition state is found for each initial energy. 

The individual microcanonical rate constants are minimized at the point along the 

reaction path corresponding to the minimum sum of states. Once each of the rates has 

been minimized, the thermal average is taken to produce a temperature dependent rate 

constant. 

To summarize, the canonical variational rate constant is found by minimizing the 

Boltzmann average of the microcanonical rate constants and the microcanonical 

variational rate constant is found by minimizing the individual microcanonical rate 

constants then finding their Boltzmann average rate. The canonical and microcanonical 

variational rate constants produce bottlenecks for the rate at the locations of maximum 

free energy and minimum sum of states along the reaction coordinate respectively. In 

general, the microcanonical variational rate constant is a more accurate estimation of the 

upper bound reaction rate.(12) For large molecules at high energies, however, the 

microcanonical rate constant can be much more computationally costly to evaluate 

relative to the canonical rate constant. For such scenarios, the improved canonical 

variational rate constant can be computed. This rate constant is computed by ignoring 

contributions to the rate constant for energies below the microcanonical activation energy 

and then variationally minimizing the rate for the remaining energies based on a truncated 

canonical ensemble. The rates obtained by this method are as good as or better than the 

canonical variational rate constant and are as good as or worse than the microcanonical 
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rate constant.(12) Calculating these rate constants requires specific knowledge such as 

potential energies, zero-point energies, vibrational frequencies, and moments of inertia 

along the reaction coordinate. These values can all be determined using the Gaussian 09 

electronic structure program.

Zero, Small, and Large Curvature Tunneling Corrections and the 

Microcanonically Optimized Multi-Dimensional Tunneling Factor

The transition state theories described so far have all been based on classical 

mechanics. The universe, however, does not operate under purely classical conditions. 

Attempts to derive a quantum mechanical model for transition state theory have been 

plagued with difficulty for a variety of reasons. One difficulty in deriving a quantum-

mechanical transition state theory is that since the position and momentum of a particle 

cannot be known with any certainty, the requirements for reaction cannot be formulated 

in terms of a trajectory crossing a dividing surface. The Heisenberg uncertainty principle 

states that ΔpΔq > h/4π. By substituting h/λ for Δp, where λ is the de Broglie wavelength, 

the inequality, Δq > λ /4π, for the position of the transition state is obtained. The 

uncertainty in the position of the transition state along the reaction coordinate, therefore, 

is at least as large as the wavelength associated with its motion along the reaction 

coordinate, meaning that the transition state is not localized and cannot be described as a 

definite atomic configuration. Due to the necessity of treating the transition state structure 

as delocalized, if the curvature of the reaction surface is not flat in the uncertainty region, 

the reaction coordinate cannot be treated as a classical translational motion as tunneling 
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can occur. Since the reaction coordinate cannot be treated as a translational motion, this 

means that the reaction coordinate is not separable from the remaining degrees of 

freedom. This consequence of the possibility of tunneling in turn makes calculating 

tunneling corrections more complicated because the tunneling probability cannot be 

treated as one-dimensional. In the general case, then, there are multiple pathways through 

which tunneling can occur which in principle involve all the degrees of freedom. 

Since a theory for the quantum mechanical contributions to the transition state 

theory has not been formulated exactly, approximations of the tunneling probability are 

used in practice. POLYRATE utilizes several tunneling approximations to determine 

transmission coefficients for the rate constants. A transmission coefficient is simply a 

scale factor to account for the effects of tunneling. Two methods of tunneling 

approximations are employed in the POLYRATE calculations investigated in this thesis. 

These approximation approaches are the zero-curvature and small-curvature tunneling 

approximations. Both of these approximations make an assumption about the curvature of 

the reaction surface and attempts to address the multi-dimensional tunneling problem 

which arises from the inseparability of the reaction coordinate from the remaining 

degrees of freedom. 

A derivation for multi-dimensional tunneling correction factors begins by 

assuming the reaction coordinate can be separated from the remaining degrees of freedom 

when defining the potential energy of the transition state. From this approximation, the 

different levels of the generalized transition state can be expressed in terms of the 

vibrationally and rotationally adiabatic potentials.
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Va(α,s) = VMEP(s) + ETS(α,s)    (28)

In the above expression for the adiabatic potential energy at the transition state, the term 

α represents the vibrational and rotational quantum numbers defining the energy level for 

all degrees of freedom excluding the reaction coordinate. The term VMEP(s) represents the 

potential energy along the reaction coordinate. MEP in this expression stands for the 

minimum energy path, and the variable s is a position along the coordinate. Making the 

rigid-rotor-harmonic-oscillator approximation, the α-dependent energy for the ground 

rotational state reduces to the vibrational energy. The ground state adiabatic potential is 

defined when α=0 and the vibrations only contribute to the potential energy through their 

zero-point energies.

Va,GS = VMEP(s) + Σhωm(s)/2    (29)

The term ωm(s) is the frequency of the normal vibrational mode m for the dividing 

surface. The tunneling coefficient is written in terms of the classical and quantum 

probabilities for transmission through or above the adiabatic potential. 

κA = [0∫∞ dE exp(-βE) ΣPQ(α,E)]/[[0∫∞ dE exp(-βE) ΣPC(α,E)]]    (30)

The constant β is simply 1/kBT. The probability for classical motion along the reaction 

coordinate (PC) is one when the energy is above that of the adiabatic ground potential, 

and zero when it is below the adiabatic ground potential. Determining the quantum 

probabilities (PQ) is more difficult. Their determination requires the use of two 

approximations. For excited vibrational modes, the probability of transmission is 

assumed to be approximated by an energy shifted adiabatic ground state probability. 

PQ = PQAG[E – Va(α) + Va,GS]    (31)
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This approximation requires that all adiabatic excited potentials have the same shape as 

the ground state potential, which is not necessarily true in all instances. However, the 

approximation is adequate because tunneling factors tend to be most important at lower 

temperatures, where higher level excited modes are not populated. The second 

approximation involves treating the adiabatic ground state quantum probabilities as semi-

classical probabilities in the following form.

PQAG = PSAG = {1 + exp[2θ(E)]}-1    (32)

where θ is defined as

θ(E) = (h/2π)-1 s<(E)∫s>(E) ds {2μeff(s)[Va,GS(s) – E]}1/2    (33)

The values s< and s> are the classical turning points (where E equals the adiabatic ground 

state potential) and μeff is the effective mass for motion along the reaction coordinate.  

With these two approximations, the tunneling factor given in equation (30) reduces to the 

following expression:

κSAG = β {[0∫∞ dE exp(-βE)PSAG(E)]/exp(-βVa,GS)}    (34)

These last three equations suggest that, as expected, tunneling is most important for small 

mass particles with a narrow barrier. Barrier width at the top of the minimum energy path 

is determined by the magnitude of the imaginary frequency at the transition state. It is 

easy to assume that a larger imaginary frequency indicates a narrower barrier which 

would in turn predict more frequent tunneling. However, the effective barrier for 

tunneling is not dictated by the minimum energy path since tunneling particles are not 

limited to one dimension. Instead, the adiabatic barrier should be used, which requires 

defining the effective mass.  The initial approximation from the above analysis might 
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lead one to think that an adiabatic is a one-dimensional approach. This is not the case, 

however, because the minimum energy path is a curvilinear coordinate so the curvature of 

the path is coupled to vibrational modes perpendicular to the path. The coupling of 

vibrational modes allows for the particle to tunnel through the barrier on a shorter path 

than the reaction coordinate. The effects of coupled vibrational modes increases the 

probability that tunneling will occur. This effect is neglected when using the zero-

curvature tunneling approximation. In the zero-curvature approximation, μeff(s) simplifies 

to the reduced mass of the transition state, and as such, this approach tends to 

underestimate tunneling probabilities. 

For the small-curvature tunneling approach, the effective mass is defined in 

relation to the reaction coordinate dependent Jacobian factor (dξ/ds) by

μeff(s) = μ(dξ/ds)2    (35)

A detailed description of the nature of the Jacobian factor used for the small-curvature 

tunneling corrections can be found in the “Variational Transition State Theory with 

Multidimensional Tunneling” chapter from Reviews in Computational Chemistry, Vol. 

23.(12) Small-curvature corrections are better estimates of the tunneling probabilties than 

the zero-curvature approach. 

The tunneling coefficient that is reported in the results (Chapter 4)  is the 

microcanonically optimized multidimensional tunneling factor (mOMT). The derivation 

of mOMT begins by considering the following. Within the tunneling boundaries, the 

longest and most energetically favorable pathway from reactants to products is along the 

reaction coordinate, and the shortest but highest energy pathway is a straight line between 
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the wells. There are an infinite number of tunneling paths between these two extremes. 

The most probable pathway is referred to as the least action pathway and tunneling 

calculations based on this pathway are referred to as least action tunneling factors. The 

least action pathway can be computed, but the calculation is prohibitively costly for 

systems where multiple atoms are involved.  The mOMT factor is based on an 

approximation method for determining the least action pathway based on computation of 

several different tunneling probabilities. A new probability is computed by choosing the 

maximum tunneling probability at each step. The resulting tunneling factors computed 

from this probability have been found to be of comparable accuracy to least action 

tunneling factors and, in conjunction with variational transition state theory calculations, 

give good agreement with experimental data.(12)

Gaussian Operations, Methods, and Basis Sets

The calculations performed for this work required extensive use of the Gaussian 

09 electronic structure modeling package. Gaussian is able to calculate the 

thermodynamic variables and energy surface data necessary to determine rate constants 

for the different transition state theories by performing quantum mechanical calculations 

on specified molecular systems. The Gaussian calculations required for the evaluation of 

rate constants were geometry optimizations, transition state location and optimizations, 

frequency scans, and reaction coordinate following. This section provides a general 

description of the theory behind the different methods and the Gaussian potential energy 

calculations were performed with.
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Hartree-Fock Method  

The Hartree-Fock theory provides a means by which the wavefunction and energy 

of a multi-bodied system can be approximated. The theory was initially developed by 

Douglas Hartree, then later revised by Vladimir Fock and Hartree in order to provide a 

solution for the time-independent Schrodinger equation.(13) The time-independent 

Schrodinger equation describes stationary states and takes the general form of the partial 

differential equation,

HΨ = EΨ    (36)

where Ψ is the wavefunction of the stationary state, E is its energy, and H is the 

Hamiltonian operator. Solving the time-independent Schrodinger equation for molecular 

entities is greatly simplified by the Born-Oppenheimer approximation, which allows for 

the nuclear and electronic motions to be treated independently, resulting in a total 

molecular wavefunction defined by the product of an electronic and nuclear 

wavefunction.

Ψtotal = Ψelectronic * Ψnuclear    (37)

Eigenvalues for the electronic wavefunction and the wavefunction itself give information 

describing the system's potential energy surface as well as different molecular parameters 

dependent on the electron configuration.  The Schrodinger equation for the electronic 

wavefunction can be solved exactly for single electron systems. However, for systems 

involving more electrons, approximations are required to successfully solve the equation. 

Hartree-Fock theory approximates the electronic wavefunction of a multi-bodied system 
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with a single Slater-determinant, allowing for a straightforward solution to the 

Schrodinger equation for the electronic wavefunction.

Determining the electronic wavefunction for a molecule begins by defining the 

Hartree product, a simplistic description of the overall electronic wavefunction. For the 

case of a simple two-electron system where the electrons occupy symmetric orbitals, the 

Hartree product is found by first assuming that the electrons do not interact with each 

other. Starting from this assumption allows one to treat each electron as separable from 

the other, similar to the Born-Oppenheimer approximation. The electronic wavefunction 

in this form is known as the Hartree product and can be expressed in terms of the 

products of the wavefunctions describing the individual electrons.

ΨHP(r1,r2) = Φ(r1) * Φ(r2)    (38)

Or more generally,

ΨHP(r1,r2,..., rN) = Φ(r1) * Φ(r2)...*Φ(rN)    (39)

where Φ is an orbital wavefunction describing the spatial distribution of the occupied 

electron shell.

The Hartree product is clearly an oversimplification of the true wavefunction 

since it does not account at all for interactions between electrons. In particular, Hartree 

product wavefunctions do not account for exchange symmetry as they fail to satisfy the 

antisymmetry principle. The antisymmetry principle arises from the Pauli exclusion, 

stating that for two identical fermions (such as electrons), the total wavefunction is anti-

symmetric with respect to exchange of the particles. Exchange in this definition refers to 

both spatial and spin exchange, so the generalized (spin-neutral) orbital wavefunctions 
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used to define the Hartree product are no longer a suitable description. Spatial orbitals 

can be converted into spin orbitals by multiplying the wavefunction expression by either 

the α or β spin function, which account for the two possible spin states. 

Due to the Pauli exclusion principle, the inclusion of spin terms makes the 

electrons' spatial orbitals distinguishable, so,

ΨHP(r1,r2) = Φ(r1) * Φ(r2)    (40)

becomes

ΨHP(x1,x2) = χ1(x1) * χ2(x2)      (41)

where χ(x) = Φ(r) * α or χ(x) = Φ(r) * β. Swapping the electron coordinates in the 

previous expression produces:

ΨHP(x2,x1) = χ1(x2) * χ2(x1)    (42)

This equation is only antisymmetric to equation 41 when:

χ1(x2) * χ2(x1) = - χ1(x1) * χ2(x2)    (43)

which will only be true under specific circumstances. 

Electron exchange is accounted for in the Hartree-Fock method by redefining the 

total electronic wavefunction using the Hartree product as a base function of a Slater 

determinant. The electronic energy is an eigenvalue of this Slater determinant. To 

evaluate this energy, one needs to solve the Schrodinger equation. The solution for the 

electronic energy contains contributions from several factors including the contributions 

to the energy from a single electron and energy contributions through Coulombic and 

exchange interactions. Coulombic interactions between electrons are approximated based 

on the average charge distributions of the electron cloud on a single electron, which is 
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why the Hartree-Fock method is referred to as a “mean field” theorem. A mean field 

approach to evaluating the Coulombic interactions between the electrons is at best only 

an approximation of the Coulombic correlation energy for a molecular system. 

Deviations in the correlation energies from the mean field approach are common, and the 

lack of an accurate way of estimating these energies is one of the major weaknesses of 

Hartree-Fock theory.  The other interaction, electron correlation, is also called the 

exchange interaction. This type of electron correlation was described previously in the 

discussion of the anti-symmetry principle. Exchange symmetry is fully accounted for by 

the Hartree-Fock method.

Since the wavefunctions described by the Slater determinants represent stationary 

states, the orbital configurations should be stable with respect to small fluctuations. 

Applying the variational theorem to this system guarantees that the energy obtained for 

the Hartree-Fock molecular orbitals is greater than or equal to the true energy of the 

orbitals. Therefore, finding orbitals which produce a minimum orbital energy will yield 

the closest result to the true value. Beginning with a guess for the orbitals for each 

electron and then refining these guesses iteratively to produce a minimum energy for the 

molecular orbitals is referred to as the self-consistent field approach and is the means by 

which Gaussian calculates orbital energies. 

Density Functional Theory

As noted earlier, Hartree-Fock theory provides an inadequate approximation of 

electron correlation. Several different theories, collectively referred to as post-SCF 
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methods, have been created to correct Hartree-Fock energies and account for the missing 

electron correlation effects. The density functional method, or density functional theory 

(DFT), is a post-SCF method developed to correct for electron correlation factors by 

modeling correlation with general functionals representing the electron density. DFT 

partitions the electronic energy into several parts

E = ET + EV + EJ + EXC    (44)

These different terms represent the kinetic energy term (ET), the potential energy of 

nuclear-electron attraction and nuclear-nuclear repulsion (EV), the electron-electron 

repulsion term (EJ), and the exchange correlation term (EXC).  The values ET, EV, and EJ 

correspond to the classical energy of the charge distribution, ρ. The exchange-correlation 

term accounts for the remaining factors affecting the energy, namely the symmetry 

exchange portion and the dynamic correlation that arises from the motions of individual 

electrons. Hohenberg and Kohn demonstrated that the exchange-correlation term is 

determined entirely by the electron density, making EXC a functional of ρ. However, 

although they were able to demonstrate the existence of a unique functional describing 

the exchange-correlation term exactly, they were not able to specify what the form of this 

term should be.(14)  In usual practice, the functional consists of an integral involving spin 

densities and gradients and is divided into exchange and correlation terms corresponding 

to the interactions between electrons of the same-spin and of mixed-spin, respectively.(14) 

If a functional depends only on the electron spin density, it is referred to as a local 

functional. If the functional depends on a combination of spin densities and gradients, it 

is referred to as a gradient-corrected functional. DFT functionals are further categorized 
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based on how they treat the exchange correlation term. Pure DFT functionals contain a 

symmetry exchange functional paired with an electron correlation functional, while 

hybrid functionals incorporate the Hartree-Fock exchange energy into the overall 

expression. Gaussian evaluates the exchange correlation functionals numerically 

regardless of classification. There are many different exchange-correlation functionals 

which attempt to accurately describe correlation effects. The DFT methods used for the 

calculations in this thesis are described more extensively below.

Becke, 3-Parameter, Lee-Yang-Parr Functional (B3LYP)

The B3LYP functional is a hybrid functional, meaning it incorporates the Hartree-

Fock exchange energy into the exchange-correlation term. The functional employed for 

B3LYP calculations has the following form.

B3LYPEXC = LDAEX + c0(HFEX – LDAEX) + cXΔ B88EX + VWN3EC + cC(LYPEC – VWN3EC)    (45)

The terms in this expression represent a combination of local and gradient-corrected 

correlation and exchange functionals and the three c parameters. The LDA exchange 

functional is a local functional frequently used to describe electron exchange and the B88 

functional is a corrected form of the LDA functional proposed by Becke in 1988 which 

can be optionally turned on with the cX parameter.(14) The VWN3 correlation functional is 

a gradient-corrected functional used to describe electron correlation. The LYP functional 

is a correction to the VWN3 functional which can be turned on depending on the value of 

cC. Becke determined values for the three c parameters by fitting the above expression to 

atomization energies, ionization potentials, proton affinities, and first-row atomic 
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energies for the G1 molecule set established by John Pople.  The optimum values for 

these were determined to be c0 = 0.20, cX = 0.72, cC = 0.81.(14)

M05-2X

The M05-2X functional was developed by Zhao and Truhlar in 2005 as a general-

use functional.(15)  The M05-2X functional is a hybrid functional like the B3LYP 

functional, so it has a similar, general form. The authors defined their own functionals for 

the DFT exchange and correlation terms to create the M05 hybrid functional, then 

doubled the percentage of the Hartree-Fock exchange energy from 28 % to 56% to create 

the M05-2X functional. Values for five different parameters were determined by fitting 

the equations to values from various databases for non-covalent complexation energies, 

bond dissociation energies, atomic energies, activation energies and energies of reactions, 

and atomization energies. Tests on the M05-2X functional found that it was particularly 

accurate in determining barrier heights for kinetics calculations compared to other 

methods.(15) The M05-2X method and its successor, the M06-2X method, were chosen for 

use in the kinetics calculations performed in this experiment for this reason. 

M  ø  ller-Plesset Perturbation Theory  

Møller-Plesset perturbation theory is another method of correcting for the electron 

correlation energy.  Perturbation theory begins by assuming that the Hamiltonian can be 

divided into two portions: one part which can be solved exactly (H0) and a perturbation 

(λV) applied to the solvable portion as a correction.
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H = H0 + λV    (46)

The perturbation is assumed to be small compared to the solvable portion, which allows 

the wavefunction and energy to be expressed as a power series. 

Ψ = Ψ(0) + λ1Ψ(1) + λ2Ψ(2) + … + λNΨ(N)    (47)

E = E(0) + λ1E(1) + λ2E(2) + … + λNE(N)    (48)

The perturbed wavefunction and energy when substituted back into the Schrodinger 

equation produce the following expression.

(H0 + λV)(Ψ(0) + λ1Ψ(1) + … + λNΨ(N)) = (E(0) + λ1E(1) + … + λNE(N))(Ψ(0) + λ1Ψ(1) + … + 

λNΨ(N))    (49)

In Møller Plesset perturbation theory, the solvable portion of the wavefunction is 

represented by the Hartree-Fock energy and perturbations to the energy account for 

corrections due to the electron-correlation. Second-order Møller Plesset perturbation 

theory (MP2) corrects the energy to the second-ordered term (N=2). To perform this 

energy correction, the zeroth and first order wavefunction and energy must first be 

determined.  General perturbation theory gives expressions relating these variables to the 

second order wavefunction and energy. These equations are given below.

(H0 – E(0))Ψ(0) = 0  (50)

(H0 – E(0))Ψ(1)  = (E(1) – V)Ψ(0)   (51)

(H0 – E(0))Ψ(2) = (E(1) -V)Ψ(1) + E(2)Ψ(0) (52)

The Hamiltonian, H0, is the sum of the one-electron orbital operators. The Hartree-Fock 

determinant is the eigenfunction of this operator, and its eigenvalue represents the zeroth 

order energy.
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E(0) = <Ψ(0)|H0|Ψ(0)> (53)

Equation 53 is the inner product of equation 50. The energy correction to first order is 

obtained by taking the inner product of equation 51 with the zeroth-order wave function. 

<Ψ(0)|(H0 – E(0))|Ψ(1)> = <Ψ(0)|(E(1) – V)|Ψ(0)>  (54)

Since the Hartree-Fock wavefunctions are orthonormal, the inner product of any 

wavefunction with itself is equal to 1, and the inner product of any two will be equal to 

zero. Because of this, the left side of equation 54 resolves to 0, and an expression for the 

first order energy term is obtained.

E(1) = <Ψ(0)|V|Ψ(0)>    (55)

The sum of E(0) and E(1) is the full Hartree-Fock energy (H0 + V is the full Hartree-Fock 

Hamiltonian). From taking the inner product of equation 52, the following expression for 

the second order energy term is obtained. 

E(2) = <Ψ(0)|V|Ψ(1)>    (56)

Solving for the second order energy requires the first-order wavefunction. An expression 

for the first order wavefunction can be derived with following form.

Ψ(1) =  Σ {(<Ψt|V|Ψ(0)>)/(E0 – Et)}Ψt (57) 

Solving equation 56 yields an expression for the second-order perturbation to the 

electronic energy.

E(2) = - Σ (<Ψ(0)|V|Ψt>)2/(Et-E(0))    (58)

The value for Et will always be greater than E(0), since E(0) is the ground-state eigenvalue 

for the unperturbed system. Therefore, the second-order energy correction will always be 
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a negative number. Since the sum of E(0) and E(1) is the Hartree-Fock energy, the MP2 

method will always act to lower the energy relative to Hartree-Fock theory. Since this is 

the same effect that electron correlation would have on the electronic energy, the MP2 

method gives better results than the HF method. 
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Chapter 3: Benchmarking Methods

Calculations of the intrinsic rate constants for selected gas-phase reactions were 

carried out using a variety of transition state theories. Reactions were investigated using 

the POLYRATE-2010-A and Gaussrate-2009 programs. POLYRATE-2010-A is a 

computer program developed at the University of Minnesota for the determination of rate 

constants for gas-phase reactions involving polyatomic species.(16) The program is 

capable of calculating rate constants using several variational transition state theories 

depending on the method selected. The canonical, improved canonical, microcanonical 

variational, and conventional transition state theories are all available as well as tunneling 

corrections based on determination of a temperature dependent transmission coefficient.  

The program Gaussrate-2009 provides an interface between POLYRATE-2010-A and the 

Gaussian09 electronic structure program. Gaussian09 is used to calculate the potential 

energy surface of a reaction for direct-dynamics calculations performed in POLYRATE. 

The most recent available version of these programs were used for the calculations 

performed in this work.

 Locating transition state structures with electronic structure calculation programs 

can be a difficult process. In the interest of facilitating this process for future thesis 

students, a generalized procedure for locating transition state structures using Gaussian09 

is included. The reactants and products were successively optimized at higher levels of 

theory starting with density functional theory (DFT) calculations using the Becke, 3-

parameter, Lee-Yang-Parr (B3LYP) density functional with a 3-21G basis set and 

working up to Møller-Plesset perturbation theory with second-order electron correlation 
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corrections (MP2) with a 6-311++G(d,p) basis set.  A guess for the transition state 

structure was then obtained using the optimized reactants and products by means of a 

Synchronous Transit-Guided Quasi-Newton (QST2) calculation at a low level of theory 

(B3LYP) with a small basis set (either 3-21G or 6-31G(d,p)). Cartesian coordinates were 

specified for all the calculations to prevent difficulties arising from the internal 

coordinate system native to Gaussian and force constants were calculated at each step in 

the Gaussian calculation aid in the optimization. After the calculation finished, the guess 

structure was submitted as an additional geometry into the QST2 input screen, in order to 

perform a QST3 calculation at the MP2 level of theory with a 6-311++G(d,p) basis set. If 

a structure had not converged after the QST3 calculation, then an output from one of the 

failed calculations was optimized using the Berny algorithm at the MP2/6-311++G(d,p) 

level of theory or as high a level of theory as possible to achieve a converged structure. 

Once a calculation of the transition structure for the reaction being studied had 

successfully completed, a frequency scan was performed on the transition structure to 

make sure that the converged structure had exactly one imaginary frequency and to obtain 

the vibrational and rotational partition functions and energy of the molecule. 

POLYRATE/Gaussrate rate constants were calculated using a combination of 

conventional, canonical variational, microcanonical variational, and improved canonical 

variational transition state theories with and without small-curvature and zero-curvature 

tunneling corrections. Molecule energies and reaction path information were determined 

using the Gaussrate interface program. A benchmarking procedure was employed on a 

number of reactions with well-known rate constants and activation energies in order to 
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determine a suitable level of theory and basis set to calculate rate constants on less well-

characterized reactions.

Installing and Benchmarking POLYRATE

POLYRATE was installed on an Intel PC running Windows XP using the Cygwin 

Unix environment. The installation window offered a choice between two versions of 

POLYRATE to install, reaction path variational transition state theory package for 

reactions with activation barriers and the reaction coordinate variational transition state 

theory package for barrierless association reactions. A version of each was installed to 

allow for calculations under either scenario. POLYRATE was written to be run on Unix 

based operating systems, which were unfortunately only available locally without 

Gaussian licenses. Many of the installation scripts for both POLYRATE and 

GAUSSRATE had to be converted manually in order to run in a Windows environment. 

Several test reactions were available upon successful installation which demonstrated 

some of the features of the POLYRATE/Gaussrate programming packages. These test 

reactions were used to determine the most efficient methods for determining accurate rate 

constants. Calculations at several levels of theory using the STO-3G, 6-31G(d), and 6-

311G(d,p) basis sets were performed using the provided test reactions and compared to 

literature values to find an efficient trade off between accuracy of the potential energy 

surface and time. The levels of theory employed were the Hartree-Fock method, density 

functional theory using the B3LYP, M05-2X, and M06-2X density functionals, and MP2 

perturbation theory. The following reactions were investigated:
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•CH3 + H2 → CH4 + H                      (68)

CH4 + •OH → •CH3 + H2O                (69)

•OH + H2 → H2O + H                      (70)

NH3 + •OH → •NH2 + H2O                (71)

•CH3 + •CH3 → C2H6                         (72)

The first four of the listed reactions were investigated using the reaction path variational 

transition state theory package as they all have significant activation energies. The final 

reaction in the test suite involving the radical bimolecular association of two methyl 

radicals does not have an activation energy, so the variable reaction coordinate variational 

transition state theory package was used instead. 

•CH3 + H2 → CH4 + H 

The conventional transition state theory (TST), canonical variational transition 

state theory (CVT), improved canonical transition state theory (ICVT), and 

microcanonical variational transition state theory (MUVT) rate constants were calculated 

for this reaction. Zero-curvature, small-curvature, and mOMT tunneling corrections were 

calculated as well. For this reaction, Gaussrate calls Gaussian to optimize the stationary 

points along the reaction path to generate a potential surface for the reaction. The rate 

constants are determined by following the reaction path using the Euler steepest descent 

method. There are two POLYRATE scripts for this reaction designed to be run in 

succession. The first script calculates the rate constants using the different transition state 

theories and also writes information on the reaction path into a new file, called a restart 
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file. The second script reads information from the restart file and makes corrections to 

several non-stationary points along the reaction coordinate based on user-inputted data. 

The MP2/6-31++G orientations and energies for six non-stationary points were included 

for the second script. The rate constants determined from running both of these scripts are 

presented in the following two tables along with an experimental measurement of the 

reaction rate constant for reference. Calculation times were excluded from the results of 

the second script as they were trivial compared to the first (< 30 s to complete the 

calculation). 

The M05-2X/6-31G(d) conventional transition state theory calculation produced 

the most accurate results for this calculation at a cheap computational cost of only 39 

min. All but two of the rate constants calculated from the first script were within the error 

margin from the experimental study, those two being the calculations performed with 

small-curvature tunneling corrections.(16)  Unexpectedly, the M05-2X rate constants are 

more accurate across the board than those calculated using MP2 perturbation theory; the 

MP2 values are typically an order of magnitude too slow. The diminished  accuracy of 

the MP2 method in calculating the potential energy surface for this reaction is reflected in 

the results of the restart file calculations. All of the results of the second script were on 

the same order of magnitude as the rate constants from the MP2/6-31G(d) calculation 

from the first script. This is unsurprising seeing as the energy corrections to the non-

stationary points along the reaction coordinate were calculated at the same level of theory 

with a similar basis set. 
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Table 1. Rate constants calculated for the reaction •CH3 + H2 → CH4 + H. The methods and basis sets used for each calculation are listed by column and the transition 

state theories employed are listed by row. All values for rate constants are given in units of cm3 molecule-1 s-1 at 926 K for comparison to the experimental reference (9.63 

± 0.1 x 10-15 cm3 molecule-1 s-1) with 10% error margin.(17)

Script 1 HF/STO-3G HF/6-

31G(d)

HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

TST 1.04E-018 1.12E-017 9.75E-018 2.18E-014 1.98E-014 9.16E-015 4.75E-015 3.37E-016 9.32E-016

CVT 1.04E-018 1.11E-017 9.58E-018 2.16E-014 1.97E-014 8.96E-015 4.72E-015 3.36E-016 9.29E-016

CVT/ZCT 1.90E-018 1.62E-017 1.39E-017 2.20E-014 1.99E-014 1.02E-014 5.54E-015 4.20E-016 1.09E-015

CVT/SCT 3.38E-018 2.34E-017 2.02E-017 2.48E-014 2.23E-014 1.15E-014 6.05E-015 5.40E-016 1.25E-015

ICVT 1.03E-018 1.11E-017 9.58E-018 2.16E-014 1.97E-014 8.96E-015 4.72E-015 3.36E-016 9.29E-016

ICVT/SCT 3.39E-018 2.34E-017 2.02E-017 2.76E-014 2.51E-014 1.16E-014 6.07E-015 5.51E-016 1.30E-015

Calculation 

Time

14 min 18 min 21 min 28 min 46 min 39 min 1 hr 12 min 29 min 1 hr 4 min
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Table 2. Rate constants calculated for the reaction •CH3 + H2 → CH4 + H using the restart script in the Gaussrate test suite. This calculation performed corrections to the 

potential energy surface near the transition state at the MP2/6-31++G level to the surfaces calculated for the calculations performed in the ch5tr1 calculation. All rate  

constants are reported in units of  cm3 molecules-1 s-1 at 926 K. 

Script 2 HF/STO-3G
HF/6-

31G(d)

HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

TST 1.78E-016 2.40E-016 3.98E-016 3.97E-016 5.57E-016 3.70E-016 6.63E-016 3.82E-016 5.41E-016

CVT 1.76E-016 2.29E-016 3.66E-016 3.86E-016 5.39E-016 3.64E-016 6.48E-016 3.56E-016 4.98E-016

CVT/ZCT 2.06E-016 2.64E-016 4.20E-016 4.83E-016 6.72E-016 4.37E-016 7.49E-016 4.35E-016 5.93E-016

CVT/SCT 2.65E-016 3.36E-016 5.35E-016 5.55E-016 7.70E-016 5.02E-016 8.57E-016 5.08E-016 6.73E-016

ICVT 1.76E-016 2.29E-016 3.66E-016 3.86E-016 5.39E-016 3.64E-016 6.48E-016 3.56E-016 4.98E-016

ICVT/SCT 2.98E-016 3.79E-016 6.11E-016 5.78E-016 8.05E-016 5.28E-016 9.44E-016 5.50E-016 7.39E-016
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The usefulness of the restart file in correcting the rate constants for low-level 

calculations becomes apparent when comparing the results of the MP2/6-31G(d) 

calculation to that of the restart calculation. A quick calculation of the reaction potential 

energy surface can be performed at a level of theory as low as HF/STO-3G and still 

achieve results of similar quality to the substantially more expensive MP2/6-31++G 

method. For reactions involving larger polyatomics, the difference in computational cost 

between running a full calculation of the MP2/6-31++G potential energy surface and 

performing single-point energy calculations for selected structures along the reaction 

coordinate may be substantial enough to make the restart calculation worth performing. 

In these cases, a more accurate method than MP2 should be used, since the results of this 

specific calculation were not correct. Using the M05-2X method in the place of MP2 

would allow lengthy calculations of the potential energy surface to be performed much 

more quickly and just as accurately as a full calculation of the potential energy surface. 

For systems as small as the abstraction of hydrogen atom from its molecular state by 

methyl radical, however, the time spent performing the reaction coordinate scans 

necessary to obtain energies for the corrected points far outweighs the time it takes to 

perform a full calculation of the reaction energy surface. 

CH4 + •OH → •CH3 + H2O

The method in the POLYRATE test suite for this reaction was edited to calculate 

the same rate constants as in the previous calculation. The scripts written for this reaction 

optimize the stationary points and then once again follow the reaction coordinate using 
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the Euler method. A restart script was also available for this reaction, but these 

calculations were not performed due to the associated computational cost of determining 

the necessary reaction coordinate data. 

The conventional transition state theory rate constants for all the methods were 

relatively consistent in spite of the method and basis set (Table 3); substantial differences 

among the methods only appeared in the canonical transition state calculations when 

tunneling corrections were introduced. However, the rate constants calculated for all the 

transition state theories for the HF/STO-3G and B3LYP/6-311G(d,p) methods were 

identical. This error was encountered frequently in reactions with low activation energies, 

such as this reaction, whose activation energy is only 7.97 kJ/mol.(17) The conventional 

transition state rate was calculated normally, but when variational methods were applied 

to the reaction coordinate, the activation energy was lowered to the point where the 

reaction became barrierless. When the reaction path version of POLYRATE calculates 

that a reaction has no activation energy it automatically sets any barrier-dependent 

correction factors to one, which then yields the same value as the originally calculated 

rate.   The incredibly short time scale of the calculations relative to the rest of the 

methods used in this test provide further evidence that the calculation crashed before it 

had completed, resulting in odd results. 
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Table 3. Rate constants calculated for the reaction CH4 + •OH → •CH3 + H2O. Constants reported in cm3 molecule-1 s-1 at 400 K for comparison to the experimental rate 

constant of  3.49 ± 0.12 x10-14 cm3 molecule-1 s-1 (18)

HF/STO-3G HF/6-

31G(d)

HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

TST 9.10E-010 3.28E-010 2.26E-010 4.80E-010 4.52E-010 1.35E-010 8.12E-011 1.16E-009 1.22E-009

CVT 9.10E-010 6.53E-030 2.61E-028 7.03E-014 4.52E-010 1.71E-015 1.10E-014 3.34E-018 1.32E-016

CVT/ZCT 9.10E-010 4.40E-025 3.66E-024 6.88E-014 4.52E-010 3.01E-015 1.57E-014 6.53E-018 2.42E-016

CVT/SCT 9.10E-010 1.40E-024 1.19E-023 8.56E-014 4.52E-010 4.85E-015 1.98E-014 1.35E-017 4.05E-016

Calculation 

Time

<1 min 1 hr 7 min 1 hr 40 min 2 hr 19 min 7 min 4 hr 13 min 7 hr 20 min 2 hr 53 min 5 hr 39 min
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Despite the two failed calculations, results consistent with the experimental value 

were obtained. The M05-2X/6-311G(d,p) and B3LYP/6-31G(d) methods both yielded 

rate constants of the same order of magnitude as the experimental reference, with the 

M05-2X calculations being slightly better than the B3LYP. No method produced results 

within the error bars for the reference (+/- 3%).(18) However, for the purpose of comparing 

these methods, the results are close enough.

•OH + H2 → H2O + H

The scripts included in the rate constant calculation for this reaction determine the 

conventional, canonical, and improved canonical rate constants with small-curvature and 

zero-curvature tunneling corrections. There are two distinct sets of calculations to run for 

this reaction. The first calculation optimizes the reaction path using the variational 

reaction path algorithm derived from the Euler method for a conventional transition state 

theory rate constant. The second reads data on the reaction path from the first calculation, 

then re-optimizes the reaction path for the canonical rate constants. This test does not 

perform optimizations of the reactants or products, so pre-optimized structures must be 

provided by the user for the calculation. 
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Table 4. Rate constants for the reaction •OH + H2 → H2O + H. All rate constants reported in cm3 molecules-1 s-1 at 1000 K for the comparison to the experimental rate: 

2.17 ± 0.12 x 10-12 cm3 molecules-1 s-1 (19)

HF/STO-3G HF/6-31G(d) HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

TST 4.21E+001 3.49E-017 1.07E-016 6.51E-012 1.58E-011 8.22E-013 1.53E-012 4.54E-014 1.91E-013

CVT 6.53E-010 3.30E-017 1.00E-016 6.10E-012 1.41E-011 6.05E-013 1.33E-012 3.69E-014 1.75E-013

CVT/ZCT 6.52E-010 8.59E-017 2.43E-016 6.89E-012 1.57E-011 8.22E-013 1.71E-012 6.17E-014 2.55E-013

CVT/SCT 6.52E-010 2.93E-015 5.25E-015 8.19E-012 1.65E-011 1.33E-012 2.35E-012 2.01E-013 5.17E-013

ICVT 6.53E-010 3.30E-017 1.00E-016 6.10E-012 1.41E-011 6.05E-013 1.33E-012 3.69E-014 1.75E-013

ICVT/SCT 6.53E-010 2.97E-015 5.32E-015 8.70E-012 1.66E-011 1.33E-012 2.43E-012 2.02E-013 5.30E-013

Calculation 

Time

2 min 2 min 2 min 4 min 5 min 5 min 6 min 7 min 9 min
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The most consistent results with the literature value were once again derived from 

the M05-2X/6-311G(d,p) method and basis set (Table 4).(18) The B3LYP/6-31G(d) level 

of theory also produced consistently good results across the the different transition state 

theories, all values being of the same order of magnitude as the reference. The M05-

2X/6-31G(d) method also produced results on par with the M05-2X/6-311G(d,p) method 

in the calculations which included small-curvature tunneling corrections. An interesting 

aspect of this calculation is the total calculation time relative to the previous tests. The 

total calculation time, including both scripts, for all of the methods and basis sets took 

under 40 minutes. While the system considered for this calculation is simpler than either 

of the reactions involving methyl radicals, the difference in complexity should not lead to 

such wide differences in total calculation time (5 minutes compared to 7.3 hours). The 

algorithm employed in this calculation for determining the reaction path may be 

substantially faster than the Euler method, pointing to this method as a good template for 

rate calculations on other reactions.

NH3 + •OH → •NH2 + H2O 

This job calculates the same rate constants as the previous job (TST, CVT, 

CVT/SCT, CVT/ZCT, ICVT, and ICVT/SCT). The calculation is divided into two scripts 

once again. The first calculates the conventional transition state theory rate constant using 

a different method than in the previous calculations. Rather than following the reaction 

coordinate using the Euler method as in previous Gaussrate calculations, the reaction 

coordinate is determined by optimizing the potential wells where the reactants and 
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products rest as well as the transition state. The option to write the potential data for the 

optimized stationary points and wells as well as the Hessian matrices for the reaction 

coordinate to a separate file (which can be used to run the second script) is available for 

this reaction. The second script performs the variational transition state theory 

calculations and tunneling corrections to obtain the rest of the rate constants. 

The first job in this calculation ran without much difficulty, producing 

conventional transition state theory rate constants which followed the general trends 

which had emerged from the basis sets used throughout the benchmark calculations. 

Running the second script, however, proved impossible. For every level of theory and 

basis set used in this calculation, the output data file containing information on the 

optimized potential energy surface from the first calculation was incomplete. The 

potential file contained geometric parameters and Hessian matrices for the optimized 

stationary points, but no data for points along the reaction coordinate. The second 

calculation was unable to successfully complete because it lacked the necessary 

information to define the reaction coordinate. This difficulty appeared to have arisen from 

what POLYRATE is programmed to write into the potential file. POLYRATE appears to 

be incapable of writing potential energy information on the full reaction coordinate into 

the necessary file type needed to run the second script, requiring the user to specify points 

along the reaction coordinate. Inputing information on an optimized reaction coordinate 

by hand is possible, but, like the restart file from the reaction between methyl radical and 

molecular hydrogen, doing so requires a number of lengthy calculations which are 

unnecessary considering that Gaussrate is capable of efficiently calculating information 
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on the reaction coordinate on its own with different methods. This aspect of this test 

calculation makes it a poor template for use in calculating rates for other reactions. 

Rate constants for the variational methods and tunneling corrections were 

obtained by editing the input file of the first script to include calculations along the 

reaction coordinate analogous to those performed in the calculation on reaction equation 

69. Again, several methods exhibited no variation between the different transition state 

theories in spite of the use of tunneling corrections (HF/STO-3G, B3LYP/6-31G, and 

B3LYP/6-311G(d,p)). This is not surprising, as the activation energy determined from the 

experimental reference was only 8.09 kJ/mol.(19) These results seem to suggest that the 

B3LYP density functional method is unreliable when predicting rate constants for 

reactions with small activation energies (< ~10 kJ/mol).  For reactions with larger 

barriers, the B3LYP method remains a reasonably accurate predictor of rate constants, if 

not the most accurate of the methods tested.

The M05-2X/6-311G(d,p) method produced a result that was equivalent to the 

reference to three significant figures for the conventional transition state theory rate 

constant, making this the most accurate determination of a rate constant out of any of the 

benchmark calculations. Since this is the only conventional rate constant which has been 

calculated to be within the error bars of the reference rate, it is more likely that the high 

degree of accuracy achieved from this calculation is the result of fortuitous error 

cancellations. Taken in conjunction with the results from the M05-2X/6-311G(d,p) 

methods from other calculations, however, this output offers another promising indicator 

of the usefulness of this method and basis set in kinetics calculations.
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Table 5. Rate constants for the reaction NH3 + •OH → •NH2 + H2O. Results are all in units of cm3 molecule-1 s-1 at 300 K. Experimental reference: 1.776 ± 0.4 x 10-13 

cm3 molecules-1 s-1 (20)

HF/STO-3G HF/6-

31G(d)

HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

TST 3.47E-011 1.17E-032 5.58E-032 5.02E-010 1.41E-008 1.95E-014 1.77E-013 6.67E-020 4.94E-018

CVT 3.47E-011 3.97E-033 5.57E-032 5.02E-010 1.41E-008 1.78E-014 1.08E-013 6.67E-020 4.87E-018

CVT/ZCT 3.47E-011 1.23E-026 8.11E-024 5.02E-010 1.41E-008 3.71E-014 2.05E-013 8.29E-019 2.09E-017

CVT/SCT 3.47E-011 6.42E-024 1.93E-022 5.02E-010 1.41E-008 5.84E-014 2.72E-013 9.03E-018 1.14E-016

ICVT 3.47E-011 3.97E-033 5.57E-032 5.02E-010 1.41E-008 1.78E-014 1.08E-013 6.67E-020 4.87E-018

ICVT/SCT 3.47E-011 6.47E-024 1.93E-022 5.02E-010 1.41E-008 5.85E-014 2.73E-013 9.06E-018 1.14E-016

Calculation 

Time

2 hr 47 min 24 min 41 min 1 hr 9 min 1 hr 54 min 1 hr 41 min 2 hr 30 min 1 hr 4 min 3 hr 24 min
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•CH3 + •CH3 → C2H6  

This calculation tested the variable reaction coordinate version of the POLYRATE 

program for barrierless condensation reactions. Gaussrate calculated the canonical, 

microcanonical, and the total energy and angular momentum resolved microcanonical 

theory rate constants. The same basis sets and theories were used once again for the 

purpose of benchmarking. The results of calculations on this reaction were problematic. 

For almost all levels of theory and basis sets employed, POLYRATE was either unable to 

calculate rate constants or produced non-sensical results. Many of the rates calculated 

were predicted to be infinitely fast or 0 for all temperatures depending on the transition 

state theory used. The only exception to this case was when a level of theory not used in 

any of the previous calculations was employed. The M05 basis set, part of the same suite 

of density functionals as the M05-2X hybrid functional, used in conjunction with a 6-

31G(d) basis set produced results identical to the experimental values.(20) When tested 

against a basis set of 6-311G(d,p), however, the same non-sensical results from before 

appeared. It was entirely unclear why this was the case as introduction of additional 

functions to describe the molecular valence orbitals should not produce results which 

differ so substantially from the smaller two basis set. This observation leads to the 

conclusion that the inaccuracies resulting from the VRC-VTST POLYRATE benchmark 

calculation may be due to an error in either the installation or execution of this program. 

This error may have been introduced during the installation process, as difficulty was 

encountered in the installation of the SPRNG 2.0 random number generator library 

required for the barrierless version of POLYRATE. The problems encountered during the 
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rate calculations on the barrierless condensation of ethane were disappointing considering 

the prevalence of barrierless processes in the interstellar medium. Rate constants for these 

types of reactions likely cannot be calculated using the means currently available to this 

lab.

The method and basis set tests on the reaction included in the Gaussrate test suite 

were useful for determining the combination of theory and basis set that is most likely to 

produce consistently accurate results in the least amount of time. Density functional 

theory using the M05-2X functional with a 6-311G(d,p) basis set consistently and 

accurately calculated rate constants for all of the reactions tested in the RP-VTST 

POLYRATE test suite. Due to the success of the M05-2X hybrid functional in calculating 

rate constants, its successor and theoretical improvement, the M06-2X hybrid functional, 

was employed in the calculation of the next reaction. Among the different transition state 

theories, no clear winner emerged among the different theories tested, but useful patterns 

were apparent. Of the transition state theories tested, the conventional TST rate constant 

was the most unreliable in predicting the rate constant. Theories which variationally 

optimized the dividing surface at the transition state and included tunneling constants 

achieved more accurate results across the board, suggesting that the CVT and ICVT 

methods with ZCT and SCT corrections should be included in further calculations. 

 As noted earlier, an error where rate constants did not vary between transition 

state theories in spite of tunneling corrections was encountered in the benchmark 

reactions with small activation energies. This error arose when the methods used 

underestimated the barrier height for the reaction causing POLYRATE to treat the
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Table 6. Rate constants for the barrierless reaction •CH3 + •CH3 → C2H6. Rates are reported were calculated at 500 K. The reference rate for this reaction is 4.35 x 10 -11 

cm3 molecule-1 s-1.(20)

HF/STO-3G HF/6-

31G(d)

HF/6-

311G(d,p)

B3LYP/6-

31G(d)

B3LYP/6-

311G(d,p)

M05/6-

31G(d)

M05-2X/6-

31G(d)

M05-2X/6-

311G(d,p)

MP2/6-

31G(d)

MP2/6-

311G(d,p)

CVT 1.41E-224 8.07E-190 7.79E-193 1.96E-197 4.12E-196 7.16E-011 2.07E-210 Infinity Infinity Infinity

mVT 0.00E+000 0.00E+000 0.00E+000 0.00E+000 0.00E+000 5.29E-011 0.00E+000 Infinity Infinity Infinity

mVT/LCT 0.00E+000 0.00E+000 0.00E+000 0.00E+000 0.00E+000 5.21E-011 0.00E+000 Infinity Infinity Infinity
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 reaction as if it were barrierless.  For reactions where a small barrier does exist, this issue 

was successfully addressed by calculating a more accurate potential energy surface. For 

truly barrierless reactions, however, this approach would not produce an accurate rate 

constant. POLYRATE is theoretically capable of calculating rate constants for barrierless 

radical condensation reactions. Radical condensation reactions are a specific subtype of 

barrierless reactions. POLYRATE's ability to only calculate rate constants for one type of 

barrierless reaction excludes many radical reactions from its scope, and given the poor 

results of the VRC-VTST benchmark calculation, it seems that rate constants for 

barrierless processes of any type cannot be accurately calculated using the POLYRATE-

2010-A kinetics program. Given the prevalence of radical chemistry in both the 

interstellar medium and atmosphere, this feature is a notable limitation of POLYRATE's 

ability to determine rates for relevant gas-phase processes. Barrierless reactions, however, 

have reverse reactions which by necessity have barriers. In order to investigate the degree 

to which POLYRATE is handicapped in calculating rates for barrierless processes, a 

calculation was attempted on the reverse rate constant for a barrierless reaction process. 

The reaction considered for this investigation is shown below.

•NO + Cl2 → NOCl + •Cl        (73)

The abstraction of chlorine from nitrosyl chloride by atomic chlorine possesses a 

negative activation energy of -1.046 kJ/mol.(21) The reverse process shown above, 

however, has a large activation energy of 55.7 kJ/mol.(22) Optimizations of the reactants 

and products were performed using the M05, M05-2X, and M06-2X levels of theory with 

6-31G(d) and 6-311G(d,p) basis sets. The reaction path was determined using the Euler 
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method with rate constants determined using conventional, canonical, and improved 

canonical transition state theory with small and zero curvature tunneling corrections. All 

but one of the calculations crashed without completing the full transition state theory 

calculations. The only calculation which did not crash was the one performed at the 

highest level of theory, M06-2X/6-311G(d,p). This calculation also managed to 

successfully calculate an activation energy for the reaction in agreement with the 

literature value, suggesting that the potential energy surface calculated was at least 

somewhat accurate. The rate coefficients, however, were over 1000 times faster that what 

would be expected. These results  suggest that, given an accurate enough level of theory, 

it is possible to calculate the potential energy surface successfully. The substantial 

overestimation of the rate constant is likely the result of the inability of the transition 

state theories employed in the POLYRATE-RP package to determine the rates for the 

reverse of barrierless reactions. This finding is not too surprising since the forward and 

reverse processes of any reaction share a transition state, though once again, the findings 

are disappointing. 
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Table 7. Results of the calculations for the •NO +Cl2 → NOCl + Cl reaction. The rate constants at 450 K is given to be 1.0 x 10-21 cm3 molecule-1 s-1 with an activation 

energy of 55.71 kJ mol-1. (21)

M05-2X/6-31G(d) M05-2X/6-

311G(d,p)

M05/6-31G(d) M05/6-311G(d,p) M06-2X/6-31G(d) M06-2X/6-

311G(d,p)

TST n/a n/a n/a 4.64E-014 n/a 6.35E-018

CVT n/a n/a n/a 4.64E-014 n/a 5.87E-018

CVT/ZCT n/a n/a n/a 4.64E-014 n/a 4.46E-018

CVT/SCT n/a n/a n/a 4.64E-014 n/a 4.46E-018

ICVT n/a n/a n/a 4.64E-014 n/a 5.87E-018

ICVT/SCT n/a n/a n/a 4.64E-014 n/a 5.87E-018

Calculation Time 30 min n/a n/a 8 hr 8 min n/a 9 hr 7 min

Activation Energy n/a n/a n/a 22.11 kJ/mol n/a 57.51 kJ/mol
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Chapter 4: Results

The benchmarking procedure from the previous chapter demonstrated that 

POLYRATE was capable of calculating reasonably accurate rate constants using the 

M05-2X/6-311G(d,p) level of theory for the potential energy surface in combination with 

variational transition state theory calculations with tunneling corrections. These 

calculations were performed on a number of reactions from the KIDA database which 

exhibited suspicious looking kinetic data. Due to the inability of POLYRATE to calculate 

barrierless processes, reactions were additionally selected for their likelihood of having a 

positive activation energy. This aspect of the reaction potential surface was gauged by 

examining the γ parameter of the Kooij equation for the data reported in the KIDA 

database. A large, positive γ should be associated with a significant activation energy 

based on the the Kooij equation's relationship with the Arrhenius expression. Four 

reactions were chosen from KIDA for calculation. The results of these calculations are 

presented below.

CO + •OH → CO2 + H

The reaction between carbon monoxide and hydroxide radical to produce carbon 

dioxide is quite important, as both CO and •OH are fairly abundant in the interstellar 

medium. KIDA suggested that the reaction had a small activation energy at 0.349 

kcal/mol.(8) An intrinsic reaction coordinate (IRC) calculation on the transition state 

structure for the reaction estimated a substantially higher barrier than this at 

approximately 21 kcal/mol (Figure 4). This suggests that the rate might be significantly 
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slower than reported in KIDA due to the very large difference in the barrier height. 

Another interesting aspect of this reaction is that the experimental data in the reference 

was only measured to temperatures as low as 80 K, while KIDA reported the reaction as 

valid down to 10 K.(8) The reference, however, specifically cautioned against 

extrapolation of the rate of the reaction below the measured values.(9) The combination of 

these factors suggested that the reaction would be a good candidate for POLYRATE 

calculation.             

Calculations of the TST, CVT, ICVT, and MUVT rate constants were performed 

with mOMT corrections at the M05-2X/6-311++G(d,p) level between 10 and 1500 K. 

The MUVT/mOMT data from these calculations were fit to the Kooij formula to obtain 

values for the three parameters, and this fit function (Figure 5) was plotted against values 

for the rate constant derived from the KIDA parameters. These data were plotted on both 

a linear and logarithmic scale to accentuate the differences between the high temperature 

and low temperature data respectively. The calculated data differ substantially from the 

KIDA data. Below approximately 100 K, a negative temperature dependence can be seen 

due to the influence of tunneling at lower temperatures. This finding conflicts with the 

KIDA data and is important to point out because processes such as this could 

substantially affect the interstellar chemistry. Above 800 K, the POLYRATE data begin to 

overtake the KIDA values, increasing exponentially while the KIDA rates level off. This 

is somewhat surprising given the difference in barrier heights. The data from KIDA listed 

a value of 0 for the Kooij β parameter. This would make the Kooij equation exactly the 

same as the Arrhenius expression due to the lack of temperature-dependence of the 
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prefactor. The POLYRATE data, however, predicted rates elevated relative to what would 

be expected from Arrhenius kinetics, so the Kooij equation may actually be a more useful 

model for this particular reaction. Examining the Kooij parameters derived from the 

POLYRATE fit turns up odd values however. The γ factor (Table 8) is negative, 

suggesting a negative activation energy for the reaction. This result is in direct 

contradiction to the IRC barrier calculated at the same level of theory as used for the 

POLYRATE potential energy surface and kinetics calculation. This points to the 

limitations of the Kooij equation in describing processes for which tunneling affects the 

rate substantially. Since the POLYRATE data exhibit non-Kooij type kinetics below 100 

K, forcing the data to fit a Kooij curve leads to strange parameters. Because of this, the 

parameters derived from the fitting the POLYRATE calculation would not make good 

substitutions for the values presently in KIDA. Ideally, a new equation should be 

developed which can account for tunneling at low temperatures when necessary. 

Formation of such an equation, however, is beyond the scope of this thesis. An alternative 

method for deriving parameters that could substitute for the values currently present in 

KIDA would be to separate the kinetic parameters for this reaction into two temperature 

ranges, based on the threshold temperature where the rate changes from a positive 

dependence on temperature to a negative dependence.

It is important to point out that the prediction of a negative temperature 

dependence of the rate constant at lower temperatures has been observed experimentally. 

CRESU experiments have been conducted where the rate constants of several reactions 

have been measured down to temperatures of 10 K, and in the case of the reaction •CN + 
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C2H6 → HCN + •C2H5, this same effect has been measured.(23) This data has been 

replicated both experimentally(24) and theoretically.(25) This effect has been explained as 

arising due to the presence of two transition states for the reaction. One transition state is 

a loosely-oriented structure which is coordinated by long-range interactions between the 

fragments and the other is a more tightly-oriented structure. The structure controlling the 

rate changes with temperature, the loose transition state being favored at lower 

temperatures due its lack of a barrier and the tight transition state at higher temperatures 

due to entropy considerations.(25)  The importance of tunneling is down-played, however, 

the authors of the study did mention that tunneling contributed to the rate increase. 

POLYRATE, however, performs transition state theory calculations on only one transition 

state. If POLYRATE can replicate the data from one of the CRESU experiments where 

this effect was observed, it could mean that there is an alternative model to explain the 

negative-temperature dependence of certain reactions at low temperatures in terms of 

tunneling. 
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Figure 4. The M05-2X/6-311++G(d,p) intrinsic reaction coordinate  and transition state for the CO + •OH 

→ CO2 + H reaction. The reaction coordinate is given in Bohrs.        

   

Figure 5. Plots of the POLYRATE data fit to the Kooij equation versus the KIDA data for the reaction CO + 

•OH → CO2 + H. The graph on the left shows the two data sets plotted on a logarithmic scale and the graph 

on the right shows the data sets on a linear scale.                                     
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Table 8. KIDA and POLYRATE Kooij parameters for the reaction CO + •OH → CO2 + H

Parameter Calculated (MUVT/mOMT) KIDA

α (cm3molecule-1s-1) 1.87E-014 2.81E-013

β 2.45 0

γ (K) -102 176

Rate Constant @ 100 K 5.19E-014 4.83E-014

Temperature Range (K) 10 K – 1500 K 10 K - 280 K

•HCO + CH4 → H2CO + •CH3

The next reaction investigated with POLYRATE was the abstraction of hydrogen 

from methane by formyl radical to form formaldehyde. The rate constant in KIDA was 

based on an estimate derived from the reverse process as there were no experimental 

measurements for the reaction.(26) The activation energy calculated from the KIDA 

parameters was found to be 22.44 kcal/mol.(8) From IRC calculations, the activation 

energy was found to be roughly 6 kcal/mol (Figure 6). The significant difference in 

estimated barrier heights should result in very different values for the rate constant.

The ICVT/mOMT rate constants for the reaction were calculated and plotted next 

to the KIDA predictions for comparison (Figure 7). For this reaction, tunneling is not 

predicted to induce a significant negative temperature dependence at low temperatures. 

This is due to the large size of the reactants relative to hydrogen. The tunneling 

probability is decided by the reduced mass of atoms moving along the reaction 

coordinate. Depending on the nature of the transition state for these hydrogen transfer 

reactions, there can be a large amount of mass or a small amount. For this reaction, 
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motion along the reaction coordinate includes motion of one or more of the carbon atoms 

as well as hydrogen, so the effect of tunneling is greatly dampened. 

Figure 6. IRC calculation and transition state of the •HCO + CH4 → H2CO + •CH3 reaction coordinate.

Since tunneling was not predicted to be important for this reaction, the calculated 

rate constants were fairly similar to the KIDA values. This result was somewhat 

surprising considering the difference between the KIDA and calculated activation 

energies, however, POLYRATE reoptimizes the transition state structure before 

performing rate constant calculations using a slightly different approach than was used to 

calculate the IRC energies. It is possible that, in this instance, the IRC activation energy 

was underestimated, and the reoptimized transition state converged to an energy more 

similar to what was given in KIDA. The similarity in the γ Kooij parameters between the 

best fit and KIDA  values support this suggestion. The α and β parameters for this 

reaction expose an interesting phenomena that comes from using the Kooij equation. 
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From the plots of the calculated and KIDA data (Figure 7), it is easy to see the similarity 

between the two data sets. The α and β parameters, however, are quite different from each 

other. The fact that the two different sets adequately describe the same data implies that it 

is probably best not to ascribe too much physical significance to the β parameters as 

discussed earlier.

Figure 7. Plots of the Kooij-fit POLYRATE and KIDA data for the reaction •HCO + CH4 → H2CO + •CH3. 

The graph on the left shows the logarithmic scale plot and the graph on the right the linear.

Table 9. Kinetic parameters from the POLYRATE data and KIDA for the reaction •HCO + CH4 → H2CO + 

•CH3

Parameters Calculated (ICVT/mOMT) KIDA

α (cm3molecule-1s-1) 1.69E-015 1.39E-013

β 4.97 2.85

γ (K) 11094 11300

Rate Constant @ 100 K 5.12E-066 5.10E-064

Temperature Range 100 K -1500 K 50 K – 200 K

H2 + •NH2 → H + NH3

The next reaction studied using POLYRATE was the exchange of hydrogen from 
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molecular hydrogen to amidogen. This reaction was chosen because KIDA gave two 

conflicting values for the rate constant. References were supplied for each of the 

conflicting data sets. The first reference measured the rate constant for the reaction 

between 300 and 520 K.(27) The second reference listed rate constants for a number of 

reactions, a few of which pertained to interstellar nitrogen chemistry, but the above 

reaction was not in the reference.(28) The existence of conflicting sets of data in addition to 

the suspect reference made this reaction a good candidate for calculation. Calculation of 

the reaction coordinate (Figure 8) suggested that the reaction should have a barrier of 

approximately 9 kcal/mol. The two sets of KIDA data predicted barriers of 7.2 and 8.5 

kcal/mol.(8) 

Figure 8.  IRC calculation results and transition state of the H2 + •NH2 → H + NH3  reaction coordinate. 

Calculation of the MUVT/mOMT rate constant with tunneling corrections 

produced results which predicted that the rate was between the two sets provided by 

KIDA (for temperatures above room temperature). Below 100 K, however, the influence 
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of tunneling can be seen in the POLYRATE data. While tunneling in this case is less 

pronounced than in the carbon dioxide formation reaction, a negative rate dependence on 

temperature is noticeable in the logarithmic plot of the data (Figure 9). The best fit of the 

POLYRATE data with the Kooij equation did a poor job of predicting these points, and, 

as such the Kooij fit parameters (Table 10) do not seems as unusual as in the reaction of 

CO and •OH, where tunneling was predicted to be important. The influence of tunneling 

on the Kooij fit, however, can be seen when comparing the γ factors for the three data 

sets. The γ parameter for the fit to the POLYRATE data is the lowest of the three, 

suggesting that it would have the lowest barrier height. This in contrast to the barrier of 9 

kcal/mol calculated from the IRC calculation, which is greater than either the 7.2 

kcal/mol or 8.5 kcal/mol barrier from KIDA. This finding again points out the limitations 

of the Kooij formula in describing processes in which the tunneling significantly affects 

the rate. 

Figure 9. Plots of the Kooij-fit POLYRATE data and KIDA data for the reaction H2 + •NH2 → H + NH3. 

The left graph shows the logarithmic scale plot and the right the linear scale. 
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Table 10. Kinetic parameters for the Kooij fit and the KIDA data for the reaction H2 + •NH2 → H + NH3

Parameter Calculated 
(MUVT/mOMT)

KIDA #1 KIDA #2

α (cm3molecule-1s-1) 2.12E-014 1.76E-013 2.09E-012

β 2.83 2.23 0

γ (K) 2780 3610 4280

Rate Constant @ 
100 K

1.36E-021 3.19E-030 2.64E-031

Temperature Range 30 K – 1500 K 10 K – 280 K 50 K – 200 K

•C2H3 + CH3OH → C2H4 + •CH2OH

The abstraction of an alkyl hydrogen from methanol by vinyl radical to produce 

ethylene and hydroxymethyl radical was another process measured by POLYRATE. The 

reaction was chosen for calculation based on the fact that it shared the same data as the 

reaction of methylene and methanol in KIDA. The γ parameter suggested that the 

activation energy was 7.17 kcal/mol.(8) An IRC calculation of the reaction surface (Figure 

10) determined a barrier of roughly 6 kcal/mol. Investigation of the reference data 

revealed that the kinetic parameters were based on estimates from a different hydrogen 

abstraction process, which may or may not be accurate.(29) Since it seemed unlikely that 

this reaction, the different one from the reference, and the reaction between methylene 

and methanol all had the same value for their rate constants, this reaction was a good 

candidate for calculation.
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Figure 10. IRC calculation results and transition state for the reaction between vinyl radical and methanol.

The same calculations used to study the previous reactions were performed for 

this one. Due to difficulties encountered with the POLYRATE program, the 

ICVT/mOMT rate constant was used for analysis and comparison. The calculated data 

were fit to the Kooij equation and plotted along with the KIDA data. Plots were made on 

a logarithmic and a linear scale (Figure 11) to accentuate differences across the calculated 

temperatures. The greatest difference between the best fit and KIDA was a few orders of 

magnitude in the 100 – 200 K temperature region (Table 11). When considered in terms 

of percent error, this discrepancy is huge, but typical uncertainties in astronomical data 

are on the order of a few orders of magnitude, and so these values are not actually that 

different in practice. Other than this region, the data sets agree fairly well with each other, 

so it seems that the data provided by KIDA can be considered to be a good estimate for 

this rate. However, the reaction between methylene and methanol which had the same 
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data as this reaction in KIDA is still suspect.

Figure 11. Plots of the Kooij-fit POLYRATE and KIDA data for the reaction •C2H3 + CH3OH → C2H4 + 

•CH2OH. The graph on the left shows the data sets on a logarithmic scale while the graph on the right 

shows a linear scale. 

Table 11. Kinetic parameters for the Kooij fit and KIDA data for the reaction •C2H3 + CH3OH → C2H4 + 

•CH2OH

Parameter Calculated (ICVT/mOMT) KIDA

α (cm3molecule-1s-1) 1.18E-015 4.47E-015

β 3.41 3.2

γ (K) 1988 3610

Rate Constant @ 100 K 1.80E-027 2.79E-032

Temperature Range 50 K – 1500 K 50 K – 200 K

All of the rate constants calculated from POLYRATE are highly dependent on the 

accuracy of the potential energy surfaces calculated by Gaussian. While the M05-2X 

method is a good choice for kinetics calculations due to its accuracy in calculating barrier 

heights, there are higher-level, more accurate methods of ab initio calculations that may 

produce more accurate rate constants. The drawback to using a higher level of theory to
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 calculate the potential energy surface is that the calculation time increases radically as 

the accuracy of the method is increased. Since many of these calculations took more than 

12 hours to complete with DFT methods, the use of higher-level methods, such as the 

coupled cluster method, could possibly take days to weeks to complete depending on the 

difficulty of the calculation. In any case, the present results indicate that many of the 

unreviewed rates in KIDA warrant further review, especially for reactions where 

tunneling might be important. Figure 12 provides a look into just how large of a 

difference tunneling can make in the low temperature region. The plots of the tunneling 

factors for the two reactions demonstrating a negative temperature dependence show that, 

below approximately 250 K, the importance of tunneling begins to increase 

exponentially. The exponential effect is even more striking considering that the tunneling 

factors are plotted on a logarithmic scale. At 10 K for CO + •OH → CO2 + H, the 

tunneling factor increases the rate by 84 orders of magnitude, making a process which 

would otherwise be too slow to occur at such low temperatures suddenly feasible. For 

reactions with negative temperature dependencies below 300 K, higher level calculations 

of the rate constants should be performed. This is critical because this is precisely the 

class of reactions that will be most important for gas-phase interstellar chemistry, and no 

model currently exists which directly incorporates tunneling into astrochemical models.

71



Figure 12. Plots of the tunneling factors for CO + •OH → CO2 + H (left) and H2 + •NH2 → H + NH3 (right) 

with their transition state structures. The solid black line represents the line where the tunneling corrections 

equal 1 (ie. tunneling is not important and does not increase the rate).
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Chapter 5: Conclusion

The rate constants of four reactions from the Kinetic Database for Astrochemistry 

were calculated using the POLYRATE kinetics program and the Gaussian 09 structure 

modeling software. The calculated rate constants were compared to the rate constants 

given in KIDA to gauge the accuracy of the values in the database and to investigate the 

effects of tunneling on the rates. For two of the reactions, tunneling was found to have a 

significant effect on the rate constants at low temperatures. The MUVT/mOMT rate 

constants for the reaction CO + •OH → CO2 + H showed that for temperatures below 

approximately 300 K, a negative temperature dependence is expected to occur.   This 

same phenomena was observed to a lesser degree in the reaction H2 + •NH2 → H + NH3.  

The prediction of large tunneling factors for these reactions is quite significant. The 

negative temperature dependence of rate constants below 300 K is the result of the 

substantial increase in the tunneling rate as temperature decreases. The tunneling rates 

increase exponentially on a log scale, approaching values as large as 1080 around 10 K for 

the CO + •OH reaction. Scale factors this large are capable of overcoming the decrease in 

the classical rate at such low temperatures. Since many of the kinetic astrochemical 

models in existence predict the evolution of interstellar clouds at temperatures as low as 

10 K, processes where tunneling can substantially increase the rate could be very 

important in describing cloud chemistry. The KIDA models do not presently account for 

the effects of tunneling on any reaction. The prediction of significant tunneling effects for 

the two processes suggests that for these, and likely many other reactions, the rate 

constants reported in KIDA are inaccurate, and as such, will not predict accurate 
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chemical abundances. 

In addition to the predicted tunneling factors, for the same two reactions, the 

Kooij/Arrhenius portions (> 300 K) of the rate constant data were predicted to be 

different from the KIDA values. The calculated rate constants differed substantially from 

the KIDA data in this region for the  CO + •OH reaction, as well as for the H2 + •NH2 → 

H + NH3 reaction. The •C2H3 + CH3OH → C2H4 + •CH2OH and •HCO + CH4 → H2CO + 

•CH3 reactions did not exhibit this difference to the same degree. The calculated data for 

these two reactions differed from the KIDA values by a few orders of magnitude at most. 

The uncertainties present on observed chemical abundances, however, are of the same 

magnitude, so these error margins are acceptable for the purposes of kinetic models of the 

interstellar medium. Still though, the fact that differences larger than a few orders of 

magnitude were observed between the Kooij portions of the rate constants is a 

compelling reason to investigate some of the rates in KIDA more deeply.

To further improve the quality of these kinetic models, more rate constants should 

be calculated for reactions in KIDA with suspicious data. Rate constants for a large 

number of reactions in the database should be calculated to begin to develop an estimate 

of the fraction of processes in which tunneling factors could have a significant effect. So 

far, fourteen additional reactions (Figure 13) have been identified which would make 

good candidates for calculation. In addition to gauging the breadth of reactions tunneling 

might affect, the accuracy of the tunneling factors should also be addressed. 

Determination of accurate rate coefficients and tunneling factors require highly accurate 

potential energy surfaces. Since higher levels of theory than used in this work exist, 
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recalculations of the rate constants for the CO + •OH and H2 + •NH2 → H + NH3 

reactions should be performed at higher levels to see how the rates differ. Also, reactions 

for which negative temperature dependences have been observed using CRESU kinetics 

experiments should be cross-checked with these higher level calculations in order to 

discern how close the calculated tunneling rates come to experimental values. Finally, 

effort should be put forth to incorporate the rate constants calculated here into KIDA to 

improve the accuracy of its chemical abundance predictions.

Figure 13. Fourteen reactions selected from KIDA to be investigated for future study. For each reaction, the 

left column represents the reactants and the right column the products.
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Glossary

TST- Transition state theory. 

CVT – Canonical variational transition state theory. 

ICVT – Improved canonical variaitonal transition state theory. 

MUVT or mVT – Microcanonical variational transition state theory. 

ZCT – Zero-curvature tunneling. 

SCT – Small-curvature tunneling.  

LCT – Large-curvature tunneling. A multi-dimensional tunneling method used to 

determine the tunneling probability for potential energy surfaces with a large curvature.

mOMT – micorcanonical optimized multi-dimensional tunneling.  

HF – Hartree-Fock theory.  

B3LYP – A density functional method using the B3LYP functional.  

M05-2X – A density functional method using the M05-2X functional.  

M06-2X – Successor of the M06-2X density functional.  

MP2 – Second order Møller-Plesset perturbation theory. 

ISM – Interstellar medium

IRC – Intrinisic reaction coordinate calculation. A calculation of the reaction coordinate 

based on knowledge of the transition state. 

KIDA – Kinetic Database for Astrochemistry. An astrochemical kinetic modelling 

program.
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