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 Kinetic modeling of gas-phase reaction systems has improved enormously due to 

rapid advances in computational technology in the last decade. It becomes a powerful 

tool to understand complex chemical systems in a broad range of areas, including 

combustion, fire suppression, chemical vapor deposition (CVD) and atmospheric 

chemistry. Reliable thermochemical and kinetic data is required to incorporate accurate 

description of chemical reactions into kinetic models. However, this data may not be 

experimentally available due to some experimental limitations. In this connection, 

calculating these thermochemical constants and reaction rate coefficients in an ab initio 

manner has the advantage of not being restricted by any experimental conditions. 

However, the relationship between various levels of approximation in ab initio, density 
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functional theory (DFT) and transition state theory (TST) is complicated and it is 

difficult to make the appropriate choices of levels of approximation in each of these 

areas in calculations. 

 The aim of this work is to investigate the effects of different levels of ab initio, 

DFT and TST calculations on computed reaction rate coefficients, in order to ultimately 

establish a consistent, reliable and practical methodology for calculating reaction rate 

coefficients in an ab initio manner for the development of a reliably computed 

thermochemical and kinetic database, which complements available experimental 

databases, for kinetic modeling. 

State-of-the-art quantum chemical calculations were performed at different levels 

of theory to obtain reaction enthalpies, barrier heights, rate coefficients and branching 

ratios (if applicable) for the gas-phase reactions of importance in fire suppression, thin 

film preparation in the electronics industry and atmospheric chemistry. The three 

gas-phase reactions being presented in this work are (i) the reaction between hydrogen 

atom and a Halon-alternative fire suppression agent, heptafluoropropane (FM 200), (ii) 

the decomposition reactions of a feed gas, hexafluoropropylene oxide (HFPO), utilized 

in CVD for thin film preparation in the electronics industry and (iii) the Cl-initiated 

oxidation of formic acid (HCOOH). In particular, the effects of basis set size, the 

lower-level geometry and the complete basis set (CBS) extrapolation scheme on 

computed relative energies, the variational, tunneling and classical adiabatic 

ground-state (CAG) effects on computed rate coefficients, and the correlation of 

computed rate coefficients obtained at different TST levels with some computed critical 
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quantities of the minimum energy paths (MEPs) were examined. Although no single 

level considered in this work gives good agreement with the theoretical benchmarks for 

all relevant stationary points of all the gas-phase reactions being studied, the 

BH&HLYP, MPW1PW91 and BMK functionals are recommended for reliable rate 

coefficients because of their good performance in reaction rate coefficient calculations. 

It was found that variational effect depends on both the barrier height of the classical 

potential energy (VMEP) curve, and the shape and position of the dip in the zero-point 

energy difference (∆ZPE) curve. The results also showed that multidimensional 

tunneling effects depend on both the barrier height and the imaginary vibrational 

frequency of the transition state, and CAG corrections at the TST level are similar to the 

variational effects at the canonical variational transition state theory (CVT) level. 

This work not only improves the understanding of the reaction mechanisms and the 

kinetics of the gas-phase reactions being studied, but also provides valuable data for 

building up a high-level ab initio thermodynamic and kinetic database on these 

reactions, and makes progress in calculating reliable reaction rate coefficients in an ab 

initio manner. 
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Chapter 1 
 
Introduction 
 
1.1 Background and Objectives 

The importance of kinetic modeling in understanding, and ultimately, calculating 

reaction rate coefficients for complex chemical systems, for example, in combustion, 

chemical vapor deposition (CVD), fire suppression and atmospheric chemistry, has 

been well recognized for over 50 years.1 Reliable thermochemical constants and 

reaction rate coefficients are required for the success of kinetic modeling and these data, 

however, may not be always available experimentally due to experimental limitations. 

For instance, difficulties may be experienced in detecting short-lived reactive species 

(e.g. those produced or consumed in reactions in flames or plasmas) or only a limited 

temperature range may be available from a certain experimental technique used in a 

kinetic study (e.g. a shock-tube experiment carried out on CF3CHFCF3 + H covered the 

temperature range of ca. 1000-1200 K2). Consequently, as has been pointed out,3 

currently available rate coefficients often suffer from significant uncertainties and poor 

applicability over a wide range of operating conditions.4 In view of these experimental 

deficiencies, alternative ways of obtaining reliable thermochemical and kinetic values 

via purely theoretical means have been investigated.1,5,6 Specifically, potential energy 

surfaces (PESs) from quantum chemical calculations can be utilized to obtain 

thermodynamic data and be used to compute rate coefficients for reactions of practical 

interest. Calculating thermochemical constants and/or reaction rate coefficients in an ab 
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initio manner (i.e. from first principles without any need of empirical parameters) has 

the obvious advantage of not being restricted by any experimental conditions. This 

means that highly reactive species can be dealt with, and wide ranges of temperature 

and pressure can be covered. Also, thermochemical and kinetic values can be computed 

at a consistent level of accuracy. In addition, as a result of rapid advances in 

computational technology in the last decade, computational chemists can now carry out 

quantum chemical and transition state theory (TST) calculations at a higher level than 

previously possible. Also, in relation to reaction kinetics, there have been considerable 

efforts in recent research in ab initio7-13 and density functional theory (DFT)14-19 

methods aiming to calculate reliable reaction barriers, and in TST to calculate accurate 

reaction rate coefficients.20-22 These efforts have led to recent calculations of highly 

accurate reaction rate coefficients by employing ab initio and/or DFT reaction paths or 

energy surfaces, and TST of various degrees of sophistication.23-26 

However, there are various levels of approximation in each area of ab initio, 

density functional and transition state theories. Shown in Figure 1.1 is a schematic 

diagram of different levels of theory in ab initio, DFT and TST calculations. The issues 

of electron correlation and basis set size are considered in computing PES by ab 

initio/DFT methods. Electron correlation can be taken into account in both 

wavefunction methods, such as second-order Møller-Plesset perturbation theory (MP2), 

coupled-cluster singles and doubles (CCSD) and coupled-cluster singles and doubles 

with perturbative triples {CCSD(T)} methods, and DFT methods using different density 

functionals. In addition, basis set extrapolation of computed electronic energies to the 

complete basis set (CBS) limit is usually carried out for correlation-consistent basis sets 

in order to obtain highly accurate PES within relatively acceptable computational efforts, 

and several extrapolation schemes are available.27-32 Meanwhile, reaction rate 

coefficients can be calculated at various TST levels, such as conventional transition 
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state theory (CTST), canonical variational transition state theory (CVT) and improved 

canonical variational transition state theory (ICVT), with different tunneling corrections 

including Wigner, zero-curvature tunneling (ZCT), small-curvature tunneling (SCT) and 

classical adiabatic ground-state (CAG) corrections. 

 

 
Figure 1.1 A schematic diagram of different levels of theory in ab initio, DFT and TST calculations. 

 

The interrelationship between different levels of theory in ab initio, DFT and TST 

calculations is complex, and so making the appropriate choices of levels of 

approximation in each of these areas in relevant calculations is nontrivial. In this 

connection, this work aims to investigate the effects of different levels of ab initio, DFT 

and TST calculations on computed reaction rate coefficients, in order to ultimately 

establish a consistent, reliable and practical methodology for calculating reaction rate 

coefficients in an ab initio manner for the development of a reliably computed 
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thermochemical and kinetic database, which complements available experimental 

databases, for kinetic modeling. Calculating accurate and reliable reaction rate 

coefficients is not straightforward and univocal for all kinds of gas-phase reactions, and 

therefore, three reaction case studies, which are of great importance in different 

scientific fields including fire suppression, CVD and atmospheric chemistry, have been 

carried out in this work to enable the investigations on different types of gas-phase 

reactions. Through these reaction case studies, this work also aims to obtain a better 

understanding of the reaction mechanisms and the kinetics of the gas-phase reactions, 

and to contribute the accurately and reliably computed reaction enthalpies, barrier 

heights and rate coefficients to the building up of a high-level ab initio thermodynamic 

and kinetic database on these reactions for which experimental data is not available. 

In this work, state-of-the-art ab initio and DFT calculations were performed to 

obtain reaction enthalpies and barrier heights while direct dynamic calculations were 

performed to obtain reaction rate coefficients and branching ratios, if applicable, at 

different temperatures for each of the gas-phase reactions being studied. The computed 

rate coefficients were then compared with the experimental values in the literature, if 

available. Next, the interrelationship between various levels of ab initio, DFT and TST 

calculations on computed reaction rate coefficients were investigated comprehensively. 

In particular, the effects of basis set size, the lower-level geometry and the CBS 

extrapolation scheme on computed relative energies, the variational, tunneling and CAG 

effects on computed rate coefficients, and the correlation of computed rate coefficients 

obtained at different TST levels with some computed critical quantities of the minimum 

energy paths (MEPs) were examined. 
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1.2 Outline of the Thesis 

The structure of the thesis is summarized as follows. The basic principles of the 

electronic structure methods and computational algorithms used in the ab initio and 

DFT calculations in this work are described in Chapter 2, while various transition state 

theories (TSTs) and quantum mechanical tunneling methods applied in direct dynamics 

calculations of reaction rate coefficients are described in Chapter 3. Three reaction case 

studies are then presented from Chapters 4 to 6. The results of the reaction between 

hydrogen atom and a Halon-alternative fire suppression agent, heptafluoropropane (FM 

200), are presented and discussed in Chapter 4. This is followed by Chapter 5 that 

presents and discusses the results of the decomposition reactions of a feed gas, 

hexafluoropropylene oxide (HFPO), utilized in CVD for thin film preparation in the 

electronics industry. The results of the atmospherically important Cl-initiated oxidation 

of formic acid (HCOOH) are presented and discussed in Chapter 6. Finally, the 

conclusions of this work are given in Chapter 7. 
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Chapter 2 
 
Electronic Structure Methods 
 
2.1 The Schrödinger Equation 

 In quantum mechanics, wave-particle duality of particle is observed at atomic level. 

Microscopic particles like electrons and protons behave as waves or particles. The 

motion of a particle can be described by a wavefunction Ψ, which is a mathematical 

representation of a particle wave. The square of the wavefunction, Ψ2, represents the 

probability density of the particle within certain space. By solving the Schrödinger 

equation, the total energy and the wavefunction of a system can be determined. 

  (2.1) 

where  is the total Hamiltonian operator and E is the total energy of the system. The 

total Hamiltonian operator includes the kinetic and potential energies of the nuclei and 

electrons and can be expressed as 

 
 (2.2) 

where TN, Te, VNe, Vee and VNN refer to the nuclear kinetic energy, electronic kinetic 

energy, nuclear-electronic potential energy, electronic-electronic potential energy and 

nuclear-nuclear potential energy respectively. However, the Schrödinger equation 

cannot be solved exactly for molecular systems. Once more than one electron is 

involved, the Schrödinger equation will involve some electron-electron interaction 

terms which make the equation analytically insolvable. Hence, further approximations 

are required to obtain approximate solutions of the Schrödinger equation and they will 

ĤΨ = EΨ

Ĥ

Ĥ =TN +Te +VNe +Vee +VNN
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be introduced and discussed in the following sections of this chapter. 

 

2.2 The Born-Oppenheimer Approximation 

One of the approximations to simplify the problems raised in molecular system is 

the separation of the nuclear and electronic motions in the Born-Oppenheimer 

approximation.1 The mass of a hydrogen nucleus is about 1800 times of that of an 

electron and so nuclei move much more slowly than electrons do in molecular systems. 

Thus, from the perspective of electrons, it can be assumed that the nuclei are stationary. 

The nuclear kinetic energy term TN in equation (2.2) can be regarded as zero and the 

electronic Schrödinger equation is 

  (2.3) 

where Ψelec is the electronic wavefunction which depends on both the electronic 

coordinates r and nuclear coordinates R, Eeff(R) is the eigenvalue of the electronic 

Schrödinger equation called the effective electronic energy which depends on the 

nuclear coordinates R only and  is the electronic Hamiltonian which accounts for 

the electronic motions under the field of fixed nuclei and it depends only on the nuclear 

positions. The electronic Hamiltonian  can be written as 

 
 

 
(2.4) 

 
 

 
(2.5) 

where n and N are the numbers of electron and nucleus respectively, ZA is the atomic 

number, i and j represent electrons, A and B represent nuclei, riA is the distance between 

electron i and nucleus A, rij is the distance between electron i and electron j, RAB is the 

distance between nuclei A and B, and  is the Laplacian operator which has the form 

Ĥ elecΨelec (r,R) = Eeff (R)Ψelec (r,R)

Ĥ elec

Ĥ elec

Ĥ elec =Te +VNe +Vee +VNN

Ĥ elec  = − 1
2
∇i

2

i=1

n

∑ −
ZA
riA
+

1
rijj>i

n

∑ +
ZAZB
RABB>A

N

∑
A

N

∑
i

n

∑
A

N

∑
i

n

∑

∇2
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(2.6) 

where x, y and z are Cartesian coordinates specific to each particle. The nuclear-nuclear 

repulsion term in equation (2.5) is constant for a given set of fixed nuclear coordinates 

and electronic wavefunctions do not vary with constant terms in the electronic 

Hamiltonian. Therefore, practically, the pure electronic energy is obtained by solving 

equation (2.3) without the nuclear-nuclear repulsion term included, which is then added 

to the eigenvalue in order to obtain Eeff(R). The Born-Oppenheimer approximation leads 

to the concept of potential energy surface (PES) which is defined as the surface of 

electronic energy as a function of nuclear coordinates of a molecule. PES is a central 

concept in computational chemistry as it involves the concept of equilibrium and TS 

geometries and it will be discussed in detail in Section 2.8.1. 

 

2.3 The Molecular Orbital (MO) Approximation 

In Hartree-Fock (HF) theory, electrons are assumed to move independently of each 

other and each electron feels the averaged field of all other electrons. The molecular 

orbital (MO) of a single electron can be expressed in the form of ψ(x,y,z), which is a 

function of the Cartesian coordinates x, y and z of the electron. The electron can be 

described more completely with the inclusion of spin function α or β with α=+1/2 and 

β=-1/2. The complete wavefunction of a single electron is defined as the product of a 

molecular orbital and a spin function, ψ(x,y,z)α or ψ(x,y,z)β. This wavefunction is called 

spin orbital or one-electron wavefunction because each of which is dependent of the 

coordinates of only one-electron. By molecular orbital (MO) approximation, the 

many-electron wavefunction in an n-electron system can be expressed as a product of 

one-electron wavefunctions called Hartree product. 

∇i
2 =

∂2

∂xi
2
+
∂2

∂yi
2
+
∂2

∂zi
2
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 (2.7) 

where n is the total number of electron in the molecule and χi is the spin orbital of the ith 

electron with i = 1,2,…,n. According to Pauli exclusion principle,2 it is impossible for a 

molecular orbital to be occupied by two electrons of the same spin. Since electrons are 

fermions, upon the exchange of any two electrons, the total wavefunction must be 

antisymmetric. This antisymmetry condition can be achieved by writing the n-electron 

wavefunction in the form of a determinant, called a Slater determinant (SD). 

 

 (2.8) 

where n is the total number of electron in the molecule, is the normalization factor 

and χi is a spin orbital. When any two electrons are interchanged, their corresponding 

rows in the determinant also exchange and this changes the sign of the determinant. 

Hence, the wavefunction expressed in the form of determinant shows the antisymmetric 

property and automatically fulfills the Pauli exclusion principle of fermions. 

 

2.4 Basis Sets 

 Basis set is a set of mathematical functions, called basis functions, which are 

combined in linear combinations to construct the total electronic wavefunction in 

theoretical calculations. A larger basis set would give more accurate results but requires 

higher computational cost, so a balance should be made between the accuracy and the 

computational cost when selecting basis set. In this section, the linear combination of 

atomic orbitals (LCAO) approximation, which is used to construct a MO, will be 

introduced and discussed. 

Ψ(1,2,…,n) = χ1(1)χ2 (2)χn (n)

Ψ(1, 2,...,n) = 1
n!

χ1(1) χ2 (1)  χn (1)
χ1(2) χ2 (2)  χn (2)
   

χ1(n) χ2 (n)  χn (n)

1
n!
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2.4.1 The Linear Combination of Atomic Orbitals (LCAO) 

Approximation 

In the LCAO approximation, the molecular orbital  is expressed as a linear 

combination of N prescribed one-electron functions. 

 
 (2.9) 

where cµi is the molecular orbital coefficient and  is an one-electron function called 

basis function which is typically referred to as the atomic orbital of the constituting 

atom. Slater-type orbitals (STOs)3 and Gaussian-type orbitals (GTOs)4 are two widely 

used basis functions. For STOs, they are in the form of 

 
 (2.10) 

where N is the normalization constant, n, l and m are the principal, angular and magnetic 

quantum numbers respectively, Yl,m is the spherical harmonics function, r is the distance 

between the electron and the atomic nucleus and ζ is a constant called orbital exponent 

which controls the spatial extent of the orbital. STO give reasonable representations of 

atomic orbitals because it has a cusp at the nucleus and decreases exponentially with r. 

However, they introduce integrals that are difficult to be evaluated analytically and 

some numerical methods, which are time-consuming, may be needed in order to solve 

the integrals. Therefore, the use of STOs in molecular orbital calculations has been 

limited. In 1950, Boys4 proposed the GTO, which is an alternative to STO and has an 

expression of 

 
 (2.11) 

where x, y and z are position coordinates measured from the nucleus of the atom, i, j and 

k are non-negative integers, α is the orbital exponent and N and r are defined the same 

ψi

ψi = cµiφµ
µ=1

N

∑

φµ

φ = NYl ,mr
n−1e−ζr

g(α,r) = Nxi y j zke−αr
2
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as in equation (2.10). When i, j and k are all 0, the GTO is spherically symmetric and is 

called s-type GTO. When one of the indice is 1, the GTO is axially symmetric about a 

single Cartesian coordinate and is called p-type GTO. There are three possible choices 

for which the index is 1 and this corresponds to the px, py and pz orbitals. When the sum 

of the index is equal to 2, the Gaussian function is called d-type GTO. The six possible 

combinations for which the sum of the index is equal to 2 correspond to the x2, y2, z2, xy, 

xz and yz orbitals. Comparing to STOs, the representations of atomic orbitals by GTOs 

are less satisfactory because the GTO does not have a cusp at the nucleus and its decay 

is exponential in r2, where the amplitude reduces too rapidly with the distance from the 

nucleus, while the decay of a hydrogenic atomic orbital is radial and exponential in r. 

However, GTOs is more convenient than STOs from the viewpoint of computation 

because the product of two GTOs is able to be expressed as another GTO and this 

provides easy and fast evaluations of integrals. Therefore, the use of GTOs dominates 

over STOs in molecular orbital calculations. The loss in accuracy can be compensated 

by using more GTOs to approximate a STO through a linear combination of GTOs. 

  (2.12) 

where  is the contracted Gaussian, dµs is the contraction coefficient and gs is the 

primitive Gaussian. The total number of primitive Gaussians used in a contracted 

Gaussian is termed the degree of contraction. The higher degree of contraction of a 

basis function, the more accurately it can reproduce a STO. 

There are numerous categories of basis set such as minimal basis sets, split-valence 

basis sets, polarized basis sets and diffuse basis sets. In minimal basis sets, minimum 

number of basis functions required to contain all electrons in an atom are used. A 

typical example of minimal basis sets is STO-nG in which n primitive Gaussians are 

used to approximate one STO. For example, in STO-3G, three primitive Gaussians are 

φµ = dµsgs
s
∑

φµ
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fitted to simulate an STO.5 Although STO-3G gives a good approximation to an atomic 

orbital, it is inadequate to describe non-spherical electron distribution in molecules. The 

STO-3G basis set belongs to single-ζ basis set in which only one basis function is used 

to describe each atomic orbital. In split-valence basis sets, a single basis function is used 

to represent each core orbital while more than one basis function is allowed to represent 

each valence orbital. It is common to denote the split-valence basis sets in the form of 

M-ijk…G, where M is the degree of contraction of the single basis function per core 

orbital, the number of digit after the hyphen refers to the number of basis functions used 

to represent each valence orbital and the value of each digit in ijk… refers to the degree 

of contraction of each valence basis function. A typical example of valence-double-ζ 

basis set is 6-31G, in which six Gaussian functions are used to represent each core 

orbital while each valence orbital is described by two basis functions with a degree of 

contraction of three and one respectively.6 Additional functions with higher angular 

momentum, called polarization functions, are used to allow a shift of the center of an 

orbital away from the position of the nucleus (i.e. higher angular flexibility). These 

polarization functions can be indicated by the notations ‘*’ and ‘**’, where ‘*’ implies 

an addition of one set of d functions to polarize the p functions for heavy atoms and ‘**’ 

implies, apart from the d functions, a set of p functions is added to light atoms (H and 

He). In order to allow the diffuse behavior of electrons, which is important in anions, 

excited states and molecules with lone pairs, a basis set can be augmented with diffuse 

basis functions and this can be indicated by the notations ‘+’ and ‘++’, where ‘+’ 

implies the addition of one s and one set of p functions to heavy atoms while ‘++’ 

implies the addition of diffuse s functions to H and He atoms. 

The main disadvantage of the above Pople basis sets is that they do not converge 

towards a basis set limit with increasing size. The correlation-consistent (Dunning) 

basis sets, developed by Dunning and co-workers7-9, were designed for systematic 
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convergence of the correlation energy, which is defined as the difference between the 

exact energy and the HF energy for a given basis set, to the complete basis set (CBS) 

limit. The name “correlation-consistent” refers to the fact that the basis sets are designed 

so that functions contributing similar amounts of correlation energy are included at the 

same stage.10 The Dunning basis sets have the notation of cc-pVXZ (where X = D, T, Q, 

5, 6), for example, cc-pVDZ, cc-pVTZ, cc-pVQZ, cc-pV5Z and cc-pV6Z 

(correlation-consistent polarized Valence Double/Triple/Quadruple/Quintuple/Sextuple 

Zeta). The augmentation of the basis set with diffuse functions can be expressed by the 

prefix “aug-“.8,11 In addition to the systematic convergence to the CBS limit, the 

Dunning basis sets also have the advantage of reducing consistently both the HF and 

correlation errors with each step up in quality, and recovering a large fraction of the 

correlation energy of the valence electrons.10 It was found that the cc-pVDZ, cc-pVTZ, 

cc-pVQZ, cc-pV5Z and cc-pV6Z basis sets are able to provide ca. 65%, 85%, 93%, 

96% and 98%, respectively, of the total valence correlation energy.10 

Double-ζ basis sets with diffuse functions, including the 6-31+G** and 

6-31++G** basis sets,6,12-14 were used in Chapters 4 and 6. The 6-31+G** basis set12 is 

a double-ζ split-valence basis set augmented with a set of d polarization functions on 

heavy atoms, a set of p polarization functions on H atoms, and a set of diffuse s and p 

functions on heavy atoms. It has been recommended, in some recent benchmark studies, 

to be used in density functional theory (DFT) calculations as it was concluded to be the 

best performing basis set of relatively small size.15-17 The 6-31++G** basis set6,13,14 is 

the 6-31+G** basis set with a diffuse s function added to H atoms. It may be considered 

as more balanced, especially in hydrogen-transfer reactions. These double-ζ basis sets 

with diffuse functions were used because it has been shown that, with several hybrid 

DFT methods, a polarized double-ζ basis with diffuse functions on heavy atoms yields 

more accurate barrier heights and conformational energies than a polarized triple-ζ basis 
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without diffuse functions.18,19 The triple-ζ basis set, 6-311++G**,14,20 was used in 

Chapter 5 because it provides reasonable dissociation energies for covalent bonds and is 

computationally affordable for relatively large molecular systems.21 In general, the 

augmented Dunning basis sets,8,11 including aug-cc-pVDZ (AVDZ), aug-cc-pVTZ 

(AVTZ), aug-cc-pVQZ (AVQZ) and aug-cc-pV5Z (AV5Z), were used with the 

coupled-cluster (CC) methods in high-level single-point energy calculations in Chapters 

4 to 6, in order to obtain the energies at the CBS limit by extrapolation. 

 

2.4.2 Complete Basis Set (CBS) Extrapolation 

 A wavefunction can be better represented, if the size of a basis set increases, and 

hence gives a lower energy which is closer to the exact energy. However, in practice, it 

is impossible to approach an infinite set of basis functions in electronic structure 

calculations. Instead, the electronic energies computed with high-level electron 

correlation theories and Dunning basis sets can be extrapolated to a complete basis set 

(CBS) limit with different extrapolation schemes.22-28 Specifically, in this work, the 

electronic energies computed with coupled-cluster singles and doubles method with 

perturbative inclusion of triples {CCSD(T)}29 and the aug-cc-pVXZ basis sets are 

extrapolated to the CBS limit. The CCSD(T) method at the CBS limit {CCSD(T)/CBS} 

is considered to be the gold standard in ab initio quantum chemistry, as it can be 

accurate to 1 kcal mol-1 or better when the basis set used is complete enough.30 

Both the two-point 1/X3 formula28 and the three-point exponential formula26 have 

been used in the CBS extrapolations carried out in this work, which are based on the 

results for two consecutive X of the augmented correlation-consistent basis sets (i.e. 2 

for AVDZ, 3 for AVTZ, 4 for AVQZ, etc.). The two-point 1/X3 formula is given by 

equation (2.13), 
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 (2.13) 

where EX is the energy or correlation energy computed with the basis set with cardinal 

number X (D=2, T=3, Q=4,…), ECBS is the energy or correlation energy at the CBS limit 

and A is a parameter to be determined. With the energies or correlation energies 

computed at two consecutive cardinal numbers X-1 and X, the parameter A and the CBS 

energy can be determined. The three-point exponential formula is given by equation 

(2.14). 

 
 (2.14) 

Since there are three unknown parameters in equation (2.14), energies or correlation 

energies computed at three consecutive cardinal numbers are required to determine the 

CBS energy in this case. Different extrapolation schemes have been employed in the 

studies in this work and they will be discussed specifically in the sections of 

computational methodology in Chapters 4 to 6. 

 

2.4.3 Basis Set Superposition Error (BSSE) 

 When finite basis sets are used in the calculation of interaction energy, basis set 

superposition error (BSSE)31 will arise because of basis set truncation and results in 

overestimation of the interaction energy. As the atoms of interacting molecules 

approach to one another, their basis functions are able to overlap each other and this 

would lead to an effective increase in basis set of a monomer. As a result, the energy of 

the monomer would be lowered because the electrons are present in larger and more 

delocalized orbitals. The interaction energy between monomers A and B in a complex, 

which is given by 

 
 (2.15) 

in which the superscript indicates the basis used, the subscript indicates the geometry 

EX = ECBS + AX
−3

EX = ECBS + Ae
−BX

ΔEint (AB) = EAB
AB (AB)− EA

A(A)− EB
B (B)
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and the symbol in parentheses indicates the chemical system considered. That is, 

is the energy of a bimolecular complex AB computed with a dimer-based 

basis set and at the geometry of the dimer,  and  are the energies of 

monomers A and B, respectively, computed at their own geometries and basis sets. 

 There are two methods, the chemical Hamiltonian approach (CHA)32,33 and the 

Boys and Bernardi counterpoise (CP) method,34 to treat the BSSE problem of 

intermolecular interactions. In the CHA,32,33 the conventional Hamiltonian is replaced 

with the one in which all the projector-containing terms, that would allow mixing of 

basis functions, being eliminated to prevent the mixing of basis set a priori. In the CP 

method,34 the energies of the monomers, which are calculated in dimer-based basis sets, 

are subtracted a posteriori from the uncorrected interaction energy. The CP corrected 

interaction energy is given by 

 
 (2.16) 

where  and  are the energies of monomers A and B, respectively, 

computed at the geometry of the dimer and the dimer-based basis sets. This means that 

the basis functions of the atoms in a partner molecule are left to their original positions, 

though the atoms themselves are removed. These localized orbitals are called “ghost 

orbitals” because they do not have any nucleus. Despite the conceptually difference 

between the CHA and the CP method, they were found to give similar results.35 

Nevertheless, the CP method is generally considered as the best for treating the BSSE 

and therefore is more commonly used than the CHA. 

  

EAB
AB (AB)

EA
A(A) EB

B (B)

ΔEint
CP (AB) = EAB

AB (AB)− EAB
AB (A)− EAB

AB (B)

EAB
AB (A) EAB

AB (B)
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2.5 The Variational Principle 

 The variational principle is the basis of much of quantum chemistry, including HF 

theory and DFT. It can be applied to calculate an upper bound for the ground-state 

energy. By integration over the coordinates of all electrons τ, the expectation value E’ of 

the energy corresponding to a normalized anti-symmetric function of electronic 

coordinates can be obtained. 

 
 (2.17) 

where Φ is a trial wavefunction, mathematically called ‘ansatz’, constructed from the 

chosen basis set and  is the Hamiltonian operator. Φ would satisfy equation (2.1) if 

it is the exact wavefunction Ψ and E’ obtained in equation (2.17) is the exact 

ground-state energy E. 

 
 (2.18) 

The energy determined from any trial wavefunction is always greater than the energy of 

the solution of the Hartree-Fock equation. That is, E’ is greater than E if Φ is not the 

exact wavefunction. 

 
 (2.19) 

Therefore, E’ is always greater than or equal to E. The best ground-state wavefunction 

and the corresponding energy are obtained by adjusting the molecular orbital 

coefficients cµi in equation (2.9) so that the expectation value is minimized. 

 

 
  for all µ and i (2.20) 

  

E ' = Φ∗ĤΦdτ∫

Ĥ

E ' = E Ψ∗Ψ dτ∫ = E

E ' = Φ∗ĤΦdτ∫ > E

∂E '
∂cµi

= 0
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2.6 Hartree-Fock (HF) Theory 

Theoretical methods are algorithms containing some approximations that are used 

to simplify the Schrödinger equation. Based on the MO theory, Hartree-Fock (HF) 

theory is one of the most popular ab initio methods for determination of the 

ground-state energy and wavefunction. It is the simplest wavefunction-based method 

acting as the starting point for most electron correlation methods such as Møller-Plesset 

(MP) perturbation theory,36 coupled-cluster (CC) theory37-40 and configuration 

interaction (CI) theory. Briefly mentioned in Section 2.3, HF theory assumes that the 

potential field experienced by each single electron is the average potential due to all 

other electrons and the interactions between individual electrons are not taken into 

account. In other words, it treats electron interaction in an average sense rather than 

instantaneous sense. 

 

2.6.1 The Energy of a Slater Determinant 

 The energy of a Slater determinant ESD is obtained by substituting the electronic 

Hamiltonian operator  given in equation (2.5) into the Schrödinger equation. 

 
ESD = Ψ
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where ĥi  is called the one-electron operator, which depends on the electronic 

coordinates only. 

 
 (2.22) 

The first term in the sum in equation (2.21) is the potential energy due to 

nuclear-nuclear Coulombic repulsion VNN. As VNN is independent of the electronic 

coordinates, the integral over a constant gives 

Ĥ elec

ĥi = −
1
2
∇i
2 −

ZA
riAA

N

∑
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 (2.23) 

The second term in the sum in equation (2.21) is an integral of sums and can be 

re-written as a sum of integrals such that 

 
 (2.24) 

where  is called the one-electron integral that gives the one-electron energy 

of an orbital, Hi. The Hi accounts for the electronic kinetic energy and the potential 

energy due to nuclear-electronic Coulombic attraction. The last term in the sum in 

equation (2.21) refers to the potential energy due to electronic-electronic Coulombic 

repulsion Vee, which can be simply written as 

 
 (2.25) 

where Jij is called the two-electron Coulomb integral which accounts for the Coulombic 

repulsion between electrons, and Kij is called the two-electron exchange integral which 

is a pure quantum mechanical term, with no classical interpretation, due to the 

anti-symmetric nature of the Slater determinant. The total energy of a Slater determinant 

can be expressed as 

 
 (2.26) 

 

2.6.2 The Roothaan-Hall Equations 

 The variational principle introduced in Section 2.5 is applied in the HF theory to 

determine the optimal orbitals by minimizing the total energy. First, a set of MOs and 

cµi are guessed. The trial MOs are then used to compute Hi, Jij and Kij in order to solve 
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the HF equation and obtain the energy and the new MOs. The calculation of energy and 

wavefunction is repeated iteratively until the energy is minimized and the new MOs are 

the same as the trial MOs. At that point, the process is converged and the system is said 

to reach a self-consistent field (SCF). 

Under the variational condition in equation (2.20), a set of algebraic equations for 

cµi is constructed and derived by Roothaan41 and Hall.42 The Roothaan-Hall equations 

are 

 
 (2.27) 

where µ=1,2,…,N, εi is the one-electron energy of MO ψi, cvi is the MO coefficient, Fµv 

are the elements of an N×N matrix called the Fock matrix and Sµv are the elements of 

another N×N matrix called overlap matrix. Equation (2.27) can be rewritten in matrix 

form such that 

  (2.28) 

where all the elements in this equation are matrices, ε is a diagonal matrix of orbital 

energies, F is the Fock matrix and S is the overlap matrix. For the Fock matrix, it 

reflects the average effect of the field of all electrons on each orbital and the elements 

inside the matrix are in the form of 

 
 (2.29) 

where  are the elements of a matrix representing the energy of a single electron in 

a field of bare nuclei, Pλσ are the elements of the one-electron density matrix and (µv|λσ) 

are two-electron repulsion integrals. The  in equation (2.29) can be written as 

 
 (2.30) 
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 (2.31) 

where ZA is the atomic number of atom A. The Pλσ in equation (2.29) is expressed in the 

form of 

 
 (2.32) 

in which the summation is over all the occupied MOs and the factor of two represents 

that each MO is occupied by two electrons. The two-electron repulsion integral in 

equation (2.29) is in the form of 

 
 (2.33) 

The elements of the overlap matrix in equation (2.27) can be written as 

 
 (2.34) 

The electronic energy of a system is computed through equation (2.35). 

 
 (2.35) 

As mentioned in Section 2.2, the nuclear-nuclear repulsion energy computed by 

equation (2.36) is then added to the pure electronic energy to obtain the effective 

electronic energy. 

 
 (2.36) 

 

2.6.3 Restricted and Unrestricted Hartree-Fock Methods 

 The Hartree-Fock self-consistent field (HFSCF) method described in Section 2.6.2 

is applicable when performing calculations on closed-shell system in which all the 
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electrons are paired and each MO is occupied by two electrons. This is known as 

spin-restricted Hartree-Fock (RHF) method.43,44 In RHF method, electrons with α and β 

spins are constrained to occupy the same spatial orbital and so they are paired in the 

same MO. The determinant given by a set of spin orbitals is an eigenfunction of the 

total spin operator S2. However, the RHF method frequently gives unsatisfactory results 

in many systems. The RHF wavefunctions have problems in giving good descriptions of 

dissociation products. For example, when H2 is pulled apart to H + H, RHF will give H+ 

and H- because the RHF method gives a closed-shell singlet wavefunction for H2 at 

equilibrium. When the separation between the two H atoms is increased, the RHF 

wavefunction will remain as a closed-shell. Consequently, it will give H+ and H-, 

instead of H + H. In addition, the correlation between two electrons with opposite spins 

is ignored as the α and β electrons are constrained to occupy the same spatial orbital. 

Due to the above drawbacks of RHF, the Roothaan-Hall equations in Section 2.6.2 were 

modified for spin-unrestricted Hartree-Fock (UHF) method.45 

 In UHF method, α and β electrons are assigned to different spatial orbitals. The 

electronic configuration of a molecule can be expressed as 

, where n is the total number of electron 

in the molecule. Note that  and  are two separate spatial orbitals and they can 

be expressed in terms of two sets of MO coefficients such that 

 
    (2.37) 

The two sets of MO coefficients are varied independent of each other under variational 

condition and this leads to a pair of coupled Roothaan-Hall equations analogous to 

equation (2.27), called the UHF generalizations of the Roothaan-Hall equations.45 

(ψ1
αα)(ψ1

ββ)(ψ2
αα)(ψ2

ββ)(ψ(n+1)/2
α α)(ψ(n+1)/2

β β)

ψi
α ψi

β

ψi
α = cµi

αφµ
µ=1

N

∑ ψi
β = cµi

βφµ
µ=1

N

∑



Electronic Structure Methods 

 26 

 
   (2.38) 

where µ=1,2,…,N. The Fock matrix mentioned in Section 2.6.2 is separated into two 

parts and the elements inside the Fock matrix can be written as 

 
 

 

(2.39) 

for α and β orbitals respectively. Similarly, the density matrix is divided into two parts 

such that 

 
   (2.40) 

The two Roothaan-Hall equations are coupled because the Fock matrix elements of 

either one spin contain MO coefficients of both spins, as each α or β orbital has to be 

optimized in an average field of all other electrons. The final results in UHF 

calculations are two distinct sets of MOs, one for α electron and the other for β electron, 

and the corresponding energies. The energy obtained by UHF method must be smaller 

than that obtained by RHF method because there are more variational parameters (i.e. 

MO coefficients) to be optimized in UHF. With the variation principle, more variables 

would give lower energies, which are closer to the exact energies.46 The Coulomb and 

exchange potentials experienced by the two sets of electrons are no longer the same and 

so they will have different energies and spatial distribution and this would lead to the 

loss of spatial degeneracy of doubly occupied orbitals. One drawback in UHF method is 

that, the UHF wavefunctions are not the eigenvectors of the total spin operator S2 and 

this may lead to spin contamination in which the wavefunctions of other higher spin 

states contaminate the UHF wavefunctions. It is necessary to check the extent of spin 
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contamination at the end of an UHF calculation by comparing the expectation value of 

the S2 operator, 〈S2〉, with the expected value of pure spin state, S(S+1). There is no 

spin contamination when〈S2〉is equal to S(S+1) and the spin contamination is negligible 

if〈S2〉differs from S(S+1) by less than 10%,47,48 in the case of calculations on organic 

compounds. A spin annihilation step is incorporated in UHF calculation in order to get 

rid of a large percentage of spin contamination from the wavefunction. Although spin 

annihilation can help to minimize the spin contamination, it is not able to remove it 

completely. 

 

2.7 Electron Correlation 

 The deficiency of HF theory, which was introduced and discussed in Section 2.6, is 

its incomplete description of the correlation between the motions of electrons. In HF 

theory, instantaneous electron-electron interaction is replaced by the interaction of each 

electron with an average electron charge cloud and this introduces errors in computed 

energies and wavefunctions. Moreover, it has long been recognized that HF theory 

frequently underestimates the bond lengths of covalent bonds and the underestimation 

tends to be more pronounced when proceeding to the basis set limit.49-51 For instance, 

Feller et al. observed that the geometries predicted at the HF level degraded in quality 

with increasing basis-set size form AVDZ to AVQZ.52 As a result, HF theory is seldom 

used to obtain a reliable PES for a reaction and other sophisticated methods are required 

for including electron correlation. For a given basis set, the difference between the exact 

energy Eexact and the HF energy EHF is termed the electron correlation energy Ecorr.12,53-56 

 
 (2.41) 

In order to improve on HF results, correlation energy can be included by adding 

additional Slater determinants to the expansion of Ψ for describing excited states. 

Ecorr = Eexact − EHF
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 (2.42) 

where ΨHF is the HF wavefunction, Ψ1, Ψ2,… are the wavefunctions for excited state 

configurations and ci is the coefficient indicating the weight of the determinant for i = 

0,1,2,…. Since the HF wavefunction is able to account for ca. 99% of the total energy,57 

it is usually treated as a starting point for improvements. Various correlation methods 

differ in how they choose which excited-state wavefunctions to include and how they 

calculate the coefficients for the excited states (i.e. c1, c2,…). 

 There are two types of electron correlation, dynamical and non-dynamical (static) 

correlation. Dynamical correlation is the correlation of the movement of electrons and it 

refers to the dynamical character of the electron-electron interactions. Empirically, in 

this case, the HF wavefunction dominates in the linear combination in equation (2.42). 

This means that the value of c0 is much greater than those of other coefficients. Even 

though the correlation energy is large, it is made up from a sum of small contributions 

from other determinants. Theoretical methods dealing with dynamical correlation 

include MP2, CCSD(T) and DFT. 

Non-dynamical correlation arises from the inadequacy of the single determinant 

wavefunction to describe a molecular state with nearly degenerate electron 

configurations, where c0 in equation (2.42) is not near unity. It is associated with the 

lowering of the energy due to the interaction of the HF configuration with the low-lying 

excited states,58 and is important in the systems with stretched bonds and low-lying 

excited states. The multi-configurational self-consistent field (MCSCF) method can 

deals with non-dynamical correlation. The complete active space self-consistent field 

(CASSCF) method is a special case of MCSCF, in which all possible determinants in a 

given active orbital space are taken into account. 

The theoretical models used in this work, which account for some electron 

correlation, including Møller-Plesset (MP) perturbation theory, coupled-cluster (CC) 

Ψ = c0ΨHF + c1Ψ1 + c2Ψ2 +
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theory and density functional theory (DFT), will be introduced in Section 2.7.1 and 

2.7.2. 

 

2.7.1 Post-SCF Methods 

2.7.1.1 Møller-Plesset (MP) Perturbation Theory 

 The idea on which the Møller-Plesset (MP) perturbation theory is based was 

published by Møller and Plesset as early as 1934.36 The MP perturbation theory is a post 

Hartree-Fock method which includes the electron correlation effects by applying 

Rayleigh-Schrödinger perturbation theory (RS-PT). In RS-PT, the electronic 

Hamiltonian operator  is expressed as 

 
 (2.43) 

where  is the unperturbed Hamiltonian operator, λ is an dimensionless real 

parameter ranging from 0 to 1 and  is the perturbing operator representing the 

correlation potential. The unperturbed Hamiltonian operator  is assumed to be the 

HF Hamiltonian and is equal to the sum of all the one-electron Fock operators Fi such 

that 

 
 (2.44) 

The perturbed wavefunction and the perturbed energy can be expanded in Taylor series 

in power of λ, as in equations (2.45) and (2.46) respectively. 

 
 (2.45) 

 
 (2.46) 

where Ψ(0) is the zeroth-order wavefunction which is the exact eigenfunction of the 

Ĥ

Ĥ = Ĥ0 +λV̂

Ĥ0

V̂

Ĥ0

Ĥ0 = Fi
i=1

n

∑

Ψ =Ψ (0) +λΨ (1) +λ 2Ψ (2) +λ3Ψ (3) +

E = E (0) +λE (1) +λ 2E (2) +λ3E (3) +
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Fock operator that serves as the unperturbed operator and the Ψ(n) or E(n) terms are the 

nth-order corrections to the zeroth-order term. By substituting equations (2.45) and (2.46) 

into the Schrödinger equation, one obtains 

 
 (2.47) 

In practice, λ is taken to be 1 and the series in equation (2.47) are truncated at the 

chosen order n and the corresponding method is thus denoted as MPn. For example, 

MP2, MP3 and MP4 are common MP approaches and among which the MP2 method 

has been used throughout this work. Calculations higher than MP4 are seldom 

performed, because of the high computational cost with N10 time (where N is the 

number of basis functions). Grouping the terms of the same order in the perturbation in 

equation (2.47) gives the following equations. 
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The zeroth-order wavefunction Ψ(0) is taken to be the HF wavefunction and the energy 

at a given perturbation level is obtained by multiplying equation (2.48) by the complex 

conjugate Ψ(0)* followed by integration. 
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 (2.49) 

With equations (2.43) and (2.49), the HF energy can be written as 

(Ĥ0 +λV̂ )(Ψ
(0) +λΨ (1) +λ 2Ψ (2) +λ3Ψ (3) +)

= (E (0) +λE (1) +λ 2E (2) +λ3E (3) +)(Ψ (0) +λΨ (1) +λ 2Ψ (2) +λ3Ψ (3) +)
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 (2.50) 

It is worth to note that the HF energy actually includes the energy correction through the 

first order and this is denoted as MP1. As MP1 is equivalent to the HF level, this leads 

to the Møller-Plesset theorem which states that the correlation potential does not 

contribute in first-order to the exact energy.36 In order to take the electron correlation 

into account, it is necessary to consider higher perturbation levels like MP2, at which 

the total electronic energy E is given by the sum of E(0), E(1) and E(2) such that 

  (2.51) 

in which the second-order energy correction E(2) is defined as 

 

 (2.52) 

where i and j refer to the occupied orbitals, a and b refer to the unoccupied orbitals and 

εi, εj, εa and εb are the corresponding energies of the orbitals. The accuracy of MP2 is 

satisfactory though it has relatively low computational cost with scaling behavior on the 

order of N5. One drawback of the MP theory is that it is not variational, which means 

that the calculated MPn energies may oscillate above and below the exact total energy.59 

Figure 2.1 shows the patterns observed on the results obtained with successively higher 

orders of perturbation theory. Monotonic convergence, oscillating convergence and 

diverging series can be obtained with increasing order of perturbation, depending on the 

nature of the chemical system. Divergence of MPn energies has been observed60-64 and 

it might happen if the zero-order wavefunction is a poor qualitative description of the 

system.59 Nevertheless, the MP theory is size-consistent and its accuracy retains with 

increasing system size. The term “size-consistent” means that the energy calculated for 

EHF = Ψ (0) Ĥ Ψ (0)

       = Ψ (0) Ĥ0 +V̂ Ψ (0)

       = Ψ (0) Ĥ0 Ψ
(0) + Ψ (0) V̂ Ψ (0)

       = E (0) + E (1)
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a supersystem, in which the atoms in a molecule are separated infinitely, is equal to the 

sum of energies of the non-interacting atoms. This property is especially important to 

correctly describe the energetics of a system relative to the separated pieces of the 

system.65 

 
Figure 2.1 Possible results of increasing the order of MP calculations. Monotonic convergence, 

oscillating convergence and diverging series are shown by circles, squares and triangles 

respectively.59 

 

2.7.1.2 Coupled-Cluster (CC) Theory 

 Developed by Coester and Kümmel in the 1950s and later modified by Čížek and 

Paldus, coupled-cluster (CC) theory37-40 is one of the post-Hartree-Fock methods 

applied in many-body system. In CC theory, the time-independent Schrödinger equation 

is written as 

  (2.53) 

where  is the Hamiltonian operator,  and E are the wavefunction and energy, 

respectively, of the lowest-energy state. The wavefunction can be expressed as an 

expotential ansatz such that 

  (2.54) 

Ĥ Ψ = E Ψ

Ĥ Ψ

Ψ = eT̂ Ψ0
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in which  is a Slater determinant, also called the reference function, constructed 

from Hartree-Fock molecular orbitals and  is the cluster operator which sums over 

all excitations such that 

 
 (2.55) 

in which n is the total number of electrons,  is the operator of all single excitations 

(one-particle excitations) and  is the operator of all double excitations (two-particle 

excitations) and so forth. The cluster operator ends at n since only up to n-electron 

excitations are possible. Figure 2.2 illustrates several excitation levels, including single, 

double and triple excitations, of Slater determinants. 

 

Figure 2.2 An illustration of the excitations of Slater determinants. 

 

In second quantization, for example,  and  can be written as 

  (2.56) 

Ψ0

T̂

T̂ = T̂1 + T̂2 + T̂3 ++ T̂n

T̂1
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T̂1 T̂2
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aâa
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a
∑
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∑
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 (2.57) 

where i,j and a,b refer to the occupied and unoccupied orbitals respectively,  and 

 are the creation and annihilation operators respectively and  and  are 

unknown coefficients, called amplitudes, to be determined with constraints that satisfy 

equation (2.54).  and  will convert  into a linear combination of singly- 

and doubly-excited Slater determinant respectively.  

With the use of Taylor series,  can be expanded into 

 
 (2.58) 

Unlike the exponential of a number, the exponential of an operator generates a power 

series which is finite, dependent on the operator. In this case, since both the number of 

excitations and the number of occupied MOs are finite, the power series in equation 

(2.58) is hence finite. The CC theory can be systematically improved by including 

higher excitation operators.66 For the sake of simplicity, truncated schemes, in which the 

power series usually truncate at the second or slightly higher excitation, are applied for 

approximation. The nomenclature of the CC methods depends on the highest number of 

excitation in the cluster operator. For example in the coupled-cluster singles and 

doubles (CCSD) approach,67 a commonly used CC method, the cluster operator  has 

the form  and this means that the determinants are restricted to single and 

double excitations. The currently standard approach in CC theory is the coupled-cluster 

singles and doubles plus perturbative triples {CCSD(T)} approach.29 The T inside the 

bracket indicates that the triple excitations are treated non-iteratively with perturbation 

theory. The procedure in this approach involves two steps. First, a CCSD calculation is 
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+âb
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performed with . Then, the perturbative corrections due to  is added to 

the energy computed at CCSD. 

  (2.59) 

The triple correction is generally overestimated by an amount close to the neglected 

quadruples and therefore this leads to a favorable cancellation of errors68,69 This makes 

the CCSD(T) approach become the gold standard in single-reference (SR) 

calculations,69 as chemical accuracy (errors less than 1 kcal mol-1) can be reached for 

energy differences such as reaction enthalpies.70,71 In this connection, the CCSD(T) 

results in the CBS limit were considered to be the benchmark in this work. Compared to 

the MP2 method introduced in Section 2.7.1.1, CCSD and CCSD(T) have relatively 

high computational costs as their scaling behavior is on the order of N6 and N7 

respectively. By substituting equation (2.54) into equation (2.53) and multiplying  

from the left, the Schrödinger equation becomes 

  (2.60) 

  (2.61) 

Multiplying from the left by the reference determinant and an excited state determinant 

Ψ*, respectively, would give the CC energy and the CC equations in equations (2.62) 

and (2.63) respectively. With a set of CC equations in equation (2.63), the values of the 

amplitude t can then be solved. 

  (2.62) 

  (2.63) 

One drawback of CC theory is that it is not variational. However, the use of exponential 

of T in CC theory ensures size consistency. This means that the energy calculated for a 

supersystem, in which the atoms in a molecule are separated infinitely, is equal to the 

T̂ = T̂1 + T̂2 T̂3

E = E(CCSD)+ΔE(T )

e−T̂

HeT̂ Ψ0 = EeT̂ Ψ0

e−T̂ HeT̂ Ψ0 = E Ψ0

E = Ψ0 e
−T̂ HeT̂ Ψ0

Ψ∗ e−T̂ HeT̂ Ψ0 = E Ψ∗ e−T̂ eT̂ Ψ0 = 0
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sum of energies of the non-interacting atoms. 

 The applicability of the conventional CC methods is limited to obtain highly 

accurate results for small molecules due to the steep scaling of computational cost with 

molecular size and the slow convergence of the correlation energy with basis set size. 

The problem of steep scaling can be circumvented by local approximations,72-80 which 

make the CC calculations possible to deal with larger molecules. Nevertheless, the 

problem of basis set convergence is severe even with small molecules. The 

computational cost increases with N4 (N is the basis set size) while the energy decreases 

with N-1 only.81 This is attributed to the poor description of the shape of the 

wavefunction cusp by an expansion in products of one-electron functions for small to 

intermediate inter-electronic distances (r12). This problem can be avoided by explicitly 

correlated approaches, including the R12 and F12 methods,82,83 in which the terms that 

depend explicitly on the inter-electronic distance are incorporated into the 

wavefunction.84 However, in the R12 method, the linear increase of the r12 correlation 

factor with the inter-electronic distance is unphysical, though it is able to describe the 

wavefunction cusp when r12 tends to zero. By replacing the linear r12 term with a 

non-linear short-range correlation factor, a Slater-type function F12 = exp(-ζr12), the 

F12 method gives much better basis set convergence and numerical stability. The F12 

approximations combined with the CCSD(T) method, denoted CCSD(T)-F12x (x = a or 

b), were proposed and implemented by Adler et al.85,86 It was found that, with the 

CCSD(T)-F12x methods, the calculations using the AVTZ basis set are more accurate  

and two orders of magnitude faster than the CCSD(T)/AV5Z calculations.85,86 In 

addition, F12a methods were found to be more accurate than F12b methods for small- 

and intermediate-size basis sets, such as AVDZ and AVTZ, but probably overestimate 

the basis set limit and converge from below to the limit for larger basis sets. F12b 

methods give accurate results for AVQZ and larger basis sets and converge 
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monotonically from below to the limit.87,88 

 

2.7.2 Density Functional Theory (DFT) 

The wavefunction-based post-SCF methods introduced in Section 2.7.1 are quite 

time-consuming. In 1964, Hohenberg and Kohn89 introduced density functional theory 

(DFT) in which the system is described by electron density instead of wavefunction. 

Density itself is a function of 3-dimensional spatial coordinates. A function of another 

function is called functional. The terms in equation (2.64) are functions of density and 

therefore they are called density functionals. In DFT, the energy of a system is given as 

the summation of the kinetic energy ET[ρ(r)], the electron-nuclear potential energy 

EV[ρ(r)], the nuclear-nuclear repulsion energy ENN[ρ(r)] and the electron-electron 

interaction energy which can be divided into the Coulomb EJ[ρ(r)] and the 

exchange-correlation energy EXC[ρ(r)]. The exchange-correlation energy consists of two 

components, the exchange energy EX[ρ(r)] and the correlation energy EC[ρ(r)], and the 

DFT energy is given as 

 
 (2.64) 

In HF theory, the exchange energy is treated correctly but the correlation energy is not 

taken into account, while in DFT, both the exchange and correlation energies are treated 

approximately. Numerous density functionals have been developed for the exchange 

and correlation energies and they will be described in this section, together with the 

fundamental principles in DFT. 

 

2.7.2.1 The Hohenberg-Kohn (HK) Theorems 

 The first Hohenberg-Kohn (HK) theorem89 involves the concept of external 

potential v(r), which refers to the attractive potential between electrons and nuclei, as 

EDFT [ρ(r)]= ET [ρ(r)]+ EV [ρ(r)]+ ENN [ρ(r)]+ EJ [ρ(r)]+ EX [ρ(r)]+ EC[ρ(r)]
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illustrated in Figure 2.3. The external potential is attributed to the nuclei and Hohenberg 

and Kohn stated that it is a unique functional of the electron density ρ(r).89 In other 

words, v(r) is determined uniquely by ρ(r). 

 
Figure 2.3 An illustration of the first HK theorem.90 

 

The total number of electron N in the system is also dependent of ρ(r) and can be 

expressed in terms of ρ(r). 

 
 (2.65) 

The energy of the system is finally obtained by solving the Schrödinger equation 

 
 (2.66) 

where Hop is the molecular Hamiltonian operator that is determined by v(r) and N. The 

interdependence of the variables in HK theorem is illustrated in Figure 2.4. It can be 

seen that the ρ(r) ultimately determines the energy of the system E and therefore E can 

be written in terms of ρ(r) such that E=E[ρ(r)]. As a result, the first HK theorem states 

that the ground-state electron density ρ(r) of a many-electron system determines the 

energy and all other ground-state properties of the system. 

 

Figure 2.4 The interdependence of the variables in HK theorem.90 

N = ρ(r)dr∫

HopΨ = EΨ
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In the second HK theorem, the ground-state energy of a system E[ρ(r)] is given by 

 
 (2.67) 

where FHK(ρ) is the Hohenberg-Kohn functional which consists of the electronic kinetic 

energy functional T(ρ) and the electron-electron interaction functional Vee(ρ) such that 

 
 (2.68) 

The second HK theorem states that the density obeys a variational principle such that 

the energy of a system E(ρ) is always greater than the exact ground-state energy E(ρ0) if 

the density ρ is not the true ground-state density ρ0. 

 
                       for ρ≠ρ0 (2.69) 

A drawback of the HK theorems is that they do not provide a way to compute the 

ground-state density of a system in practice. In 1965, Kohn and Sham91 devised a 

simple method, in which the exact nature of DFT is retained, for the implementation of 

DFT calculations and this method is described in Section 2.7.2.2. 

 

2.7.2.2 The Kohn-Sham (KS) Equations 

In the Kohn-Sham (KS) method,91 the full interacting system with the real potential 

is mapped onto a fictitious system of non-interacting electrons. The energy functional 

consists of several components and can be expressed in the form of 

 
 (2.70) 

where TS[ρ(r)], Vne[ρ(r)] and Vee[ρ(r)] represent the kinetic energy of the non-interacting 

electrons, the nuclear-electron interaction and the classical electron-electron interaction 

respectively. ∆T[ρ(r)] is the correction term to the electronic kinetic energy, that is, the 

difference between TS[ρ(r)] and the exact kinetic energy of a real and interacting system 

T[ρ(r)]. ∆Vee[ρ(r)] is the non-classical correction to the electron-electron interaction. 

The ∆T[ρ(r)] and ∆Vee[ρ(r)] terms are combined together and called the 

E[ρ(r)]= ρ(r)v(r)dr∫ + FHK [ρ(r)]

FHK (ρ) =T (ρ)+Vee (ρ)

E(ρ) > E(ρ0 )

E[ρ(r)]=TS[ρ(r)]+Vne[ρ(r)]+Vee[ρ(r)]+ΔT[ρ(r)]+ΔVee[ρ(r)]
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exchange-correlation energy EXC[ρ(r)]. 

 
 (2.71) 

There is no way to derive the explicit expression of this energy functional and it 

becomes the main challenge in DFT. As a result, numerous density functional 

approximations, including the local spin density approximation (LSDA), generalized 

gradient approximation (GGA), meta-generalized gradient approximation (meta-GGA) 

and hybrid functional, have been developed for the EXC[ρ(r)] term, and they are 

introduced in Section 2.7.2.3. 

 

2.7.2.3 Exchange-Correlation Functionals 

Different from ab initio methods, in practice, no systematic improvement can be 

made in DFT. In DFT, the exchange-correlation functional is required to be 

approximated because the exact functional is not known. This approximation causes an 

unknown error, and hence, there is no practical approach to systematically improve the 

accuracy of the exchange-correlation functional. Therefore, it is necessary to 

systematically assess the accuracy of the calculated properties in DFT. Nevertheless, in 

theory, density functional approximations can be assigned to different rungs in the 

Jacob's ladder,92,93 which is shown in Figure 2.5. The functionals at higher rungs contain 

more complicated ingredients and give higher accuracy in general. 

The first rung is local spin density approximation (LSDA),91 which is derived from 

the homogeneous electron gas (HEG) model. In LSDA, the exchange-correlation energy 

EXC
LSDA[ρ(r)]  is written in terms of the electron density ρ(r) and the 

exchange-correlation energy density εXC[ρ(r)] such that 

 EXC
LSDA[ρ(r)]= ρ(r)εXC[ρ(r)]dr∫  (2.72) 

EXC[ρ(r)]= ΔT[ρ(r)]+ΔVee[ρ(r)]
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Figure 2.5 Jacob’s ladder of density functional approximations by Perdew.92 

 

in which εXC[ρ(r)] is the exchange-correlation energy per particle of an electron gas with 

uniform spin density ρ(r) and the value of εXC[ρ(r)] at some position r can be 

determined exclusively from the electron density at that position (the local density). The 

exchange-correlation energy functional is composed of the exchange functional and the 

correlation functional. 

 EXC
LSDA[ρ(r)]= EX

LSDA[ρ(r)]+ EC
LSDA[ρ(r)]  (2.73) 

The exchange functional can be determined analytically in the HEG model. 

 
EX
LSDA[ρ(r)]= − 3

4
3
π

"

#
$

%

&
'

1/3

ρ(r)4/3 dr∫  (2.74) 

For the correlation functional, its analytical expression is not known except those in the 
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high- and low-density limits. The correlation energy can be obtained by the use of 

quantum Monte Carlo calculations on the intermediate values of density. There are 

numerious approaches for the correlation functional, which include the 

Vosko-Wilk-Nusair (VWN),94 Perdew-Zunger (PZ81),95 Cole-Perdew (CP)96 and 

Perdew-Wang (PW92)97 functionals.  

 The LSDA performs well when the electron density varies slowly and it has been 

shown to give good accuracy for solid-state physics.98 However, it becomes inaccurate 

when the electron density changes rapidly, such as the case of a molecular system. In 

addition, it is not commonly used in chemistry due to the overbinding of chemical 

bonds and underestimation of barrier heights by the model. An improvement on LSDA 

is the generalized gradient approximation (GGA) on the second rung,99-108 in which the 

gradient of the electron density is taken into account in addition to the local density. 

Hence, the exchange-correlation energy in GGA is a functional of the electron density 

and its gradient and it is constructed by adding a correction term on the LSDA 

functional. 

 
 (2.75) 

where  is a correction chosen to satisfy one or several limits for 

the exchange-correlation functional. Some GGA functionals include Becke’s 1988 

exchange functional (B88),105 Perdew and Wang’s 1986 exchange functional 

(PW86),103 Perdew’s 1986 correlation functional (P86),104 Perdew and Wang’s 1991 

correlation functional (PW91)97 and Lee, Yang, and Parr’s correlation functional 

(LYP).106 GGA still underestimates barrier heights and is inadequate for 

thermochemistry of molecules, though it significantly reduces the overbinding tendency 

of LSDA.98,109 

 On the third rung is meta-generalized gradient approximation (meta-GGA),110-114 

EXC
GGA[ρ(r)]= ρ(r)εXC[ρ(r)]dr∫ + FXC[ρ(r),|∇ρ(r) |]dr∫

FXC[ρ(r),|∇ρ(r) |]dr∫
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which takes the second derivative of the electron density (the Laplacian) into account, is 

more accurate than the GGA though it has comparable cost to the GGA. Some of the 

functionals also include the dependence on the kinetic energy density τ(r). 

 
 (2.76) 

where ψi is the self-consistently determined Kohn-Sham orbitals. It was found that the 

atomization energies,112,115 metal surface energies116 and lattice constants for solid114 

obtained with meta-GGA are more accurate than those with GGA, but the molecular 

bond lengths can be worsened,115 in particular hydrogen bonds.117 Some examples of 

the functionals in meta-GGA are the Tao-Perdew-Staroverov-Scuseria (TPSS),118 Van 

Voorhis and Scuseria (VSXC)111 and Minnesota 2006 local (M06L)119 

exchange-correlation functionals. 

 The LSDA, GGA and meta-GGA are considered as local functionals as the 

electronic energy density at a single point depends only on the electron density and 

kinetic energy at and near that point.98,120-122 These local functionals can incorporate a 

certain amount of HF exact exchange and the mixed functional is called hybrid 

functional,122-126 which is on the fourth rung of Jacob’s ladder. The HF exact exchange 

functional is expressed in terms of the Kohn-Sham orbitals instead of the electron 

density such that 

 
 (2.77) 

For instance, the Becke’s three-parameter nonlocal exchange functional with the 

Lee-Yang-Parr nonlocal correlation functional (B3LYP)105,106,125,127-129 used throughout 

this work is a popular hybrid GGA functional, in which the B88 and LYP functionals 

are combined with the HF exchange and the exchange-correlation functional is given by 

τ (r) = 1
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 (2.78) 

where  is the Slater-Dirac exchange functional,  is the HF exchange,  

is the local correlation functional developed by Vosko, Wilk and Nusair and the 

parameters a, b and c have a value of 0.20, 0.72 and 0.81 respectively. The B3LYP 

functional has been shown to give reliable geometries for a variety of systems,130-134 

though it is known to underestimate reaction barrier heights135,136 and give poor 

description of van der Waals interactions.136 Other hybrid functionals used in the current 

study include the Minnesota 2005 (M05),137 Minnesota 2006 (M06),123 Minnesota 2005 

with double HF exchange (M05-2X)138 and Minnesota 2006 with double HF exchange 

(M06-2X)123 functionals, which are hybridized with 28%, 27%, 56% and 54% HF 

exchange respectively, developed by Truhlar and coworkers. The M05 functional 

performs well for main-group thermochemistry, barrier heights, non-covalent 

interactions and transition metal chemistry.139 The M05-2X functional performs better 

than M05 and other previous functionals for main-group kinetics, thermochemistry and 

non-covalent interactions.140-145 The M06 functional performs better than the B3LYP 

functional for main-group thermochemistry, barrier heights and non-covalent 

interactions and is suggested to be used in transition metal chemistry while the M06-2X 

functional gives better performance than the M06 functional for main-group 

thermochemistry, barrier heights and non-covalent interactions, but it is not suggested to 

deal with transition metal chemistry.98 

The above are the standard density functional approximations in DFT. In the past 

decade, there has been much development in DFT. The recently developed double 

hybrid functional,146-149 which corresponds to the fifth rung of Jacob’s ladder, 

incorporates a certain amount of perturbative second-order (PT2) correlation, in 

addition to the HF exchange. The double hybrid exchange-correlation functional can be 

EXC
B3LYP = (1− a)EX

S + aEX
HF +bEX

B88 + cEC
LYP + (1− c)EC

VWN

EX
S EX

HF EC
VWN
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expressed as 

 
EXC = (1− ax )EX

DFT + axEX
HF + (1− ac )EC

DFT + acEC
PT 2  (2.79) 

where EX
DFT and EC

DFT  are the DFT exchange and correlation functionals respectively, 

EX
HF  is the HF exchange, EC

PT 2  is the PT2 correlation and ax and ac are parameters 

which are different for various double hybrid functionals. The B2PLYP double hybrid 

functional developed by Grimme146 has been shown to give accurate results even for 

excited electronic states,150 but it underestimates long-range dispersion (van der Waals) 

interactions. This shortcoming was then improved by adding empirical dispersion term 

(DFT-D) to the energy expression147 and the corrected B2PLYP functional was found to 

give higher accuracy for non-covalent interactions. Other examples of double hybrid 

functionals include XYG3148 and ωB97X-2.149 

 

2.8 Computational Algorithms 

 On a reaction surface, the minimum energy points and transition states are located 

by performing geometry optimizations, followed by frequency calculations which 

characterize the stationary points. It should be noted that even a transition state is 

successfully optimized, it is not necessarily the right transition state connecting to the 

reactants and products. Therefore, intrinsic reaction coordinate (IRC), which determines 

the minima to which a transition state connects, is needed after the optimization of a 

transition state. In this section, the concept of PES, geometry optimization, frequency 

and IRC calculations as well as the corresponding computational algorithms will be 

introduced and discussed. 
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2.8.1 Potential Energy Surface (PES) 

 The Born-Oppenheimer approximation and the derived electronic Schrödinger 

equation introduced in Section 2.2 act as the basis of the concept of potential energy 

surface (PES), which is a central concept in computational chemistry. The potential 

energy of a molecule is able to be expressed as a function of its geometry, such as bond 

lengths and bond angles, and form a PES. Shown in Figure 2.6 is an illustration of PES. 

 

 
Figure 2.6 An illustration of PES.151 

 

On the PES, there are some stationary points such as energy minima representing the 

stable molecular conformation of reactants as well as products and energy maxima 

representing the transition states. At a stationary point, the first derivative of the 

potential energy with respect to each geometric parameter, known as the gradient, is 

zero such that 

 
 (2.80) ∂E

∂q1
=
∂E
∂q2

== 0
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where E is the potential energy and q1,q2,… are different geometric parameters. A 

minimum on the PES is a minimum in all directions and so the second derivative of 

energy with respect to the geometric parameter, known as Hessian eigenvalue or force 

constant, is non-negative for all qi. 

 
 (2.81) 

In a many-dimension system, as there are 3N degrees of freedom, the 3N×3N second 

derivatives are typically written as a matrix, called Hessian. 

 

 (2.82) 

By transforming the Hessian in equation (2.82) to mass-weighted coordinates and 

diagonalization, one would obtain the Hessian in equation (2.83). 

 

  (2.83) 

where ξ1,ξ2,…,ξ3N are called normal coordinates. The eigenvectors in equation (2.83) 

include three translational modes, three rotational modes for non-linear molecules or 

two rotational modes for linear molecules, and 3N-6 (for non-linear molecules) or 3N-5 

(for linear molecules) vibrational modes, which are denoted as normal modes. The 

eigenvalues of the normal modes are proportional to the squares of the vibrational 
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frequencies. The magnitudes of the eigenvalues of the normal modes determine the 

curvature of the minimum. A larger eigenvalue indicates a larger vibrational frequency 

and hence a deeper minimum while a smaller eigenvalue indicates a smaller vibrational 

frequency and hence a shallower minimum. A transition state is a first-order saddle 

point on the PES where it is a maximum along the reaction coordinate and a minimum 

along all other directions, so all the Hessian eigenvalues are non-negative except the one 

along the reaction coordinate, which is negative. 

 
 (2.84) 

for all qi except the reaction coordinate and 

 
 (2.85) 

along the reaction coordinate. The mode with negative eigenvalue corresponds to the 

reaction coordinate and therefore a transition state has one and only one imaginary 

frequency. The signs of the eigenvalues of the Hessian are important in distinguishing 

potential energy minima from maxima. The Hessian in which all the eigenvalues are 

positive (all real vibrational frequencies) indicates an equilibrium geometry while the 

Hessian in which one eigenvalue is negative (one imaginary vibrational frequency) and 

the others are positive implies a transition state. The calculation of vibrational frequency 

will be discussed in more detail in section 2.8.3. 

 

2.8.2 Geometry Optimization 

 Geometry optimization is a process to locate the energy maxima and minima on 

the PES. There are numerous algorithms for optimization, for example, the Berny 

algorithm152,153 developed by Schlegel and the eigenvalue-following (EF) 

algorithm.154-157 The Berny algorithm is used in all optimizations in the current study. 
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Figure 2.7 shows a flowchart which summarizes the general procedure used in geometry 

optimization. In the Berny algorithm, the energy, gradient and the Hessian matrix of the 

input structure are first computed. The computed gradient indicates the steepness of the 

slope while the Hessian indicates the curvature of the PES at a certain point. The 

algorithm then steps towards the direction in which the energy decreases most rapidly 

and computes the above quantities of the new geometry. This step is repeated until all 

the four convergence criteria, the maximum force, the maximum displacement, the 

root-mean-square (RMS) force and the RMS displacement, are below the threshold 

values preset in the algorithm and finally the optimization is converged. Since the 

calculation of the Hessian matrix is computationally expensive, an approximate Hessian 

matrix is constructed by the algorithm at the beginning and the energies and gradients 

computed along the optimization path are used to update the initial Hessian matrix with 

the Broyden-Fletcher-Goldfarb-Shanno (BFGS) updating scheme.158-161 The success of 

an optimization procedure depends on how well the approximate Hessian matrix 

represents the true situation at a certain point. Generally, it is quite sufficient to compute 

the Hessian matrix once at the beginning and use the standard updating scheme in the 

algorithm afterwards. 

The Synchronous Transit-Guided Quasi-Newton (STQN) method,162,163 developed 

by Schlegel and coworkers, is used to locate the transition states in the current study. An 

illustration of the STQN method is shown in Figure 2.8. The Quadratic Synchronous 

Transit (QST) approach164 is first applied to approach to the quadratic region of the 

transition state and then the quasi-Newton or eigenvector-following algorithm165 is used 

to complete the optimization. The QST approach searches for a maximum along an arc 

connecting the reactants and products, and for a minimum in all directions 

perpendicular to the arc. The STQN method can be used with the QST2 and QST3 

options. The optimized structures of the reactants and products are required as input for 
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the former option while an initial structure of the transition state is required in addition 

for the latter one. 

 
Figure 2.7 Flowchart for the general procedures in geometry optimization. 
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Figure 2.8 An illustration of the STQN method, in which the QST approach is applied to get closer 

to the quadratic region of the transition state, followed by the optimization by the EF algorithm. 

 

2.8.3 Vibrational Frequency Calculation 

The nature of the stationary points on the PES can be verified by performing 

vibrational frequency calculations, in which the force constants and the resulting 

vibrational frequencies of the optimized structure are computed. In a frequency 

calculation, the computed Hessian matrix in mass-weighted Cartesian coordinates 

(MWC) is diagonalized and this results in a set of 3N eigenvectors and 3N eigenvalues. 

The 3N eigenvalues correspond to the fundamental frequencies of the molecule. The 

rotational and translational modes are then separated out, leaving  (for 

non-linear molecules) or  (for linear molecules) modes for vibrational analysis. 

The vibrational frequencies are determined by substituting the computed eigenvalues of 

the diagonal Hessian matrix into equation (2.86). 

3N − 6

3N − 5
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 (2.86) 

where  is the wavenumber for the normal mode i, λi is the eigenvalue of the diagonal 

Hessian matrix and c is the speed of light. As mentioned in section 2.8.1, a minimum 

should have a Hessian matrix in which all the eigenvalues are positive while a transition 

state (first-order saddle point) should have a Hessian matrix in which only one 

eigenvalue is negative and the remaining are positive. In addition to the identification of 

the nature of the stationary points on the PES, vibrational frequency calculations can be 

used to compute the zero-point energy (ZPE) correction which accounts for the 

molecular vibration at 0 K, to the total electronic energy. 

 
 (2.87) 

where E0 is the total energy of the molecular system at 0 K, Eelec is the total electronic 

energy and EZPE is the ZPE. In the harmonic oscillator approximation, the ZPE is given 

by 

 
 (2.88) 

where h is the Planck constant and ωi is the vibrational frequency of mode i. The 

reaction energy at 0 K is determined from the difference in energies between the 

reactants and products such that 

 ∆E0RX= E0
prod

products

- E0react

reactants

 

 

(2.89) 

where E0react and E0
prod are the energies of the reactant and product respectively, at 0 K. 

The activation energy at 0 K is obtained from the difference in energies between the 

reactants and transition state at 0 K. 

 

vi =
λi

4π 2c2

vi

E0 = Eelec + EZPE

EZPE =
1
2
hωi

i

modes

∑
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 ∆E0
� =  E0TS- E0reactreactants  (2.90) 

where  and  are the energies of the reactant and transition state respectively, 

including the ZPE correction. 

 

2.8.4 Intrinsic Reaction Coordinate (IRC) Calculation 

 In order to verify whether the transition state connects to the reactants and products, 

it is necessary to perform an intrinsic reaction coordinate (IRC)166,167 calculation in 

which the minima connecting to the transition state are identified. An IRC is defined as 

the steepest descent path from the transition state towards the reactants and products. As 

both Gaussian 03 and Gaussian 09 were used in the current study, it should be noted 

that the default algorithms for following the IRC, the Gonzalez-Schlegel (GS) 

algorithm168,169 and the Hessian-based predictor-corrector (HPC) algorithm167,170,171 

respectively, in Gaussian 03 and Gaussian 09 are different. 

The GS method is illustrated in Figure 2.9. Starting at the point of the transition 

state P1, an auxiliary point P’ with a distance of n/2 (where n is the step size) from P1 

along the tangent is constructed. The algorithm then searches for a point P2 with the 

lowest energy on a sphere with a radius of n/2 centered at P’. Energy and gradient 

calculations are carried out in this constrained search and the geometry at the new point 

is optimized until the convergence criteria are fulfilled. 

The HPC algorithm in Gaussian 09 is involves the use of the Hessian-based 

predictor-corrector integrator,167,170,171 in which the Hessian-based local quadratic 

approximation is used as the predictor component while a modified Bulrisch-Stoer 

integrator is used for the corrector portion. This corrector integrator is done using a 

distance weighted interpolant surface172 fitted to energies, gradients, and Hessians at the 

beginning and ending points of the predictor step. 

E0
react E0

TS
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Figure 2.9 A schematic diagram for the GS method for following the IRC. 

 

2.9 Spin-Orbit Coupling 

The intrinsic spin of an electron can induce a magnetic moment called spin 

magnetic moment which would interact with the magnetic moment arising from the 

orbital angular momentum and hence leads to spin-orbit coupling. The spin-orbit 

coupling lifts the degeneracy of energy levels in atoms and molecules. Taking Cl atom, 

a species involved in the current study, as an example, spin-orbit coupling causes the 

atomic 2PJ ground state to split into a pair of states with  and . The 

separation between the 2P3/2 and 2P1/2 states is 881 cm-1 (2.52 kcal mol-1) and this 

indicates that the energy of a Cl atom in the 2P3/2 state is lowered by 0.84 kcal mol-1 

while that in the 2P1/2 state is elevated by 1.68 kcal mol-1.173 Therefore, in a bimolecular 

reaction with Cl atom being one of the reactants, the energy of the reactants would be 

lowered by 0.84 kcal mol-1 and so all energies relative to the reactant energy would 

increase by 0.84 kcal mol-1, if only the  state is considered in the calculations. 

J = 3
2

J = 1
2

2P3/2
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2.10 Summary 

 This chapter has described the theoretical methods used in both ab initio and DFT 

calculations and how the thermodynamic quantities, including the reaction enthalpies 

and activation energies, are determined from such calculations. In addition, the 

computational algorithms used for locating the equilibrium and transition state and 

following the reaction path on the PES have been briefly described. The results obtained 

from the electronic structure calculations are subsequently utilized in direct dynamics 

calculations based on transition state theory (TST) and variational transition state theory 

(VTST), which are introduced in next chapter, for the determination of reaction rate 

coefficients. 
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Chapter 3 
 
Chemical Kinetics and Dynamics  
 
3.1 Introduction 

 In Chapter 2, a variety of ab initio and DFT methods used to obtain PES were 

introduced. The PES obtained from electronic structure calculations can then be used to 

calculate reaction rate coefficients or other dynamical observables directly, and this is 

referred to as direct dynamics,1-3 where no analytic PES is employed. All direct 

dynamics calculations of rate coefficients involved in this thesis were performed by 

using the POLYRATE program,4 in which different levels of transition state theory 

(TST) are implemented. This includes conventional transition state theory (CTST) and 

variational transition state theory (VTST) such as canonical variational theory (CVT),5-9 

improved canonical variational theory (ICVT)10,11 and microcanonical variational theory 

(µVT).10,12 

This chapter begins with the introduction and discussion of the basic principles of 

different TST approaches, followed by a brief description on the approaches for 

building the PES information required in VTST calculations, including direct dynamics 

methods with interpolated VTST and dual-level dynamics. Calculation of rate 

coefficient involves the ratio of partition functions for the transition state and for 

reactants, and so the evaluation of partition functions is discussed. Lastly, several 

tunneling methods accounting for quantum effects on the reaction coordinate are 

discussed. Some important issues in the computation, for example, the molecular 
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orientation and the coordinate system, are also considered. 

 

3.2 Conventional Transition State Theory (CTST) 

The calculations of reaction rate coefficients were performed after the IRC 

calculations by employing the POLYRATE program.4 The MEPs as well as the 

associated gradients and Hessians were used as the inputs in the rate coefficient 

calculations based on conventional transition state theory (CTST or more commonly 

called TST hereafter),10,12,13 which was developed by Eyring,14 Evans and Polanyi15 in 

1935. 

 In TST, it is assumed that an equilibrium exists between the reactants and the 

activated complex or the transition state such that 

 A+ B k!→! P  (3.1) 

can be expressed as 

 A + B ⇌ AB‡ and AB‡ à P (3.2) 

where A and B are the reactants, AB‡ is the activated complex and P is the product. The 

second assumption states that the rate of product formation is proportional to the 

vibrational frequency of the activated complex along the reaction coordinate such that 

 
k2 =κν  

(3.3) 

where κ is defined as the transmission coefficient and v is the vibrational frequency 

associated with the bond stretching corresponding to the decay of the activated complex. 

With these two assumptions, the Eyring equation can be derived finally. 

 

k = κkBT
hc

exp −ΔG
RT

#

$
%

&

'
(  (3.4) 

where k is the rate constant for the product formation, κ is the transmission coefficient, 

kB is the Boltzmann constant, h is the Planck constant, R is the gas constant, cº is the 

standard state concentration, T is the temperature and ∆G is the difference in Gibbs free 

k1 

k-1 

k2 
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energy between the transition state and the reactants. 

 In TST, the net rate of forward reaction at equilibrium is given by the flux of 

trajectories across a dividing surface in phase space, which separates reactants from 

products, towards the products. The dividing surface, which represents the transition 

state, is located in a way such that it passes through the saddle point on the PES and it is 

assumed that all the trajectories cross this dividing surface from reactants to products 

only once and never return (the no-recrossing assumption). In fact, some trajectories 

passing through the dividing surface from the reactant side may return to the reactants 

and hence lead to recrossing. Therefore, TST would yield the exact classical rate 

coefficient if every trajectory passing through the dividing surface towards products 

crosses it only once.16 Otherwise, it would overestimate the exact classical rate 

coefficient when recrossing occurs. The extent of overestimation by TST can be large 

and may increase with increasing temperature.5 The TST rate coefficient kTST(T) is 

defined as the equilibrium one-way flux coefficient of phase-space trajectories through 

the dividing surface towards products.17 

 

kTST (T ) =σ kBT
h
QTS (T )
ΦR(T )

exp −V ∗

kBT

$

%
&&

'

(
))  (3.5) 

where σ is the symmetry factor which represents the reaction path multiplicity, kB is 

Boltzmann’s constant, T is the temperature, h is the Planck constant, QTS(T) is the 

partition function of the TS, ΦR(T) is the partition function per unit volume of the 

reactants and V* is the classical barrier height. QTS(T) is also called quasi-partition 

function because it does not include the vibrational degree of freedom corresponding to 

the reaction coordinate. It is unitless because the individual partition functions are sum 

of exponential terms. ΦR(T) is per unit volume and its unit is attributed to the relative 

translational partition function per unit volume of reactants. Note that ΦR(T) would be 

replaced by the unitless reactant partition function QR(T) for unimolecular reactions. 
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 For the symmetry factor, it indicates the number of equivalent ways for the 

formation of the transition state in the reaction. According to Fernández-Ramos et al.,17 

the symmetry factor of a reaction can be determined by the following equation. 

 

σ =
σ rot ,R

σ rot ,TS

 (3.6) 

where σrot,R is the product of rotational symmetry numbers of the reactants and σrot,TS is 

the rotational symmetry number of the transition state. The rotational symmetry number 

is determined according to the point group of symmetry of the species and the rotational 

symmetry numbers of the most common point groups of symmetry are provided in 

Fernández-Ramos’ article.17 

The calculations on partition functions will be discussed more detailed in Section 

3.5. 

 

Table 3.1 Rotational symmetry factor, σrot, of the most common point groups of symmetry. 

  

Point group Rotational symmetry number, σrot 
C1 1 
CS 1 
C2 2 
C2v 2 
C3v 3 
C∞v 1 
D2h 4 
D3h  6 
D5h  10 
D∞h  2 
D3d  6 
Td 12 
Oh 24 
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3.3 Variational Transition State Theory (VTST) 

 The conventional TST introduced in Section 3.2 assumes that the transition state of 

a reaction is located at the saddle point (i.e. s = 0) and there is no recrossing of the flux. 

The no-recrossing assumption makes TST always overestimate the reaction rate and so 

TST provides an upper bound to the computed rate coefficient. One of the ways to 

improve the results is varying the position of the dividing surface so that the rate 

coefficient is minimized, and this method is known as generalized transition state theory 

(GTST).5,10 GTST refers to any TST, such as canonical variational theory (CVT), 

improved canonical variational theory (ICVT) and microcanonical variational theory 

(µVT), in which the transition state is not necessarily located at the saddle point. The 

generalized transition state (GTS) is hence located somewhere with s being non-zero. 

Similar to TST, the GTST rate coefficient at a certain temperature, kGT(T,s), can be 

written as10 

 

kGT (T ,s) =σ kBT
h
QGT (T ,s)
ΦR(T )

exp −
VMEP (s)
kBT

#

$
%

&

'
(  (3.7) 

where QGT(T,s) is the partition function of the GTS, VMEP(s) is the potential energy at s 

on the MEP and other parameters have the same definitions as those in equation (3.5). 

By varying along the reaction coordinate, the position of the dividing surface is 

optimized in order to minimize the reaction rate and this approach is commonly referred 

to as variational transition state theory (VTST).12 Conceptually, TST is simpler than 

VTST because its dividing surface is just located at the saddle point where the classical 

potential energy attains the maximum while the dividing surface in VTST is 

temperature dependent since the partition functions and hence the free energy of 

activation are temperature dependent. Since the evaluation of microcanonical number of 

states is computationally expensive for large molecules, µVT has not been used and 
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only TST, CVT and ICVT were applied throughout the studies in this thesis. The CVT 

and ICVT will be discussed in detail in Section 3.3.1 and 3.3.2. As the following 

discussion involves many important quantities, some quantities that often appear in 

VTST are illustrated in Figure 3.1. 

 
Figure 3.1 Illustration of some important quantities on the classical potential energy curve VMEP(s), 

the vibrationally adiabatic ground-state potential energy curve Va
AG(s) and the generalized free 

energy of activation curve ∆GGT,0(T,s).12 

 

3.3.1 Canonical Variational Theory (CVT) 

 In canonical variational theory (CVT),5-9 the position of the dividing surface is 

variationally optimized along the reaction coordinate in order to minimize the GTST 

rate coefficient kGT(T,s). Hence, the CVT rate coefficient kCVT(T) can be obtained by 

minimizing the GTST rate coefficient kGT(T,s) with respect to s such that 

 kCVT (T ) =min
s
kGT (T ,s) = kGT [T ,s*

CVT (T )]  (3.8) 

where s*
CVT (T )  is the location of the CVT transition state at a certain temperature T. 

Since the GTST rate coefficient can be expressed in terms of the change of 

standard-state free energy of activation, ∆GGT,0(T,s), the location of the variational 

transition state can be determined by maximizing the free energy of activation with 
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respect to s and hence s*
CVT (T )  in equation (3.8) refers to the reaction coordinate at 

which the free energy of activation is maximized and is the optimized position of the 

dividing surface.8 The standard-state free energy change for the formation of GTS at s 

from reactants is given by 

 

ΔGGT ,0 (T ,s) = RT VMEP (s)
kBT

− ln Q
GT (T ,s)

ΦR(T )K 0

$

%
&

'

(
)  (3.9) 

where R is the gas constant and K0 is the reaction quotient at standard state, which is 

usually taken to be 1 cm3 per molecule for bimolecular reactions A + B → C + D and 

unity for unimolecular reactions A → C + D or A → C. The generalized free energy of 

activation curve ∆GGT,0(T,s) is calculated with equation (3.9). In order to determine the 

value of s*
CVT (T ) , ∆GGT,0(T,s) is fit using the five points nearest to the maximum to the 

form10 

 
ΔGGT ,0 (T ,s) ≅ a(T )s4 +b(T )s3 + c(T )s2 + d(T )s+ e(T )  (3.10) 

With the substitutions of the five values of s, si, si+1,…, si+4 and their corresponding 

∆GGT,0(T,s), five simultaneous equations are generated and the values of the coefficients, 

a, b, c, d and e, can be obtained by solving these five equations. 

 
ΔGGT ,0 (T ,sn ) = a(T )sn

4 +b(T )sn
3 + c(T )sn

2 + d(T )sn + e(T )  (3.11) 

with n=i, i+1,…, i+4. The position of the maximum in ∆GGT,0(T,s) can then be 

determined under the following condition. 

 d
ds
ΔGGT ,0 (T ,sn ) ≅ 4a(T )s

3 +3b(T )s2 + 2c(T )s+ d(T ) = 0  (3.12) 

Finally, the CVT rate coefficient is calculated by substituting ΔGGT ,0 (T ,s*
CVT (T ))  into 

the following equation 

 kGT (T ,s) = σ
βh
K 0 exp −ΔGGT ,0 (T ,s) / RT#

$
%
&  (3.13) 

Comparing with TST, the location of a CVT transition state involves both entropic 
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contributions from the partition functions Q
GT (T ,s)
ΦR(T )

 and the energetic contributions 

from the exponential factor exp[-βVMEP(s)],18 while the location of a TST transition state 

involves only the energetic contributions because the dividing surface is chosen at the 

saddle point where the potential energy is maximum. Both TST and CVT include the 

energetic and entropic factors in calculating the rate coefficients for a given dividing 

surface, but only CVT involves both factors in choosing the dividing surface. 

 

3.3.2 Improved Canonical Variational Theory (ICVT) 

 In the CVT introduced in Section 3.3.1, the system is characterized by temperature 

and the GTS is optimized for each temperature in a canonical ensemble. However, it 

would be better to characterize the system by a given total energy because it considers 

the conservation of the total energy in each collision. In microcanonical variational 

theory (µVT),10,12 the GTS is optimized for each total energy in microcanonical 

ensemble and the GTST rate coefficient is proportional to the number of 

vibrational-rotational states with energy less than E at the GTS at s, which is denoted by 

Nvr
GT (E,s) . The dividing surface is optimized by minimizing Nvr

GT (E,s)  such that 

 N µVT =min
s
Nvr
GT (E,s)  (3.14) 

 
∂Nvr

GT (E,s)
∂s

s=s*
µVT (E )

= 0
 

(3.15) 

and the µVT rate coefficient is given by 

 

k µVT =
Qel (T ) Nvr

µVT (E)exp(−βE)dE
0

∞

∫
hΦR(T )

 (3.16) 

where Qel(T) is the electronic partition function, h is the Planck constant and ΦR(T) is 

the reactant partition function per unit volume. However, the estimation of the 
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microcanonical number of states at high energies is computationally expensive for large 

molecules. An improvement associated to the time-consuming issue can be made by 

optimizing the GTS microcanonically for energies up to the µVT threshold energy and 

canonically for energies greater than the threshold energy. This approach is known as 

the improved canonical variational theory (ICVT),10,11,19 which can be considered as an 

intermediate method between CVT and µVT. Therefore, ICVT has the same threshold 

energy as µVT but the calculations can be as simple as the CVT and hence less 

time-consuming compared to µVT. In detail, the GTS is chosen at the location of the 

maximum of the vibrationally adiabatic ground-state potential energy curve Va
AG(s) for 

energies up to VAG, where the Va
AG(s) curve is defined as the sum of the classical 

potential energy VMEP(s) and the zero-point energy such that 

 

Va
AG (s) =VMEP (s)+

1
2
h vi (s)
i=1

F−1

∑  (3.17) 

where h is the Planck constant, vi(s) is the generalized normal-mode frequency and F-1 

is the number of bound degrees of freedom in which F is equal to 3N-6 for non-linear 

species and 3N-5 for linear species. 

A single GTS is then optimized for each temperature for energies exceeding VAG, 

like what is done in CVT, but the canonical ensemble is truncated for energies below 

VAG in this case. In ICVT, the threshold energy is set to be VAG and all contributions to 

the GTS rate coefficient from energies below this threshold are eliminated. The 

vibrational-rotational partition function of the GTS is defined as 

 
Qvr
GT (T ,s) =Qvib

GT (T ,s)Qrot
GT (T ,s)  (3.18) 

where Qvib
GT (T ,s)  and Qrot

GT (T ,s)  are the vibrational and rotational partition functions 

of the GTS respectively. The adiabatic potential curve for a quantum state with 

vibrational quantum number n and rotational quantum number k is given by 



Chemical Kinetics and Dynamics 

 76 

 
Va (n,k,s) =VMEP (s)+εint

GT (n,k,s)  (3.19) 

in which εint
GT (n,k,s)  is the vibrational-rotational energy of the GTS with quantum 

state (n,k) at s. 

 
εint
GT (n,k,s) = εvib

GT (n,s)+εrot
GT (k,s)  (3.20) 

In simple, the rate coefficient at ICVT is obtained by minimizing the improved GTST 

rate coefficient kIGT(T,s) such that 

 k ICVT (T ) =min
s
k IGT (T ,s)  (3.21) 

where kIGT(T,s) is the improved GTST rate coefficient for classical rotation and 

quantum mechanically vibration and has the expression of 

 k IGT (T ,s) = σ
βhΦR(T )

QIGT (T ,s)exp −βVMEP (s)#$ %&  (3.22) 

The QIGT(T,s) in equation (3.22) refers to the total partition function of the improved 

GTS. The general trend of the rate coefficients at various TST is20 

 kTST ≥ kCVT ≥ k ICVT ≥ k µVT  (3.23) 

with kTST always being the largest one because the no-recrossing assumption makes it 

become the upper bound of the computed rate coefficient. Moving to the right in the 

above sequence, the account of the recrossing effects becomes more accurate and so 

µVT is generally considered to be the most accurate TST. However, this trend does not 

necessarily hold when tunneling is included in the computation of the rate coefficient 

and this will be further discussed with the classical adiabatic ground-state (CAG) 

correction in Section 3.7. 

 

3.4 Building of PES from Electronic Structure Calculation 

 PES can be obtained by creating an analytic potential energy function (PEF) or 

using direct dynamics.1-3 For the former, considerable data from electronic structure or 
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experiment, as well as human development time are required to create analytic 

high-level PEF. Thus, creating analytic PEF becomes impractical as the complexity of 

reaction increases. More straightforward creation of a PES from limited data can be 

achieved by direct dynamics, which is defined as “the calculation of rates or other 

dynamical observables directly from electronic structure information, without the 

intermediacy of fitting the electronic energies in the form of a PEF”.3 In direct dynamics, 

the information of a PES is obtained from electronic structure calculations, in which the 

gradients and Hessians along the MEP are computed. Direct dynamics would be a good 

choice for systems of small to moderate size where the computation of gradients and 

Hessians is not too expensive. In this section, interpolation schemes on energies that 

were used to calculate MEP are introduced and discussed. These schemes include the 

interpolated variational transition state theory by mapping (IVTST-M) for single-level 

dynamics and variational transition state theory with interpolated single-point energies 

(VTST-ISPE) for dual-level dynamics. 

 

3.4.1 Interpolated Variational Transition State Theory by 

Mapping (IVTST-M) 

 Interpolated variational transition state theory by mapping (IVTST-M)12,20,21 is an 

approach used to obtain the information along the reaction path for a VTST calculation. 

When the IVTST-M algorithm is used, it should be noted that the reaction under study 

has a saddle point and the information along the reaction path is available at least one 

non-stationary point on each side of the saddle point. Together with the three stationary 

points, including reactants, products and transition state, the information of at least five 

points must be available. The information at the wells on the reactant and product sides 

of the reaction path can be optionally included. The level of IVTST-M is indicated by 
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the notation IVTST-M-H/G, in which H and G refer to the numbers of non-stationary 

points at which the Hessian and gradient respectively are available. For bimolecular 

reactions, since the reactants and products are located at s = -∞ and s = +∞ respectively, 

the interpolation over an infinite interval would be less desirable than that over a finite 

interval. Therefore, it is better to change the mapping interval from (-∞,+∞) to (-1,+1) 

by transforming VMEP(s) from a function of s into a function of z, VMEP(z), by equation 

(3.24).12,20,21 

 

z = 2
π
arctan

s− s0
L

"

#
$

%

&
'  (3.24) 

where s0 and L are parameters determined from the forward and reverse barrier heights 

such that 

 
s0 =

(sA + sB )
2

 (3.25) 

 
L = (− | sA |+sB )

2  
(3.26) 

The values of sA and sB in equation (3.25) and (3.26) can be determined by 

 
sA = −min(| sA

0 |,2sB
0 )  (3.27) 

 
sB =min(2 | sA

0 |,sB
0 )

 
(3.28) 

in which sA
0  and sB

0  are expressed as 

 

sA
0 = −

VMEP (s = 0)−VMEP (sR )
|ω* |2 µ

 (3.29) 

 

sB
0 = −

VMEP (s = 0)−VMEP (sP )
|ω* |2 µ  

(3.30) 

where µ is the reduced mass, ω* is the imaginary frequency of the transition state and sR 

and sP are the values of s at the reactants and products respectively. It is worth to note 

that sA
0  and sB

0  are the values of s where the potential energy on the reaction path is 
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half of the barrier height. The new function is now centered where important changes 

occur as the reaction proceeds and the interpolation becomes more efficient. 

 

3.4.2 Variational Transition State Theory with Interpolated 

Single-Point Energies (VTST-ISPE) 

 Dual-level dynamic calculations can be carried out with variational transition state 

theory with interpolated single-point energies (VTST-ISPE) approach20,22 in which the 

correction on the lower-level MEP is based on the single-point energies computed at 

higher-level electronic structure calculations. In this method, the energies along the 

MEP were improved by higher-level calculations while the corresponding geometries, 

gradients and Hessians computed at lower level were used. First, the reaction path is 

calculated at the lower level. Then, by using the IVTST-M algorithm, the reaction 

coordinate s is mapped into the z space by equation (3.24). The semi-infinite interval of 

s is mapped into a finite interval of z for unimolecular reaction A → C + D while the 

infinite interval (-∞,+∞) is mapped into a finite interval (-1,+1) for bimolecular reaction 

A + B → C + D. The program spline interpolates the difference between the 

higher-level energies and the lower-level energies such that 

 
ΔV =VHL −VLL  (3.31) 

where VHL and VLL are the potential energies at higher and lower levels respectively. 

The corrected dual-level reaction path is then determined by 

 
VDL =VLL +Vspline (ΔV , z)  (3.32) 

where Vspline(∆V,z) is a spline-under-tension fit. Since the IVTST-M algorithm does not 

support large-curvature tunneling (LCT), the VTST-ISPE calculations can be carried 

out with zero-curvature tunneling (ZCT) and small-curvature tunneling (SCT) only. 
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3.5 Partition Functions 

 The energy levels of a system consist of electronic, vibrational and rotational 

energy levels. In general, electronic energy levels are widely separated compared to the 

thermal energy kT at room temperature. There are many possible vibrational energy 

levels within each electronic energy level, and each vibrational level has rotational 

levels built on it. Partition function is a sum over energy states and it enables one to 

calculate the probability of finding a collection of molecules with a given energy in a 

system. It can be written as the product of electronic, vibrational, rotational and 

translational partition functions. The value of partition function indicates the number of 

energy states available for the system to occupy. Calculations of rate coefficients 

involve the determination of partition functions of the transition state and reactants. 

Therefore, in this section, the evaluation of electronic, vibrational, rotational and 

translational partition functions will be discussed. 

 

3.5.1 Translational Partition Function 

For bimolecular reactions, the reactant partition function ΦR(T) is written as the 

product of partition functions of the two reactants, A and B, and their relative 

translational motion such that 

 
ΦR(T ) =Φrel

A,B (T )QA(T )QB (T )  (3.33) 

where QA(T) and QB(T) are the partition functions of reactants A and B respectively and 

Φrel
A,B (T )  is their relative translational partition function which can be written as12,20 

 

Φrel
A,B (T ) = 2πµrel

βh2
"

#
$

%

&
'

3
2

 (3.34) 

where µrel is the reduced mass, β is defined as (kBT)-1 and h is the Planck constant. The 
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partition function of a reactant includes vibrational, rotational and electronic 

contributions if it is a polyatomic species while only electronic contribution is included 

if it is an atom because there is no vibration and rotation for an atom. 

 
QA =Qel

A(T )Qvib
A (T )Qrot

A (T )  for polyatomic species (3.35) 

 
QA =Qel

A(T )       for atomic species (3.36) 

Note that the coupling between the vibrational, rotational and electronic partition 

functions is ignored in equation (3.35). For unimolecular reactions, the reactant partition 

function involves the contribution of one reactant only. 

 

3.5.2 Rotational Partition Function 

 Since the rotational levels are close to each other, it is possible to approximate the 

quantal rotational partition function classically. It was found that this approximation 

would give an error in kCVT of not more than ca. 1% for atom-diatom reactions.9 For a 

linear species, the rotational partition function is calculated classically from the moment 

of inertia such that 

 

Qrot
A =

2I A

2βσ rot
A

 (3.37) 

where IA is the moment of inertia of the species and σ rot
A  is the rotational symmetry 

number mentioned previously and ħ is defined as h/2π. For a non-linear species, the 

rotational partition function is obtained approximately from the product of the three 

principal moments of inertia of the species. 

 

Qrot
A =

1
σ rot
A

2
2β

!
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 (3.38) 

where I1
A , I2

A  and I3
A  are the three principal moments of inertia of the species. 
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3.5.3 Vibrational Partition Function 

 The vibrational partition function of a species is calculated quantum mechanically 

with the use of harmonic approximation. 

 

Qvib
A (T ) = exp −βEvib,m

A (nm )"
#

$
%

nm

∑
m=1

FA

∏  (3.39) 

where FA is the vibrational degree of freedom of the species (FA = 3NA – 5 for linear 

species and FA = 3NA – 6 for non-linear species, with NA being the number of atoms in 

the species) and Evib,m
A (nm )  is the energy of the harmonic vibrational level n in mode m, 

which can be written as 

 

Evib,m
A (nm ) = nm +

1
2

!

"
#

$

%
&ωm

A  (3.40) 

in which ωm
A  is the frequency of the normal mode m of the species. 

 

3.5.4 Electronic Partition Function 

 The electronic partition function of a species is calculated quantum mechanically 

by the following equation. 

 Qel
A = dα

A exp −βEel
A(α)"

#
$
%

α=1
∑  (3.41) 

where α is the electronic state, dα
A  and Eel

A(α)  are the degeneracy and the energy of 

electronic state α respectively and β is defined as (kBT)-1. The energy of the ground state, 

where α=1, is considered to be the reference value of zero of energy. In addition, since 

electronic energies are very large, all terms except the first one in the summation in 

equation (3.41) are nearly zero. As a result, the electronic partition function is equal to 

the degeneracy of the ground state. 

 AA
el dQ 1=  (3.42) 
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3.6 Quantum Mechanical Tunneling 

 As mentioned in Section 3.5, the computed rate coefficients can be quantized by 

incorporating quantum effects into the F-1 bound degrees of freedom through partition 

functions. Although the motions in the GTS degrees of freedom, which are orthogonal 

to the reaction coordinate, are treated quantum mechanically, the motion along the 

reaction coordinate is still treated classically. In order to obtain results as close as to the 

exact quantal rate coefficient, it is necessary to incorporate quantum effects into all 

degrees of freedom. Therefore, in this section, the incorporation of quantum effects into 

the reaction coordinate through tunneling (barrier penetration), will be discussed in 

detail. 

 The tunneling effect is important especially at low temperatures because the 

fraction of reaction that occurs by tunneling increases as temperature decreases. A 

multiplicative factor called transmission coefficient is used to account for the quantum 

mechanical tunneling along the reaction coordinate such that 

 
k X /Y (T ) =κ X /Y (T )k X (T )  (3.43) 

where X and Y refer to the TST level and tunneling method respectively used in the 

calculation, κX/Y(T) is the transmission coefficient computed at X/Y and kX(T) is the rate 

coefficient computed at X without tunneling. For TST, there is a simple and common 

approach to simulate tunneling with the use of the semiclassical Wigner correction.23,24 

However, the Wigner correction is not very accurate because it just deals with 

one-dimension which is not able to account for the full dimensionality of the system. In 

addition, the results obtained by using Wigner correction are satisfactory only at relative 

high temperatures where the correction factor is close to unity. The results would be 

inaccurate and unreliable when the correction factor deviates much from unity since the 

assumptions on its derivation are not satisfactory anymore.25-27 The quantum effects can 
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be estimated more accurately by multidimensional tunneling (MT) methods, namely 

minimum-energy-path semiclassical adiabatic ground-state (MEPSAG) method,10,11,28 

centrifugal-dominant small-curvature semiclassical adiabatic ground-state (CD-SCSAG) 

method29,30 and large-curvature ground-state (LCG) method,10,29,31-33 responsible for the 

calculation of transmission coefficients with zero-curvature tunneling (ZCT), 

small-curvature tunneling (SCT) and large-curvature tunneling (LCT) respectively. 

These three tunneling methods differ in the extent of corner-cutting, which causes the 

tunneling path to be shorter than the MEP, of the concave side of the reaction path. The 

LCT approximation10,12,29,31-35 is computationally very demanding and is usually used to 

deal with small system with important quantum effects, so it is not considered in the 

studies in this thesis. The Wigner, ZCT and SCT approximations, which were used in 

the studies in Chapter 4 to 6, will be discussed in Section 3.6.1 and 3.6.2. 

 

3.6.1 The Wigner Correction 

 Developed by Wigner in 1932,23,24 the semiclassical Wigner correction is an 

one-dimensional tunneling correction and is generally applied on TST. 

 

κ ∗/W (T ) =1+ 1
24

h |ω∗ |
kBT

"

#
$$

%

&
''

2

 (3.44) 

where ω* is the imaginary frequency at the saddle point, h is the Planck constant, kB is 

the Boltzmann constant and T is the absolute temperature. The Wigner correction is 

considered to be the simplest tunneling method because it only depends on the 

imaginary frequency of the transition state and temperature. With the Wigner correction, 

the TST rate coefficient can be improved and becomes 

 
k∗/W (T ) =κ ∗/W (T )k∗(T )  (3.45) 

It should be noted that the Wigner correction is generally valid at high temperatures and 
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it may become inaccurate and unreliable at relative low temperatures where the 

correction factor deviates much from unity.10 Therefore, it is suggested that the Wigner 

correction should not be used when it is greater than about 1.2.20 

 

3.6.2 Multidimensional Tunneling 

 The reaction path is actually a curvilinear coordinate and the motion along the 

reaction coordinate is coupled with the F-1 vibrational modes orthogonal to it by the 

curvature of the reaction path. This coupling leads to a negative internal centrifugal 

effect that moves the tunneling path to the concave side of the reaction path and causes 

the corner-cutting in the system, which allows tunneling via a shorter path. The 

transmission coefficient κY(T), which indicates the extent of tunneling, can be written in 

terms of the transmission probability PY(E) such that 

 
κ Y (T ) = β exp(βV AG ) PY (E)exp(−βE)dE

E0

∞

∫  (3.46) 

where β=(kBT)-1, VAG is the maximum of the vibrationally adiabatic ground-state 

potential Va
AG(s), E is the total energy of the system and E0 is the energy of the reactants 

at zero-point level. PY(E) is the transmission probability at energy E and in the ZCT and 

SCT approximations it can be approximated as follow, depending on the value of E.36 

 

PY (E) =

0,                            E < E0

1
1+ e2θ (E )

,                E0 ≤ E ≤V
AG

1− PY (2V AG − E),   V AG ≤ E ≤ 2V AG − E0

1,                             2V AG − E0 < E

#

$

%
%%

&

%
%
%

 (3.47) 

where θ(E) is called the imaginary action integral which reflects the extent of the 

dampening of the wavefunction by the potential barrier and is given by36 

 
θ (E) = 1


2µeff (ξ ) Veff (ξ )− E"# $%dξξ0

ξ1∫  (3.48) 

in which ħ = h/2π, ξ is a parameter varying along the tunneling path and µeff(ξ) and Veff(ξ) 
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are the effective reduced mass and effective potential along the tunneling path 

respectively. The integration limits in equation (3.48), ξ0 and ξ1, refer to the location 

where the tunneling path starts and ends respectively. 

 

3.6.2.1 Zero-Curvature Tunneling (ZCT) 

Zero-curvature tunneling (ZCT),28 also known as MEP tunneling, is a 

multidimensional tunneling approach in which the coupling between the reaction 

coordinate and the F-1 vibrational modes is neglected. This means that the tunneling 

path coincides with the MEP and corner cutting of the reaction path is not included. In 

such case, the ξ, Veff(ξ) and µeff(ξ) in equation (3.48) are taken to be the reaction 

coordinate s, the adiabatic ground-state potential along the reaction coordinate Va
AG(s) 

and the reduced mass µ respectively. As a result, equation (3.48) can be modified for 

ZCT approximation to36 

 
θ (E) = 1


2µ Va

AG (s)− E"
#

$
%dss0

s1∫  (3.49) 

where s0  and s1  are the classical turning points in the reactant and product valleys 

respectively. Since the curvature of the MEP is ignored, the tunneling predicted by the 

ZCT method is usually seriously underestimated37 and the predicted ZCT transmission 

coefficient is always smaller than that predicted by SCT because µ is always greater 

than or equal to µeff(ξ). Consequently, the ZCT path is considered to be a poor choice of 

tunneling path38,39 and it is recommended to use SCT approximation in order to treat 

tunneling better.29,30,40,41 

 

3.6.2.2 Small-Curvature Tunneling (SCT) 

 In small-curvature tunneling (SCT),29,30,40-43 the internal centrifugal effect, which is 

produced by the coupling between the reaction coordinate and the F-1 vibrational 
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modes, shortens the tunneling path and makes it cut the corner of the reaction path. This 

effect is included in the effective reduced mass. Therefore, the ξ in equation (3.48) 

refers to the arc length variable of the tunneling path and equation (3.48) can be 

modified for SCT approximation to36 

 
θ (E) = 1


2µeff (s) Va

AG (s)− E"
#

$
%dss0

s1∫  (3.50) 

 

3.7 The Classical Adiabatic Ground-State (CAG) 

Correction 

The classical adiabatic ground-state (CAG) correction11,12,44 accounts for the fact 

that the GTS at the TST or CVT level is not located at the maximum of the Va
AG(s) 

curve. In the calculations at TST and CVT, a CAG correction factor κCAG, ranging from 

0 to 1, has to be included as a multiplicative factor when tunneling is considered for the 

sake of the consistency in TST and CVT calculations.11 For ICVT, the κCAG is exactly 

equal to 1 because the GTS in this theory corresponds to the position at the maximum of 

the Va
AG(s) curve11 and so it does not have any effect on the computed rate coefficients. 

In this connection, although kCVT ≥ kICVT by definition, the ICVT rate coefficient 

including multidimensional tunneling kICVT/MT (where kICVT/MT = κICVT/MT kICVT) can be 

larger than the CVT counterpart kCVT/MT, though not necessarily, because κCVT/CAG ≤ 1. 

The difference in κCAG for TST and CVT is due to the different values of s of the GTS 

in TST and CVT, and the shape of the Va
AG(s) curve. For CVT, the CAG correction 

factor κCVT/CAG(T) is given by 

 
κCVT /CAG (T ) = exp β Va

AG s*
CVT (T )( )−V AG!

"
#
${ }  (3.51) 

where β is defined as (kBT)-1, s*
CVT (T )  is the location of the GTS at the CVT level 

where the ∆GGT,0(T,s) curve attains the maximum and VAG is the maximum of the 
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Va
AG(s) curve at sx

AG
 in Figure 3.1. For TST, the GTS is located at s = 0 and so the 

Va
AG s*

CVT (T )( )  in equation (3.51) is replaced by the value of the Va
AG(s) curve at s = 0, 

. Then, equation (3.51) becomes 

 
κ TST /CAG = exp β Va

AG (s = 0)−V AG!
"

#
${ }  (3.52) 

Summing up, the values of κCAG should be less than or equal to 1 because the VAG
 in 

equation (3.51) is the maximum of the Va
AG(s) curve. However, since the CAG 

corrections at TST and CVT are different, their computed rate coefficients including 

tunneling corrections, which also include CAG corrections, could be different even 

though the multiplicative multidimensional tunneling correction factors κMT are the 

same for TST, CVT and ICVT. Since κTST/CAG can be smaller (or larger) than κCVT/CAG, 

the computed rate coefficient at TST with tunneling kTST/MT can be smaller (or larger) 

than the CVT counterpart kCVT/MT, depending on the values of κTST/CAG and κCVT/CAG, as 

well as the values of kTST and kCVT. 

 

3.8 Orientation of the Molecule at Generalized Transition 

State (GTS) 

 In GAUSSIAN, unless specified in the input, the molecule will be rotated or 

translated to the standard orientation, in which the center of mass is located at the origin, 

the principal axis aligns along the z-axis and the principal plane of symmetry is on the 

yz-plane, before the calculation starts. As a result, the gradient and the Hessian matrix 

printed out in the formatted checkpoint file (.fchk file) will correspond to the 

re-orientated geometry. This would lead to the inconsistency in the gradient and Hessian 

matrix between the input geometry and the re-orientated geometry and errors may be 

introduced in the curvature of the reaction path and hence the tunneling calculations. In 

Va
∗G
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order to avoid the re-orientation of the geometry and link up the transition state with the 

reactants and products via the computed MEP, the geometry in the GAUSSIAN input 

was in Cartesian coordinates and the NOSYMM keyword was specified for all the ab 

initio and DFT calculations performed in our studies. The NOSYMM keyword is 

utilized to disable the use of symmetry (i.e. C1 symmetry is used) and hence enforce the 

computation to be performed in the input orientation. 

 

3.9 Rectilinear and Curvilinear Coordinate Systems 

 In the calculation of the bound-state vibrational frequencies and normal mode 

eigenvectors along the MEP, it is quite common to observe additional imaginary 

frequencies along the MEP, which makes the GTS has more than one imaginary 

frequency. One of the reasons leading to extra imaginary frequencies is bad coordinate 

system. It was found that the vibrational frequencies obtained with curvilinear 

coordinates give better physical descriptions of the stretching, bending and internal 

rotation vibrational motions of the molecules compared to those obtained with 

rectilinear coordinates.45,46 The use of rectilinear coordinates may cause the generalized 

normal-mode frequencies to be unphysical in magnitude or even imaginary over a wide 

range of the reaction coordinate. Therefore, it is suggested to use curvilinear internal 

coordinates46,47 instead of rectilinear coordinates for generalized normal mode analyses. 

However, for reactions involving more than four atoms, it is not obvious that which set 

of 3N-6 internal coordinates best describes the whole reaction path and so redundant 

internal coordinate system48 is recommended to be used to evaluate the generalized 

normal mode frequencies.12 As a result, unless otherwise specified, redundant internal 

coordinate system was used for the generalized normal mode analyses in Chapter 4 to 6 

as it gives better results for non-stationary points along the MEP than the Cartesian 



Chemical Kinetics and Dynamics 

 90 

coordinate system does. 

 

3.10 Summary 

 This chapter has described the basic principles of various TST levels, including 

TST, CVT and ICVT, and also a few algorithms that were used to calculate the rate 

coefficients of the reactions being studied in this thesis. The parameters involved in the 

calculations of rate coefficient as well as quantum mechanical tunneling, like partition 

function, CAG factor, transmission coefficient and transmission probability, have also 

been explained in detail. Moreover, some important theoretical considerations, such as 

the symmetry factor, the orientation of the molecule and the coordinate system used in 

the generalized normal-mode analyses, have been discussed. 
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Chapter 4 

 

A Mechanistic and Kinetic Study of the 

Reaction of Heptafluoropropane (FM 200) 

with Hydrogen Atom 

 

4.1 Introduction 

 Halon is commonly known to be an effective agent for fire suppression as it can 

stop the spread of fire by chemically disrupting the combustion. It is considered to be a 

clean agent, which is electrically non-conducting, volatile or gaseous and does not leave 

a residue upon evaporation, and has been widely used as a fire suppression agent to 

protect electronic equipment, aircraft, ships and tanks throughout the 20th century. 

CF3Br (Halon 1301) and CF2ClBr (Halon 1211) are well-known halogenated 

hydrocarbon fire suppression agents used in fixed systems and portable fire 

extinguishers respectively. However, Halons have relatively long atmospheric lifetimes 

(e.g. 65 years for Halon 1301 and 16 years for Halon 12111) and are able to release 

chlorine (Cl) and/or bromine (Br) atoms that participate in catalytic ozone destruction 

cycles in the stratosphere.2 The Montreal Protocol3 established Halons as an 

environmental risk since 1987 and they are phased out along with other ozone-depleting 
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chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). The production of 

new Halons also ceased in 1994 under the U.S. Clean Air Act amendments. 

Heptafluoropropane (CF3CHFCF3 or FM 200, where FM stands for Fire Master) is 

commonly used as a fire suppressant in fixed fire fighting system to replace halogenated 

hydrocarbon fire extinguishing agents. The influences of CF3CHFCF3, as a halon 

alternative, on the environment are not completely well understood yet. The 

understanding of the reaction mechanisms and kinetics of the reactions associated with 

CF3CHFCF3 and the products from which generated, especially at high temperatures 

under combustion, is important to the development of CF3CHFCF3 as a successful fire 

suppression agent. 

 The title reaction, reaction (1), has been chosen to be a prototype in this study for 

the following reasons. 

CF3CHFCF3 + H → CF3CFCF3 + H2     (1) 

First, it is a simple hydrogen transfer reaction with a single barrier.4 It has a simple 

reaction mechanism, which would simplify theoretical analysis (see Ref. [5]), and 

quantum effects of tunneling are expected to be significant for a hydrogen transfer 

reaction. In this connection, it is a suitable candidate for investigating tunneling effects. 

Second, specifically, it is an important reaction in a kinetic model of fire suppression by 

the environmentally friendly fire extinguishant, CF3CHFCF3.6 In addition, more 

generally, hydrogen atom transfer reactions are of fundamental importance in many 

areas of chemistry and other applications.7-9 Third, the kinetics of this reaction has been 

studied recently in a shock-tube experiment and an Arrhenius rate expression was 
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derived from experimental data in the 1000-1180 K temperature range.10 This allows 

direct comparisons between theoretical and experimental reaction rate coefficients to be 

made in this temperature range. Finally, the reaction enthalpy and barrier height of this 

reaction have been recently computed at different ab initio levels and with a number of 

functionals.4 These calculations have laid the foundation for the present investigation. It 

has been found that computed key geometrical parameters and imaginary vibrational 

frequencies of the transition state (TS) structure of this reaction obtained at different 

levels of calculation could be very different, even when the computed reaction barriers 

are similar in magnitude (see Ref. [4]). In this connection, it will be interesting to 

investigate these effects (i.e. different optimized geometries of the TS and different TS 

computed imaginary frequencies) on the computed reaction rate coefficients. 

 

4.2 Computational Methodology 

4.2.1 Ab Initio and DFT Methods 

In the present study, ab initio methods and density functional theory (DFT) were 

applied to study the CF3CHFCF3 + H → CF3CFCF3 + H2 reaction at different levels of 

theory, including BMK,11 MOHLYP,12 M05,13 M05-2X,14 M06,15 M06-2X,15 M06-HF,16 

M06-L17 and UMP2, with mainly the 6-31+G** (with the default six-component 

Cartesian d functions) and 6-31++G** (5D; with five-component spherical d functions) 

basis sets. The reaction electronic energy and barrier height of the title reaction have 

also been computed previously using the B3LYP,18-21 BH&HLYP,18,19 BB1K,22 

MPW1K,23 MPWB1K,24 TPSS1KCIS25 functionals.4 The BMK functional has recently 
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been found to perform well generally, especially for barrier heights.26,27 Besides, it was 

suggested to be the best performing non-Minnesota functional in a benchmark 

investigation of the limit of accuracy of the global hybrid functionals by the Truhlar 

group.28 The MOHLYP functional as well as the M05 and M06 classes of functionals, 

which were recently designed by the Truhlar group for different purposes,12,26,28,29 were 

used in the present study because they perform well generally and/or specifically in 

computing barrier heights and give a reasonable spread of computed reaction enthalpies, 

barrier heights and imaginary vibrational frequencies of the transition states so that their 

relationship with the computed reaction rate coefficients can be investigated 

comprehensively.12,26,28,29 The 6-31+G** basis set was chosen in the present study 

because it has been recommended, in some recent benchmark studies, to be used in DFT 

calculations as it was concluded to be the best performing basis set of relatively small 

size.26,30,31 The 6-31++G** basis set, which includes a diffuse s function on each 

hydrogen atom and a set of diffuse s and p functions on non-hydrogen atoms, may be 

considered as more balanced, especially in hydrogen-transfer reactions. In addition, the 

aug-cc-pVDZ and aug-pc-132,33 basis sets were used with the M05-2X functional in the 

present study for the investigation of basis set effects. The augmented polarization 

consistent basis sets, aug-pc-1, were designed primarily for DFT calculations. 

All MP2 and DFT geometry optimization, TS search, harmonic vibrational 

frequency and intrinsic reaction coordinate (IRC) calculations were carried out using the 

GAUSSIAN03 program34 except those using the M06-class functionals, where 

NWCHEM35,36 was used. In addition, with the use of the MOLPRO quantum chemistry 
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package,37 high-level single-point energy calculations using the RCCSD(T) method 

with the aug-cc-pVDZ and the reduced aug-cc-pVTZ {denoted as AVTZ(spd,sp) 

throughout; with only the s, p and d functions for all non-hydrogen atoms and the s and 

p functions for hydrogen atoms} basis sets were carried out on the geometries optimized 

at MP2/6-31++G**(5D). The computed T1 diagnostics for all species involved are less 

than 0.016, indicating negligible multireference character. The computed reaction 

electronic energies and barrier heights were extrapolated to the complete basis set (CBS) 

limit using the 1/X3 extrapolation formula38,39 via two routes, one using the relative 

energies computed at RCCSD(T)/aug-cc-pVDZ and RCCSD(T)/aug-cc-pVTZ while the 

other using those computed at RCCSD/cc-pVTZ and RCCSD/cc-pVQZ. With the latter 

route of extrapolation, contributions from triple excitations (T), which were obtained 

from the differences between computed RCCSD(T)/cc-pVTZ and RCCSD/cc-pVTZ 

values in previous study,4 and augmented basis functions were included (these were 

assumed to be additive and see Ref. [4]). The best theoretical values were taken as the 

averages of the best estimated values obtained from the two routes. 

 

4.2.2 MEP and TST Calculations 

A systematic investigation on the effects of the range of reaction coordinate, step 

size and number of points of energies, gradients or Hessians along the IRC path on the 

computed reaction rate coefficients has been carried out at the B3LYP/6-31++G** level 

at 300 K. Various ranges of s (up to ±1.5 Bohr) and numbers of gradients and Hessians 

being computed explicitly (with intervals of 0.01 ≤ s ≤ 0.1 Bohr) along the IRC path 
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have been considered. The results show that the rate coefficients computed at various 

TST levels are reasonably consistent and agree with the benchmark computed rate 

coefficients to within 5% as long as a range of s ≥ ±0.6 Bohr is used and the gradients 

and Hessians are computed explicitly within an interval of s ≤ 0.1 Bohr. Consequently, 

in all IRC calculations, 10 points from the transition state in each direction towards the 

reactants and products were computed with a step size of 0.1 amu1/2-Bohr. All the IRC 

paths cover reaction coordinates up to ca. s = ±0.99 Bohr except that computed at the 

M05/6-31+G** level, where only 8 points in both directions were computed because 

the IRC optimization at the ninth point towards the reactants did not converge after 46 

steps. The IRC path computed at the M05/6-31+G** level covers a reaction coordinate 

up to ca. s = ±0.79 Bohr, which should be adequate, though only 8 points were 

computed. 

 Gradients and Hessians were computed analytically at every point on the IRC path. 

The computed IRC points and the associated gradients and Hessians were then utilized 

in reaction rate coefficient calculations using the POLYRATE 2008 program,40 with the 

interpolated variational transition state theory by mapping (IVTST-M-H/G) approach41 

where H/G is 17/17 for the M05/6-31+G** IRC path and is 21/21 for the 

UMP2/6-31++G** and other DFT IRC paths (H and G denote the number of 

non-stationary points at which Hessians and gradients respectively are computed). The 

reaction rate coefficient calculations were carried out at different TST levels, including 

conventional transition state theory (TST), canonical variational theory (CVT) and 

improved canonical variational theory (ICVT). With TST, the semiclassical Wigner 
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correction,42 which is the simplest tunneling correction, was calculated. In addition, the 

zero-curvature tunneling (ZCT) and small-curvature tunneling (SCT) corrections were 

computed and incorporated with the computed TST, CVT and ICVT rate coefficients 

via the multiplicative transmission coefficient κ(T). In summary, totally 10 TST levels, 

namely, TST, CVT, ICVT, TST/W, TST/ZCT, CVT/ZCT, ICVT/ZCT, TST/SCT, 

CVT/SCT and ICVT/SCT, have been considered. 

 Dual-level direct dynamics calculations at RCCSD(T)/aug-cc-pVDZ, 

RCCSD(T)/AVTZ(spd,sp) and RCCSD(T)/CBS using UMP2/6-31++G** and 

M05/6-31+G** as the lower levels were carried out with the interpolated single-point 

energies (VTST-ISPE) approach,5 in which the energies of the MEP were improved by 

higher-level calculations while the geometries, gradients and Hessians computed at the 

lower level were used, implemented in POLYRATE. On the computed 

UMP2/6-31++G** IRC path, the energies at 9 points, s = -0.5981, -0.39812, -0.19828, 

-0.09875, 0, 0.09951, 0.19943, 0.39926 and 0.59769 Bohr, were calculated at 

RCCSD(T)/aug-cc-pVDZ while the energies at 7 points, s = -0.5981, -0.39812, 

-0.19828, 0, 0.19943, 0.39926 and 0.59769 Bohr, were computed at 

RCCSD(T)/AVTZ(spd,sp). With RCCSD(T)/CBS as the higher level, only the energies 

of the reactants, products and transition state were used. Besides UMP2/6-31++G**, 

M05/6-31+G** was also used as the lower level in the case of CBS being the higher 

level. 

 The reactant-complex (RC) and the product-complex (PC) have been optimized at 

the MP2/6-31++G** level. The shortest intermolecular bond lengths in the RC (H…H) 
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and PC (H…F; F in CF3) are 3.177 and 3.008 Å respectively. Such long intermolecular 

bond lengths indicate very weak interaction in the complexes. In addition, the RC and 

PC are lower in energy than the corresponding separate reactants and products by 0.12 

and 0.68 kcal mol-1 respectively at the MP2/6-31++G** level. The effect of including 

the RC and PC are expected to be negligibly small due to their shallow minima on the 

reaction surface and their weak interaction. Therefore, the RC and PC were ignored in 

the TST calculations for the sake of simplicity. 

 

4.3 Results and Discussion 

4.3.1 Computed Reaction Energies, Barrier Heights and 

Imaginary Vibrational Frequencies of Transition States 

 Ab initio and DFT results are summarized in Table 4.1. Before they are discussed, 

the following points should be noted. First, there were some human mistakes in 

evaluating the zero-point energy corrections (∆ZPE) at the MP2 level (using unscaled, 

computed MP2 harmonic vibrational frequencies) quoted in our previous work.4 The 

correct ∆ZPE, -1.922 and -1.609 kcal mol-1 for ∆ERX and ∆E‡ respectively, have been 

used for the relevant values given in Table 4.1. The main effects of these corrections are 

a lowering of the computed zero-point corrected ∆E0
‡ by 0.99 kcal mol-1 and a small 

increase in ∆E0
RX by 0.28 kcal mol-1, compared to previously published values4 where 

∆ZPE at MP2 were used. Second, there are slightly differences in the computed relative 

electronic energies between the present and previous studies due to the use of C1 

symmetry in this study (see footnote [a] of Table 4.2). Nevertheless, these differences 
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are generally small. For example, with the B3LYP functional, the computed ∆E0
‡ and 

∆E0
RX values obtained with C1 symmetry are 6.4 and -7.1 kcal mol-1 respectively (Table 

4.2) while those obtained previously4 when symmetry was used are 6.3 and -6.5 kcal 

mol-1 respectively (Table 4.1). With the BH&HLYP functional, the computed ∆E0
‡ and 

∆E0
RX values obtained here with C1 symmetry and previously are the same. Third, the 

best estimated ∆Ee
‡ (∆Ee

RX) values obtained by the two routes, 

1/X3:{RCCSD(T)/AVDZ;AVTZ} and 1/X3:{CCSD/VTZ;VQZ}+aug+(T), which 

include the 1/X3 CBS extrapolation (see footnotes [d] and [e] of Table 4.1), are 13.79 

(0.48) and 13.87 (0.75) kcal mol-1 respectively. Employing the 1/X3 extrapolation 

technique via the two routes in this study described above gives very slightly different 

best estimated ∆Ee
‡ and ∆Ee

RX values from those obtained previously using a different 

extrapolation method.4 Nevertheless, the differences are less than ±0.6 kcal mol-1. Also, 

the final best theoretical ∆Ee
‡ and ∆Ee

RX values (see footnote [f] of Table 4.1) obtained 

from the two studies differ by less than 0.3 kcal mol-1. Lastly, TS optimization and IRC 

calculations at the MP2 level are actually based on UMP2 energies (PUMP2 energies 

were computed as corrections to UMP2 energies with GAUSSIAN03). In the case of 

reaction (1), the MEP has its maximum at s = -0.045 Bohr rather than s = 0 at the TS if 

the computed PUMP2 energies are used for the MEP instead of UMP2 energies. In this 

connection, using PUMP2 energies for the MEP has been treated as dual level in the 

TST calculations.  
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Table 4.1 The reaction energies and activation energies (∆E0
RX and ∆E0

‡ respectively; in kcal mol-1), 

including zero-point energy corrections (∆ZPE), as well as the imaginary vibrational frequencies (ωi; 

in cm-1) and some key bond lengths (in Å) of the transition state of reaction (1). 

a Results from Ref. [4]. 

b Using NWCHEM; see text. 

c At MP2/6-31++G**(5D) geometries and including zero-point energy corrections (∆ZPE) using 

computed MP2/6-31++G**(5D) harmonic vibrational frequencies. 

d The relative electronic energies were extrapolated to the complete basis set (CBS) limit using the 

1/X3 formula and computed RCCSD(T)/aug-cc-pVDZ and RCCSD(T)/aug-cc-pVTZ values. 

Methods ∆E0
RX ∆E0

‡ ωi C…H H…H 

BB1K/6-31+G**a -2.3 11.2 1565i 1.35 0.92 

MPW1K/6-31+G**a -2.3 6.8 1534i 1.35 0.92 

MPWB1K/6-31+G**a -1.9 11.2 1564i 1.35 0.92 

TPSS1KCIS/6-31+G**a -7.2 6.2 1588i 1.34 0.93 

BH&HLYP/cc-pVDZa -2.7 9.8 1542i 1.37 0.92 

B3LYP/6-31++G**a -6.5 6.3 1393i 1.33 0.95 

BMK/6-31+G** -0.7 12.2 1624i 1.37 0.92 

BMK/6-31++G** 0.03 12.8 1603i 1.38 0.92 

M05/6-31+G** -5.0 11.5 2745i 1.31 0.98 

M05-2X/6-31+G** -2.0 12.8 1549i 1.33 0.95 

M05-2X/6-31++G** 0.3 13.5 1538i 1.33 0.95 

M05-2X/aug-pc-1 2.7 14.0 1595i 1.35 0.94 

M05-2X/aug-cc-pVDZ 3.3 14.1 1524i 1.37 0.93 

MOHLYP/6-31+G** -14.4 9.4 1495i 1.31 1.00 

M06/6-31++G**b -1.3 10.2 2252i 1.32 0.97 

M06-2X/6-31++G**b -0.4 12.6 2268i 1.32 0.97 

M06-HF/6-31++G**b -0.2 17.0 1240i 1.39 0.90 

M06-L/6-31++G**b -0.2 7.3 1981i 1.32 0.96 

UMP2/6-31++G** (C1) 4.5 19.0 1835i 1.39 0.88 

PUMP2/6-31++G**//UMP2 (C1) 3.4 15.7    

RCCSD(T)/aug-cc-pVDZ//UMP2 (C1) 2.07 12.46    

RCCSD(T)/AVTZ(spd,sp)//UMP2 (C1) -0.44 12.60    

RCCSD(T)/aug-cc-pVDZ//MP2c 1.93 12.46    

RCCSD(T)/aug-cc-pVTZ//MP2c -0.44 12.27    

1/X3:{RCCSD(T)/AVTZ;AVDZ}c,d -1.44 12.18    

1/X3:{CCSD/VQZ;VTZ}+aug+(T)c,e -1.17 12.26    

Best theoreticalf -1.30±0.13 12.22±0.04    

HF/6-31G*; G2(MP2)g  12.5 2810i   

MPW1K/6-311+G**h -1.21i 10.8 1446i
i 

1.36 0.91 

G3(MP2)//MPW1K/6-311+G**h -1.5i 11.8    

Experimental -0.7, -0.5j 9.8,g,k 15.1g,l    
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e The relative electronic energies were extrapolated to the CBS limit using the 1/X3 formula and 

computed RCCSD/cc-pVTZ and RCCSD/cc-pVQZ values, and contributions from augmented 

functions and triple excitations were included. 

f The average of the two values above. 

g ∆ZPE from scaled harmonic vibrational frequencies obtained at the HF/6-31G* level and ∆E0
‡ at 

the G2(MP2) level; both theoretical and experimental ∆E0
‡ values are from shock tube coupled with 

atomic resonance absorption spectroscopy (ST-ARAS) study; see Ref. [10]. 

h From Ref. [43]. 

i The ωi value has been scaled by 0.962. The values given under ∆E0
RX are the ∆H298K

RX values. 

j ∆H298K
RX values were obtained using ∆Hf

298K (CF3CFCF3) = -318 ± 3 kcal mol-1 from Ref. [4], 

∆Hf
298K (CF3CHFCF3) = -370.6 ± 2.3 kcal mol-1 from Ref. [44] and ∆Hf

298K (H) = 52.103 ± 0.001 

kcal mol-1 from CODATA in Ref. [45]. 

k TST fitted barrier based on ST-ARAS reaction rates (1000-1180 K). 

l From the Arrhenius expression derived from ST-ARAS reaction rates (1000-1180 K). 

 

 Considering ab initio results as shown in Table 4.1, the best theoretical ∆E0
‡ and 

∆E0
RX values of reaction (1) obtained in this study are 12.22 ± 0.04 and -1.30 ± 0.13 

kcal mol-1 respectively. These should be the currently most reliable theoretical values. 

The quoted uncertainties are based on the average of the best estimates obtained via two 

different routes discussed above (see footnotes [d] to [f] of Table 4.1). Comparing with 

the best theoretical ∆E0
‡ and ∆E0

RX values obtained previously,4 but with the correct 

∆ZPE corrections, the differences are less than 0.3 kcal mol-1, suggesting that the 

maximum uncertainties associated with the best theoretical ∆E0
‡ and ∆E0

RX values 

reported here are most likely less than ±0.6 kcal mol-1. Comparing theory with 

experiment, the best theoretical ∆E0
‡ value is in between the two available 

experimentally derived values of 9.8 and 15.1 kcal mol-1 from Ref. [10]. The barrier 

height of reaction (1) will be further discussed in section 4.3.2, where the computed and 
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experimental rate coefficients are compared. For the reaction enthalpy of reaction (1), 

the best theoretical ∆H298K
RX value of -0.9 kcal mol-1 (determined from the difference of 

0.41 kcal mol-1 between the ∆HRX values at 298 K and 0 K) agrees reasonably well with 

the range of values of between -0.7 and 0.5 kcal mol-1 derived from various, available 

heats of formation of the reactants and products (see Ref. [4]). 

 For higher level ab initio results, the RCCSD(T)/aug-cc-pVDZ and 

RCCSD(T)/aug-cc-pVTZ values given in Table 4.1 are from our previous work4 (but 

with the correct ∆ZPE). With the aug-cc-pVDZ basis set, the differences in the 

computed ∆E0
‡ and ∆E0

RX values between employing Cs and C1 symmetries are small. 

However, although the computed RCCSD(T)/AVTZ(spd,sp) ∆E0
RX value obtained in 

this study is the same as the corresponding RCCSD(T)/aug-cc-pVTZ value obtained 

previously, the computed RCCSD(T)/AVTZ(spd,sp) ∆E0
‡ value is larger than the 

corresponding RCCSD(T)/aug-cc-pVTZ value by 0.33 kcal mol-1. What is more 

significant is that the RCCSD(T)/AVTZ(spd,sp) ∆E0
‡ value is larger than the 

RCCSD(T)/aug-cc-pVDZ value, but the RCCSD(T)/aug-cc-pVTZ ∆E0
‡ value is smaller 

than the RCCSD(T)/aug-cc-pVDZ ∆E0
‡ value. This comparison suggests that 

calculating the barrier height of reaction (1) is more demanding on the level of theory 

than calculating the reaction enthalpy, and the AVTZ(spd,sp) basis set is probably 

inadequate. 

 Regarding the different functionals used, if the best theoretical ∆E0
‡ and ∆E0

RX 

values reported here are considered as the most reliable, then the BB1K, MPWB1K, 

BMK, M05, M05-2X and M06-2X functionals give computed ∆E0
‡ values which agree 
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with the best theoretical value of 12.2 kcal mol-1 to within the chemical accuracy of 1 

kcal mol-1, and the BB1K, MPW1K, MPWB1K, BMK(/6-31+G**), 

M05-2X(/6-31+G**), M06 and M06-2X functionals give computed ∆E0
RX values which 

agree with the best theoretical value of -1.3 kcal mol-1 also to within 1 kcal mol-1. The 

functionals which give both ∆E0
‡ and ∆E0

RX values to within 1 kcal mol-1 of the 

corresponding best theoretical values are the BB1K, MPWB1K, BMK, M05-2X and 

M06-2X functionals. Among these five functionals, the BMK(/6-31+G**) and then 

M05-2X(/6-31+G**) functionals may be considered as giving marginally better 

agreement with the best theoretical values than the other functionals. 

 Considering computed imaginary vibrational frequencies of the TS of reaction (1) 

obtained at different levels of calculation, the M06-HF functional gives the smallest 

value, of 1240i cm-1, while the M05 functional gives the largest value of 2745i cm-1. 

The difference in magnitude between these two values of over 1500i cm-1 is 

considerable. Nevertheless, most of the computed imaginary frequencies shown in Table 

4.1 are in the range of between 1400i and 1600i cm-1. The only available computed 

imaginary frequency obtained by an ab initio method is that at the MP2 level, which 

gives a value of 1835i cm-1, and the closest DFT value to the MP2 value is that by the 

M06-L functional, which gives a value of 1981i cm-1, followed by the BMK/6-31+G** 

value of 1624i cm-1. As pointed out previously,4 it is uncertain that computed MP2 

frequencies can be considered as benchmarks. However, any higher ab initio level than 

MP2, which requires numerical second derivative calculations, is impractical for the 

system considered. 
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 In Table 4.1, the two key bond lengths of the TS computed at different levels of 

calculation are also given. While the computed C…H distances have values between 

1.31 and 1.39 Å, the computed H…H distances have values between 0.88 and 1.00 Å. 

At the MP2 level, the computed C…H (H…H) distances of 1.39 (0.88) Å are the 

longest (shortest) respectively among all the values shown in Table 4.1, giving a TS 

structure which is more toward the product side than those TS structures obtained from 

all the DFT calculations. In contrast, the TS structures obtained with the MOHLYP and 

M05 functionals (with the shortest computed C…H distance of 1.31 Å and the longest 

H…H distances of ca. 1.00 Å) are more toward the reactant side than the rest. However, 

the computed imaginary vibrational frequencies of the TS obtained by the MOHLYP 

and M05 functionals, 1495i and 2745i cm-1 respectively, are very different. There does 

not seem to be any obvious systematic correlation between the optimized position of the 

TS (i.e., whether more reactant-like or product-like), the magnitude of its computed 

imaginary frequency and the barrier height. The shapes of the MEPs (i.e., the position 

of the TS with respect to reactants/products, the curvature and height of the reaction 

barrier) obtained at different levels of calculation seem to be mainly dependent on the 

correlation methods used (i.e., different functionals and MP2 method). 

 Although only four different basis sets were used for DFT calculations, the results 

shown in Table 4.1 suggest that basis set effects on computed relative electronic 

energies can be significant. The first point to consider is whether the more balanced 

6-31++G** basis set is superior to the 6-31+G** basis set, which has been 

recommended in a few studies,26,30,31 for the hydrogen transfer reaction considered in 
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this study. With the BMK functional, the differences in the computed ∆E0
‡ and ∆E0

RX 

values between using these two basis sets may be considered as small (ca. 0.7 kcal 

mol-1). However, with the M05-2X functional, the differences in the computed ∆E0
‡ and 

∆E0
RX values using four different basis sets are significant, especially for the ∆E0

RX 

values. Specifically, the computed 6-31++G** ∆E0
RX value is larger than the computed 

6-31+G** value by 2.3 kcal mol-1. With the aug-pc-1 and aug-cc-pVDZ basis sets, the 

differences in the computed ∆E0
‡ and ∆E0

RX values are even larger. Considering all four 

basis sets used with the M05-2X functional and the associated results shown in Table 

4.1, the increases in the computed ∆E0
‡ and ∆E0

RX values appear to correlate with the 

optimized TS structures. The computed ∆E0
‡ and ∆E0

RX values are larger when the 

optimized C…H (H…H) distances increase (decrease), when the TS structure is more 

reactant-like. However, there is no obvious trend for the computed imaginary 

frequencies obtained with different basis sets. Summing up, based on the results 

obtained from this study, it appears that basis set effects on computed relative electronic 

energies can be significant, and are rather functional dependent. In addition, basis set 

effects on the computed relative electronic energies and corresponding TS structures 

seem to be related. Finally, if the best theoretical ∆E0
‡ and ∆E0

RX values of 12.22 and 

-1.30 kcal mol-1 discussed above are considered as the benchmarks, the 6-31+G** basis 

set may be considered as the best performing basis set among the four used with the 

M05-2X functional. The 6-31+G** basis set also performs slightly better than the 

6-31++G** basis set with the BMK functional. 
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4.3.2 Computed Reaction Rate Coefficients 

 Some results obtained from TST calculations using POLYRATE with different ab 

initio and DFT IRC paths are summarized in Table 4.2, and some representative plots of 

computed reaction rate coefficients (k) against temperatures (T) are shown in Figure 4.1 

to 4.5. In addition to k versus T plots, log10k versus 1000/T plots, which are commonly 

reported in experimental kinetic studies (references therein),46 are also displayed in 

these figures. Before these plots are examined, it should be noted that log10k versus 

1000/T plots show differences in the computed rate coefficients obtained at different 

levels of calculation more clearly in the relatively low T region (below 600 K or with 

1000/T larger than ca. 1.75) while k versus T plots show the differences more clearly in 

the relatively high T region (higher than 1000 K; see Figures 4.1 to 4.5). In addition, in 

terms of the order of magnitude of the computed rate coefficients, log10k versus 1000/T 

plots show the differences more clearly, particular in the low T region. However, from a 

pragmatic point of view, although the differences in the computed rate coefficients at 

relatively low T (below 600 K) in terms of order of magnitude are quite large (between 

10-13 and 10-21), these differences in terms of the absolute magnitudes of the computed 

rate coefficients are actually very small (near zero, because the powers are larger 

negative numbers towards lower T) as shown in the k versus T plots. In this connection, 

the k versus T plots and the differences of the computed rate coefficients obtained at 

different levels of calculation in the relatively high T region (>1000 K) will mainly be 

focused in the following discussion. This is also because available experimental rate 

coefficients are in the 1000-1200 K temperature region. The experimental reaction rate 
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coefficients used in all the plots have been taken from the National Institute of 

Standards and Technology (NIST) Kinetics Database website;47 they have been 

measured in the shock tube study of Ref. [10] and fitted to an Arrhenius expression. 

 

Table 4.2 Computed tunneling kappa factors, κ, at 300 and 1500 K obtained using different ab 

initio/DFT MEPs and the corresponding computed barrier heights (∆E0
‡; in kcal mol-1) and 

imaginary frequencies (ωi; in cm-1) of the corresponding transition state structure. 

a These values from TS optimization calculation using C1 symmetry differ slightly from those using 

Cs symmetry as given in Table 4.1. 

b With the aug-cc-pVTZ(spd,sp) basis set. 

 

Before computed rate coefficients are discussed in detail, some general points on 

TST (see Chapter 3 and Ref. [5]), which relate to some trends observed in some 

computed results obtained here (Table 4.2), should be noted. First, without tunneling 

corrections, kTST ≥ kCVT ≥ kICVT by definition,5. The computed values obtained in this 

study employing all different IRC paths follow this order as expected. Nevertheless, the 

computed kCVT and kICVT values are essentially identical in all cases (i.e., 

microcanonical effects are negligibly small; see Ref. [5] and references therein). In this 

connection, whenever computed kCVT values are discussed below, the same applies to 

Method ∆E0
‡ ωi 300 K 1500 K 

Wigner ZCT SCT Wigner ZCT SCT 

B3LYP 6.42a 1217ia 2.42 2.21 12.60 1.06 1.03 1.13 

BH&HLYP 9.84 1541ia 3.28 3.61 9.54 1.09 1.05 1.08 

BMK 12.36
a 

1602ia 3.46 3.14 10.68 1.10 1.04 1.08 

M05 11.54 2744ia 8.22 13.48 80.00 1.29 1.13 1.25 

M05-2X 13.54
a 

1538ia 3.27 3.67 14.27 1.09 1.05 1.10 

UMP2 18.97 1835i 4.23 8.47 98.55 1.13 1.07 1.14 

PUMP2//UMP2 15.73 1835i 4.23 5.02 20.72 1.13 1.06 1.11 

RCCSD(T)/AVDZ//UMP2b 12.46 1835i 4.23 4.14 12.18 1.13 1.05 1.10 

RCCSD(T)//AVTZ//UMP2 12.60 1835i 4.23 3.63 14.16 1.13 1.04 1.09 

RCCSD(T)/CBS//UMP2 12.22 1835i 4.23 3.38 32.53 1.13 1.04 1.06 

RCCSD(T)/CBS//M05 12.05 2744ia 8.22 5.94 25.24 1.29 1.09 1.16 
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kICVT, and vice versa. Also, the differences between kTST and kCVT values are small in all 

cases (vide infra), suggesting that variational effects are generally small for the reaction 

considered. Second, it has been noted that the Wigner correction, κWigner, should not be 

used when it is larger than ca. 1.2.5 In this connection, from Table 4.2, it can be seen 

that the Wigner correction is reasonably reliable at a relatively high temperature (e.g. 

1500 K), as all computed κWigner values are <1.3. Also, computed κWigner, κZCT and κSCT 

values employing different IRC paths are close (all having values only slightly larger 

than 1 at 1500 K; Table 4.2). However, at a relatively low temperature (e.g. 300 K), all 

computed κWigner values are considerably larger than 1.2. Nevertheless, most computed 

κZCT values are close to the corresponding κWigner values, though the corresponding 

computed κSCT values are considerably larger than the κWigner and κZCT values at 300 K 

(see Table 4.2). Figures 4.1 to 4.5 have been selected to be presented here because of the 

following reasons. Computed k values obtained at different TST levels employing the 

BH&HLYP IRC path (i.e. Figure 4.1) are found to give the best agreement with 

available experimental values (see Figures 4.1, 4.4 and 4.5). The RCCSD(T)/CBS//MP2 

and RCCSD(T)/CBS//M05 IRC paths are at the highest ab initio levels used (Figures 

4.2 and 4.3 respectively). The TST (without tunneling correction) and ICVT/SCT levels 

are the lowest and highest TST levels used in this study (Figures 4.4 and 4.5 

respectively). Summarizing, Figures 4.4 and 4.5 show an overall picture on the 

comparison between theory and experiment while Figures 4.1 to 4.3 show the results 

obtained from employing the best functional and highest levels of ab initio theory. From 

these figures, the following conclusions can be made. 
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Figure 4.1 Computed reaction rate coefficient and temperature plots obtained employing the 

BH&HLYP/cc-pVDZ IRC: log10k versus 1000/T (bottom) and k versus T (top); experimental data 

from Refs. [10] and [47].
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Figure 4.2 Computed reaction rate coefficient and temperature plots obtained employing the 

RCCSD(T)/CBS//UMP2/6-31+G** IRC: log10k versus 1000/T (bottom) and k versus T (top); 

experimental data from Refs. [10] and [47].
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Figure 4.3 Computed reaction rate coefficient and temperature plots obtained using the 

RCCSD(T)/CBS//M05/6-31+G** IRC: log10k versus 1000/T (bottom) and k versus T (top); 

experimental data from Refs. [10] and [47].
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Figure 4.4 Computed TST reaction rate coefficient and temperature plots obtained using different 

IRCs: log10k versus 1000/T (bottom) and k versus T (top); experimental data from Refs. [10] and 

[47].
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Figure 4.5 Computed ICVT/SCT reaction rate coefficient and temperature plots obtained using 

different IRCs: log10k versus 1000/T (bottom) and k versus T (top); experimental data from Refs. [10] 

and [47]. 
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 First, the BH&HLYP/cc-pVDZ IRC path clearly gives the best agreement between 

theory and experiment at both the TST and ICVT/SCT levels (Figures 4.4 and 4.5). 

Second, although the highest ab initio level used in this study, RCCSD(T)/CBS//MP2, 

does not give computed rate coefficients which agree better with available experimental 

data than those obtained with BH&HLYP, the improvement of rate coefficients 

computed with MEPs obtained at the various ab initio levels, namely from UMP2, 

PUMP2//MP2, RCCSD(T)/AVDZ//MP2 to RCCSD(T)/CBS//MP2, is evidently in the 

right direction (Figures 4.4 and 4.5). Third, both variational and tunneling effects 

associated with TST calculations are significantly smaller than effects arising from 

using different IRC paths obtained at different ab initio/DFT levels (or from using 

different computed barrier heights; vide infra). Forth, although the 

RCCSD(T)/CBS//MP2 and RCCSD(T)/CBS//M05 dual-level IRC paths have very 

similar computed barrier heights (∆E0
‡ = 12.22 and 12.05 kcal mol-1 respectively; Table 

4.2) as the electronic energies used are at the same higher level, RCCSD(T)/CBS, the 

computed k values are significantly different (compare Figures 4.2 and 4.3). These 

differences are due to the different lower levels (MP2 and M05) employed in the 

dual-level TST calculations. As can be seen from Table 4.1, the TS’s obtained at these 

two lower levels have significantly different computed geometrical parameters, 

imaginary vibrational frequencies and ∆E0
‡ values. The differences between the 

computed k values obtained with these two dual-level IRC paths, as shown in Figures 

4.2 and 4.3, are mainly due to the different entropic contributions (namely, rotational 

and vibrational, from the two lower levels) to the free energies of the IRC paths. Lastly, 
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it should be noted that the dual-level approach has an inherent approximation: The 

gradients and Hessians of an IRC path (or curvatures) at a lower level are used together 

with the revised electronic energies of a higher level, assuming that the curvatures of the 

two levels are similar. This assumption may be expected to be more valid if the IRC 

paths of the two levels are closer to each other. For example, comparing the two dual 

levels, the M05 and RCCSD(T)/CBS//M05 IRC paths should be closer to each other 

than the MP2 and the RCCSD(T)/CBS//MP2 IRC paths because the M05 lower level 

has a computed ∆E0
‡ value (11.54 kcal mol-1; Table 4.2) closer to that of the higher level 

(12.05 kcal mol-1 at RCCSD(T)/CBS//M05) than that between MP2 (18.97 kcal mol-1) 

and RCCSD(T)/CBS//MP2 (12.22 kcal mol-1). In this connection, one may anticipate 

the curvatures of the higher and lower levels in the RCCSD(T)/CBS//M05 dual level to 

be similar. However, the M05 computed imaginary vibrational frequency (2744i cm-1; 

Table 4.2) is considerably larger than the corresponding MP2 value (1835i cm-1) and 

also other DFT values as discussed, suggesting that the M05 barrier is considerably 

narrower/sharper than others. At present, it is unclear whether the curvatures of the M05 

or other IRC paths are closer to those of the RCCSD(T)/CBS IRC path. Nevertheless, 

from Figures 4.2 to 4.5, the agreement between theory and experiment appears to be 

marginally better with the RCCSD(T)/CBS//MP2 IRC path than the 

RCCSD(T)/CBS//M05 IRC path, suggesting that entropic contributions to the 

pre-exponential factor in the rate coefficient from the M05 lower level have led to 

poorer agreement between theory and experiment with the RCCSD(T)/CBS//M05 dual 

level than the RCCSD(T)/CBS//MP2 dual level. 
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 To examine the interrelationships between computed barrier heights (∆E0
‡), 

imaginary vibrational frequency (ωi), rate coefficients (k) and tunneling corrections 

(various κ values) obtained at various levels of theory, some plots are given in Figures 

4.6 to 4.8. From Figure 4.6, the approximate exponential relation between k and ∆E0
‡ is 

clearly seen. Therefore, it is concluded that the barrier height has the most dominant 

effect on computed k values, as expected from theory. In addition, Figure 4.6 shows that 

variational effects, as indicated by the differences between computed kTST and kCVT 

values, are negligibly small at all temperatures (the black squares are almost completely 

hidden behind the red circles in Figure 4.6 in all cases), as mentioned above. Figure 4.7 

shows the plots of κ or log10k values versus various ωi values while Figure 4.8 shows 

the plots of κ values versus various ∆E0
‡ values at 300 and 1500 K. Note that various κ 

or log10k values with the same ωi value in Figure 4.7 and the same κWigner value (black 

squares) with different ∆E0
‡ values in Figure 4.8 correspond to dual levels with the 

same lower levels (therefore the same ωi or κWigner values). The only obvious 

relationship shown in these plots is in κWigner versus ωi in Figure 4.7, as expected 

according to equation (3.44) given in Section 3.6.1. It appears that multidimensional 

tunneling (MT) corrections, particularly SCT, do not depend only on ωi or ∆E0
‡, but 

probably on both. Nevertheless, tunneling corrections are small at a relatively high 

temperature, as mentioned above.
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Figure 4.6 Computed kTST, kCVT and kICVT/SCT versus ∆E0
‡ plots at 1500 K (top) and 300 K (middle), 

and corresponding log10k plots at 300 K (bottom).
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Figure 4.7 Computed κWigner, κZCT and κSCT versus ωi plots at 1500 K (top) and 300 K (middle), and 

log10kTST, log10kCVT and log10kICVT/SCT versus ωi plots at 300 K (bottom).
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Figure 4.8 Computed κWigner, κZCT and κSCT versus ∆E0
‡ plots at 1500 K (top) and 300 K (bottom).
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4.4 Concluding Remarks 

 In this study, rate coefficient calculations at ten different TST levels have been 

carried out using MEPs computed at eleven different ab initio/DFT levels for the simple 

hydrogen abstraction reaction, CF3CHFCF3 + H → CH3CFCF3 + H2. Among these 

eleven MEPs, six are single level and five are dual level. Comparing computed reaction 

rate coefficients obtained at different levels of theory shows that, the computed barrier 

height has the strongest effect on the computed reaction rate coefficients as expected. 

Variational effects on the computed rate coefficients are found to be negligibly small. 

Although tunneling effects are relatively small at high temperatures (~1500 K), SCT 

corrections are significant at low temperatures (~300 K), and both barrier heights and 

the magnitudes of the imaginary frequencies affect SCT corrections. 

 On the comparison between available experimental rate coefficients10,47 and those 

computed in this work, in addition to the plots given in Figures 4.1 to 4.5, some 

representative values at the relevant temperature range are given in Table 4.3. 

 

Table 4.3 Comparison of representative experimental and computed ICVT/SCT rate coefficientsa (k) 

of reaction (1) at some relevant temperatures (T). 

a k in 10-13 cm3 molecule-1 s-1. 

b Raw data from Table S2 in supporting information of Ref. [10]. 

c NIST compilation47 using the Arrhenius expression from Ref. [10]. 

 

 

Experimentalb Experimentalc BH&HLYP/cc-pVDZ RCCSD(T)/CBS//MP2 

T/K k T/K k T/K k T/K k 

1014 4.15 1000 3.63 1000 4.66 1000 1.07 

1098 5.81 1100 7.22 1100 8.10 1100 2.15 

1158 10.90 1150 9.74 1150 10.40 1150 2.92 
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From Table 4.3, the differences between the measured rate coefficients (column two; 

see footnote [b]) and those from the fitted Arrhenius expression (column four; see 

footnote [c]) show the uncertainties associated with available experimental values. 

Regarding the levels of ab initio theory employed to calculate the MEPs (or IRC paths 

and curvatures), the dual-level RCCSD(T)/CBS//MP2 gives the best agreement between 

computed and experimental rate coefficients, as expected for the highest ab initio level 

used. Regarding DFT with different functionals, the BH&HLYP/cc-pVDZ MEP gives 

the best agreement between theory and experiment. In fact, the agreement is even better 

than that with the highest ab initio level (Figures 4.4 and 4.5, and Table 4.3). In this 

connection, based on the comparison between computed and available experimental rate 

coefficients, the computed BH&HLYP/cc-pVDZ ∆E0
‡ value of 9.84 kcal mol-1 may be 

concluded to be the most reliable barrier height for this reaction. This value also agrees 

very well with the TST/G2(MP2) fitted value of 9.5 kcal mol-1 from Ref. [10]. However, 

it should be noted that the barrier height of a reaction is not an experimentally 

measurable quantity and its derivation is usually via fitting experimental rate 

coefficients obtained at different temperatures to an expression, such as an Arrhenius 

expression, or comparison between experimentally measured and computed reaction 

rate coefficients (as in Ref. [10]), the latter rate coefficients being calculated at a certain 

level of TST and employing a MEP with a barrier height computed at a certain level of 

ab initio theory or DFT. From the viewpoint of ab initio theory, the reliability of a 

computed barrier height or MEP can be assessed via a systematic improvement in the 

level of theory, as is carried out in this study, though there are always limitations in 
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calculating relative electronic energy and/or harmonic vibrational frequencies reliably. 

However, with DFT, this is less straightforward (vide infra). In addition, the link 

between computed ab initio/DFT barrier heights and measured rate coefficients is TST. 

Hence, the level of TST to be employed is also important when experimental and 

computed rate coefficients are compared. The situation will become more complex with 

a dual level approach, as discussed above, in that even with similar barrier heights at the 

higher level, the computed k values obtained at the RCCSD(T)/CBS//MP2 and 

RCCSD(T)/CBS//M05 dual levels can be significantly different. This is because 

different entropic contributions from the two different lower levels (different geometries 

and vibrational frequencies) to the computed free energies of the MEPs can lead to 

different computed k values. 

 It should be noted that corrections for anharmonicity and/or torsional modes (to 

hindered internal rotations), which could affect ZPE corrections and computed rate 

coefficients (see for example, Refs. [5] and [48]), have been ignored in this study. 

However, in view of the large differences in the computed imaginary harmonic 

vibrational frequencies obtained with different methods used as shown in Table 4.1 and 

4.2, corrections for anharmonicity and/or torsional modes seem insignificant. This 

reiterates the issue raised previously4 on the reliability of the use of computed harmonic 

frequencies. This is not only important for the TS but also for the MEP. Unfortunately, 

with the size of the reaction considered, analytical second energy derivatives beyond the 

MP2 level will be required to benchmark computed harmonic frequencies, but they are 

currently unavailable. When benchmarks of computed harmonic frequency are 
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established, corrections for anharmonicity and/or torsional modes should then be 

considered, but these are out of the scope of the present investigation. 

 Lastly, a computational study on the rate constants of the hydrogen abstraction 

reactions of CF3CHFCF3 + H {i.e. reaction (1) in this study} and CF3CF2CHF2 + H has 

appeared43 after the calculations in this study were finished. The MEP computed at the 

G3(MP2)//MPW1K/6-311+G** dual level was used in TST, CVT and CVT/SCT 

calculations of k over a temperature range of 200-2000 K. Some computed ab 

initio/DFT results reported in this study for reaction (1) are included in Table 4.1 for 

comparison, particularly because the MPW1K functional has also been used in this 

study, but with a different basis set from that in Ref. [43]. It can be seen that although 

most of the computed quantities listed in Table 4.1, obtained using the MPW1K 

functional with the two different basis sets (6-31+G** in the present work and 

6-311+G** from Ref. [43]), are very similar, the computed TS imaginary vibrational 

frequencies differ by 88i cm-1, suggesting that basis set effects on the shape of the 

computed MEPs near the TS are not insignificant. In addition, computed CVT/SCT k 

values obtained with the G3(MP2)//MPW1K/6-311+G** dual level MEP from Ref. [43] 

agree very well with available experimental k values from Ref. [10] (fitted to an 

Arrhenius expression; see Ref. [47]). However, it should be noted that, although the 

G3(MP2)//MPW1K barrier height (∆E0
‡) of 11.78 kcal mol-1 is quite close to our best 

theoretical value of 12.22 kcal mol-1, it is significantly larger than the 

BH&HLYP/cc-pVDZ value of 9.84 kcal mol-1 (Table 4.1). As discussed above, 

computed k values obtained using the BH&HLYP/cc-pVDZ MEP in this study also 
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agree very well with available experimental values, as do the G3(MP2)//MPW1K 

dual-level MEP values of Ref. [43]. This again shows that computed k values depend 

not only on the computed ∆E0
‡ value, but also on entropic contributions to the free 

energies of the MEP, as mentioned above. In this connection, good agreement between 

computed and experimental k values does not necessarily mean good agreement of 

derived barrier heights. Nevertheless, it is concluded in Ref. [43] that variational effects 

are small and SCT corrections are only important at low temperatures for reaction (1), 

as in this study. 



FM 200 + H 

 129 

4.5 References 

(1) Montzka, S. A.; Reimann, S.; Engel, A.; Krüger, K.; O'Doherty, S.; Sturges, W.; 

Blake, D.; Dorf, M.; Fraser, P.; Froidevaux, L.; Jucks, K.; Kreher, K.; Kurylo, M. J.; 

Mellouki, A.; Miller, J.; Nielsen, O.-J.; Orkin, V. L.; Prinn, R. G.; Rhew, R.; Santee, 

M. L.; Stohl, A.; Verdonik, D. “Scientific Assessment of Ozone Depletion: 2010, 

Global Ozone Research and Monitoring Project,” World Meteorological 

Organization, 2011. 

(2) Solomon, S. Rev Geophys 1999, 37, 275. 

(3) The Montreal Protocol on Substances that Deplete the Ozone Layer; Programme, 

O. S. U. N. E., Ed., 2000. 

(4) Lee, E. P. F.; Dyke, J. M.; Chow, W. K.; Chau, F. T.; Mok, D. K. W. Journal of 

Computational Chemistry 2007, 28, 1582. 

(5) Fernandez-Ramos, A.; Miller, J. A.; Klippenstein, S. J.; Truhlar, D. G. Chemical 

Reviews 2006, 106, 4518. 

(6) Hynes, R. G.; Mackie, J. C.; Masri, A. R. Journal of Physical Chemistry A 1999, 

103, 54. 

(7) Isborn, C.; Hrovat, D. A.; Borden, W. T.; Mayer, J. M.; Carpenter, B. K. Journal of 

the American Chemical Society 2005, 127, 5794. 

(8) Dybala-Defratyka, A.; Paneth, P.; Pu, J. Z.; Truhlar, D. G. Journal of Physical 

Chemistry A 2004, 108, 2475. 

(9) Andersson, S.; Gruning, M. Journal of Physical Chemistry A 2004, 108, 7621. 

(10) Yamamoto, O.; Takahashi, K.; Inomata, T. Journal of Physical Chemistry A 2004, 



FM 200 + H 

 130 

108, 1417. 

(11) Boese, A. D.; Martin, J. M. L. Journal of Chemical Physics 2004, 121, 3405. 

(12) Schultz, N. E.; Zhao, Y.; Truhlar, D. G. Journal of Physical Chemistry A 2005, 109, 

11127. 

(13) Zhao, Y.; Schultz, N. E.; Truhlar, D. G. Journal of Chemical Physics 2005, 123, 

161103. 

(14) Zhao, Y.; Schultz, N. E.; Truhlar, D. G. Journal of Chemical Theory and 

Computation 2006, 2, 364. 

(15) Zhao, Y.; Truhlar, D. G. Theoretical Chemistry Accounts 2008, 120, 215. 

(16) Zhao, Y.; Truhlar, D. G. Journal of Physical Chemistry A 2006, 110, 13126. 

(17) Zhao, Y.; Truhlar, D. G. Journal of Chemical Physics 2006, 125, 194101. 

(18) Becke, A. D. Journal of Chemical Physics 1993, 98, 5648. 

(19) Lee, C. T.; Yang, W. T.; Parr, R. G. Phys Rev B 1988, 37, 785. 

(20) Vosko, S. H.; Wilk, L.; Nusair, M. Can J Phys 1980, 58, 1200. 

(21) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Journal of Physical 

Chemistry 1994, 98, 11623. 

(22) Zhao, Y.; Lynch, B. J.; Truhlar, D. G. Journal of Physical Chemistry A 2004, 108, 

2715. 

(23) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. G. Journal of Physical Chemistry A 

2000, 104, 4811. 

(24) Zhao, Y.; Truhlar, D. G. Journal of Physical Chemistry A 2004, 108, 6908. 

(25) Zhao, Y.; Lynch, B. J.; Truhlar, D. G. Physical Chemistry Chemical Physics 2005, 



FM 200 + H 

 131 

7, 43. 

(26) Zheng, J. J.; Zhao, Y.; Truhlar, D. G. Journal of Chemical Theory and Computation 

2009, 5, 808. 

(27) Korth, M.; Grimme, S. Journal of Chemical Theory and Computation 2009, 5, 

993. 

(28) Zhao, Y.; Truhlar, D. G. Journal of Chemical Theory and Computation 2008, 4, 

1849. 

(29) Zhao, Y.; Truhlar, D. G. Accounts of Chemical Research 2008, 41, 157. 

(30) Csonka, G. I.; French, A. D.; Johnson, G. P.; Stortz, C. A. Journal of Chemical 

Theory and Computation 2009, 5, 679. 

(31) Riley, K. E.; Op't Holt, B. T.; Merz, K. M. Journal of Chemical Theory and 

Computation 2007, 3, 407. 

(32) Jensen, F. Journal of Chemical Physics 2001, 115, 9113. 

(33) Jensen, F. Journal of Chemical Physics 2002, 116, 7372. 

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Montgomery, J. A.; Vreven, J., T.; Kudin, K. N.; Burant, J. C.; 

Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; 

Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; 

Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, 

O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, 

V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. 

J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. 



FM 200 + H 

 132 

A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; 

Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; 

Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; 

Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; 

Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, 

M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. 

Gaussian 03; Revision E.01 ed.; Gaussian, Inc.: Wallingford CT, 2004. 

(35) Bylaska, E. J.; de Jong, W. A.; Govind, N.; Kowalski, K.; Straatsma, T. P.; Valiev, 

M.; Wang, D.; Apra, E.; Windus, T. L.; Hammond, J.; Nichols, P.; Hirata, S.; 

Hackler, M. T.; Zhao, Y.; Fan, P.-D.; Harrison, R. J.; Dupuis, M.; Smith, D. M. A.; 

Nieplocha, J.; Tipparaju, V.; Krishnan, M.; Wu, Q.; Voorhis, V. T.; Auer, A.; 

Nooijen, M.; Brown, E.; Cisneros, G.; Fann, G. I.; Fruchtl, H.; Garza, J.; Hirao, K.; 

Kendall, R.; Nichols, J. A.; Tsemekhman, K.; Wolinski, K.; Anchell, J.; Bernholdt, 

D.; Borowski, P.; Clark, T.; Clerc, D.; Dachsel, H.; Deegan, M.; Dyall, K.; Elwood, 

D.; Glendening, E.; Gutowski, M.; Hess, A.; Jaffe, J.; Johnson, B.; Ju, J.; 

Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.; Long, X.; Meng, B.; Nakajima, 

T.; Niu, S.; Pollack, L.; Rosing, M.; Sandrone, G.; Stave, M.; Taylor, H.; Thomas, 

G.; van Lenthe, J. H.; Wong, A.; Zhang, Z. NWChem, A Computational Chemistry 

Package for Parallel Computers; Version 5.1 ed.; Pacific Northwest National 

Laboratory: Richland, Washington 99352-0999, USA, 2007. 

(36) Kendall, R. A.; Apra, E.; Bernholdt, D. E.; Bylaska, E. J.; Dupuis, M.; Fann, G. I.; 

Harrison, R. J.; Ju, J. L.; Nichols, J. A.; Nieplocha, J.; Straatsma, T. P.; Windus, T. 



FM 200 + H 

 133 

L.; Wong, A. T. Comput Phys Commun 2000, 128, 260. 

(37) Werner, H.-J.; Knowles, P. J.; Lindh, R.; Manby, F. R. MOLPRO, A package of ab 

initio programs; University College Cardiff Consultants Limited: Cardiff, UK, 

2008. 

(38) Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. Journal of Chemical Physics 1997, 

106, 9639. 

(39) Halkier, A.; Helgaker, T.; Klopper, W.; Jorgensen, P.; Csaszar, A. G. Chemical 

Physics Letters 1999, 310, 385. 

(40) Zheng, J.; Zhang, S.; Lynch, B. J.; Corchado, J. C.; Chuang, Y.-Y.; Fast, P. L.; Hu, 

W.-P.; Liu, Y.-P.; Lynch, G. C.; Nguyen, K. A.; Jackels, C. F.; Ramos, A. F.; 

Ellingson, B. A.; Melissasa, V. S.; Villa, J.; Rossi, I.; Coitino, E. L.; Pu, J.; Albu, T. 

V. POLYRATE; 2008 ed.; Department of Chemistry and Supercomputing Institute, 

University of Minnesota, Minneapolis, Minnesota, 2008. 

(41) Corchado, J. C.; Coitino, E. L.; Chuang, Y. Y.; Fast, P. L.; Truhlar, D. G. Journal of 

Physical Chemistry A 1998, 102, 2424. 

(42) Wigner, E. Transactions of the Faraday Society 1938, 34, 29. 

(43) Wang, L.; Zhao, Y. A.; Zhang, J. L. Journal of Fluorine Chemistry 2011, 132, 216. 

(44) Lee, E. P. F.; Dyke, J. M.; Chow, W. K.; Chau, F. T.; Mok, D. K. W. Chemical 

Physics Letters 2005, 402, 32. 

(45) Cox, J. D.; Wagman, D. D.; Medvedev, V. A. CODATA Key Values for 

Thermodynamics; Hemisphere: New York, 1984. 

(46) Carstensen, H. H.; Dean, A. M. Journal of Physical Chemistry A 2009, 113, 367. 



FM 200 + H 

 134 

(47) NIST Chemical Kinetics Database, Stsndard Reference Database 17, Version 7.0 

(Web Version), Release 1.4.3; 2009.01 ed. 

(48) Isaacson, A. D. Journal of Chemical Physics 2008, 128, 134304. 

 



CHAPTER 5 

135 

 
Chapter 5 
 
A Mechanistic and Kinetic Study of  
the Decomposition Reactions of 
Hexafluoropropylene Oxide (HFPO) 
 
5.1 Introduction 

The pyrolysis of hexafluoropropylene oxide (HFPO) is one of the most convenient 

and synthetically useful methods of generating difluorocarbene, CF2.1,2 HFPO contains 

a strained epoxide ring and is known to decompose thermally at relatively low 

temperatures (above ≈420 K) to give the reactive carbene CF2 and the unreactive 

trifluoroacetyl fluoride. These characteristics have proved very valuable in the use of 

HFPO as a feed-gas to deposit low dielectric constant fluorocarbon thin films, which are 

similar to bulk polytetrafluoroethylene (PTFE), on surfaces by thermal chemical vapour 

deposition (CVD) and plasma-enhanced CVD.3-6 

Multilevel interconnections in ultra large-scale integration circuits have recently 

become increasingly important and low dielectric interlayer materials are required for 

this purpose. Fluoropolymers such as PTFE are well suited to this application as they 

have low dielectric constants (≈2.0). However, their poor adhesion to surfaces and 

difficulty of manufacture has hindered their use in microelectronics. This problem can 

be addressed by preparing fluoropolymer films on surfaces through pyrolysis of HFPO, 

as it has been shown that reactive CF2 polymerizes at a surface producing a film of high 
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CF2 content. Also, because the oxygen in HFPO is incorporated in the relatively 

unreactive CF3C(O)F on pyrolysis, little oxygen is present in the film. Hot filament 

CVD (HFCVD) and plasma-enhanced CVD (PECVD), operated in the temperature 

ranges 598-873 K and 350-673 K respectively, are two of the most widely used CVD 

methods applied to HFPO. In practice, HFCVD is the preferred method for 

fluoropolymer film preparation as the deposited film contains a larger number of CF2 

groupings than the film prepared by PECVD methods. Also, the F:C ratio was found to 

be close to 2.0 in films prepared by HFCVD compared to F:C ratios of ≈1.6 in films 

prepared by PECVD.7-11 

The concentration of CF2 radical in CVD, dependent of pyrolytic temperature,12 is 

a critical factor determining the F:C ratio and hence the structure of a thin film. 

Understanding the reaction mechanism of HFPO decomposition is of vital importance 

from the industrial perspective because it would help to optimize the process of 

deposition. Difficulties and uncertainties may exist in experimental studies of HFPO 

pyrolysis, which involves short-lived carbene species, and so theoretical approaches, 

including electronic structure and direct dynamics calculations, were used to investigate 

HFPO pyrolysis in the present study. In this study, the reaction and activation energies, 

the corresponding rate coefficients and branching ratios of the decomposition reactions 

of HFPO were calculated in the temperature range of 300-1500 K. The results were 

compared with the experimental values in literature, if available. Moreover, the effects 

of computed barrier height, imaginary vibrational frequency of the transition state and 

shape of potential energy surface on computed rate coefficients were investigated. 
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5.2 Previous Studies of HFPO 

HFPO is the epoxide of hexafluoropropylene with the molecular formula of C3F6O. 

It is usually used as a precursor in CVD because it is a facile CF2 former which 

decomposes at temperature as low as 423 K.6,13,14 Numerous studies have investigated 

the pyrolysis of HFPO in the range of 413-530 K.6,13-15 The major products generated 

from its decomposition include (I) trifluoroacetyl fluoride, (II) difluorocarbene, (III) 

tetrafluoroethylene and (IV) hexafluorocyclopropane.6,13-15 In addition to these products, 

other species such as (V) perfluoro-1,2-epoxy-2-methylpropane, (VI) 

perfluoro-1-butene, (VII) solid difluoromethylene polymer, (VIII) carbonyl fluoride as 

well as (IX) trifluoromethyl fluorocarbene were identified as the products in HFPO 

decomposition, but at a less amount.6,13,14 Shown in Figure 5.1 is the summary of the 

pyrolytic products from HFPO. Product studies of HFPO thermolysis indicate that there 

are two possible reaction channels for decomposition, (a) formation of difluorocarbene 

(CF2) and trifluoroacetyl fluoride {CF3C(O)F} and (b) formation of 

fluorotrifluoromethylcarbene (CF3CF) and carbonyl fluoride, where all observed 

products arise from these reactions or subsequent reactions of these molecules.7,12,16 The 

two reaction channels of HFPO pyrolysis are illustrated in Figure 5.2. The dominant 

pathway (1a) gives CF2 which contributes to film deposition via polymerization and 

CF3COF as the products while the alternating pathway (1b) produces CF2O and CF3CF. 

The process of pyrolysis was proved to be reversible.6 The CF2 produced in (1a) would 

induce subsequent reactions, leading to the formation of other compounds which were 

identified in the pyrolytic products. After the production of CF2 from HFPO, it will 

react with another CF2 to give C2F4 which further reacts with CF2 to generate C3F6. 
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Figure 5.1 Summary of HFPO pyrolytic products. 

 

 

 

 Figure 5.2 The two channels of HFPO pyrolysis. 
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CF2 + CF2 → C2F4 

CF2 + C2F4 → C3F6 

Two studies have been made for HFPO thermolysis using electronic structure 

methods.17,18 In the first study by Cramer et al.,17 using density functional theory, both 

reactions were considered. Reaction (1a) was found to be endothermic with a reaction 

energy (∆ERX) of 30.9 kcal mol-1 and a forward activation energy (∆E‡) of 35.3 kcal 

mol-1, computed at the BPW91/cc-pVDZ level. Reaction (1b) was found to be more 

endothermic with a higher forward activation energy. In this case, the reaction and 

activation energies were computed as 53.1 and 51.4 kcal mol-1 respectively at the 

BPW91/cc-pVDZ level. In later theoretical work, Lau et al.18 only considered reaction 

(1a) and computed its reaction enthalpy (∆H298K
RX) as 23.6 kcal mol-1 at the 

B3LYP/6-311+G(3df)//B3LYP/6-31G(d) level. 

The kinetics of HFPO pyrolysis has been investigated in three previous 

experimental studies.13,15,19 Kennedy and Levy measured reaction rates of HFPO 

decomposition at selected temperatures in the range of 414-530 K.13 At each 

temperature, the pressure in a reaction vessel was monitored as a function of time and 

the rate coefficient was derived from the pressure-time plot. Rate coefficients measured 

at different temperatures allowed an activation energy (∆E‡) to be obtained as (36.3 ± 

0.5) kcal mol-1. The rate coefficients and activation energy are expected to correspond 

to reaction (1a) as this is the faster of the two decomposition reactions. In two other 

kinetic studies, using Nuclear Magnetic Resonance (NMR)15 and Ultraviolet-Visible 

(UV-Vis) absorption spectroscopy,19 the rate coefficients were measured in the 

temperature range of 463-503 K and 830-1110 K respectively, and the activation energy 

(∆E‡) was obtained as (38.7 ± 1.0) kcal mol-1 and (36.6 ± 1.0) kcal mol-1, respectively, 

in agreement with the earlier value of Kennedy and Levy.13 Although the derived ∆E‡ in 

the study by Kennedy et al.13 agrees with that by Zhitnev et al.,19 the two experimental 



HFPO 

 140 

studies were carried out in different temperature ranges. Moreover, in spite of the 

similar temperature ranges (~400-500 K) were considered in the studies of Kennedy et 

al.13 and Krusic et al.,15 their ∆E‡ and rate coefficients differ by 2.4 kcal mol-1 and 1 

order of magnitude respectively. In view of such discrepancies, a reliable computational 

study for computing rate coefficients throughout all the temperature ranges studied 

experimentally would be useful. This is important especially in the temperature range of 

550-800 K as HFCVD operates in the range 598-873 K and there are no experimental 

rate coefficients available in this temperature range yet. The previously determined 

reaction enthalpies (∆H298K
RX) and activation energies (∆E‡) of HFPO pyrolysis are 

summarized in Table 5.1. 

 

Table 5.1 Summary of previously determined reaction enthalpies (∆H298K
RX; in kcal mol-1) and 

activation energies (∆E‡; in kcal mol-1) for HFPO pyrolysis.a 

a The reaction enthalpy ∆H298K
RX is determined at 298 K and the forward reaction barrier ∆E� is 

determined at 0 K. 
b The values from Ref. [17] refer to the reaction energy ∆ERX. 
c From Ref. [18]. 
d From Ref. [17]. 
e From Ref. [2]. 
f From Ref. [13]. 
g From Ref. [19]. 
h From Ref. [15]. 

 

It is clear from the available literature that the understanding of the mechanisms 

Reaction Method ∆H298K
RXb ∆E‡ 

(1a) B3LYP/6-31+G(3df)//B3LYP/6-31G(d) 23.6c - 
BPW91/cc-pVDZ 30.9d 35.3d 

MP2/cc-pVDZ - 42.0d 

MP2/cc-pVDZ//BPW91/cc-pVDZ - 40.9d 

CCSD/cc-pVDZ//BPW91/cc-pVDZ - 40.5d 

CCSD(T)/cc-pVDZ//BPW91/cc-pVDZ - 37.7d 

Experimental - 29±4e, 36.3±0.5f, 
36.6±1.0g, 38.7±1.0h 

(1b) BPW91/cc-pVDZ 53.1d 51.4d 
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and kinetics of the two reactions involved in HFPO decomposition is incomplete and a 

detailed study, which includes determination of the rate coefficients for both reactions 

over a wide temperature range, would be very valuable. In general, comparison between 

computed and experimentally derived activation energies may not be totally meaningful 

as experimental activation energies depend on the method used to derive them from rate 

coefficients measured at different temperatures. For the three available experimental 

studies,13,15,19 all activation energies were derived by use of a simple Arrhenius 

expression. Since no computed rate coefficients are available for reactions (1a) and (1b), 

rate coefficients calculated in an ab initio manner for these reactions are reported for the 

first time and are compared directly with experimentally measured values. The results 

obtained could then be used in models which would help to optimize the CVD process 

for CF2 deposition in fluorocarbon film preparation. Also, the effects of computed 

barrier height, imaginary vibrational frequency of the transition state and shape of the 

reaction surface obtained at different levels on computed rate coefficients for the two 

decomposition reactions have been examined. 

 

5.3 Computational Methodology 

 In the present study, electronic structure methods including ab initio and density 

functional methods were applied to study the two channels of HFPO pyrolysis at 

different levels of theory. The geometry optimization, transition state (TS) search, 

vibrational frequency and intrinsic reaction coordinate (IRC) calculations were 

performed by employing the GAUSSIAN03 and GAUSSIAN09 programs20,21 at 

different levels of theory with the 6-311++G(d,p) basis set. The levels of theory used 

were DFT calculations with the density functionals B3LYP,22-25 BH&HLYP,22,23 

B3PW91,22,26 MPW1PW91,27 M05,28 M06,29 M06-2X29 and MP2 calculations. The 

nature of all stationary points was verified by the harmonic vibrational frequency 
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calculations. The reactants, product-complexes (PCs) and products were found to 

possess all real frequencies while all the transition states possess one and only one 

imaginary frequency. Generally in the IRC calculations, six points were computed from 

the transition state in each direction towards the reactants and products with a step size 

of 0.25 amu1/2-Bohr. Some of the calculations were performed with smaller step sizes, 

0.1, 0.15 or 0.2 amu1/2-Bohr. In order to obtain more accurate energies, single-point 

energy calculations, using the MOLPRO 2009.1 program,30 at higher levels such as 

RCCSD(T)/AVDZ and RCCSD(T)/AVTZ were carried out on the stationary point 

geometries obtained for the reactants, PCs, products and transition states optimized at 

the MP2/6-311++G(d,p) level. The higher-level electronic energies were also 

extrapolated to the complete basis set (CBS) limit by employing the 1/X3 formula and 

the RCCSD(T)/AVDZ//MP2 and RCCSD(T)/AVTZ//MP2 energies. 

 The data obtained from the IRC calculations was used in subsequent calculations 

of reaction rate coefficients with the POLYRATE 2008 program.31 In order to link up 

the transition state with the reactants and the products via the computed minimum 

energy potential (MEP), symmetry was turned off in all ab initio and DFT calculations 

to disable the re-orientation of the molecules so that the gradients and Hessians obtained 

in computation jobs are consistent with each other. The IRC points, computed at the 

B3LYP, BH&HLYP, B3PW91, MPW1PW91, M05, M06, M06-2X and MP2 levels 

with the 6-311++G(d,p) basis set, as well as the associated gradients and Hessian were 

used as inputs in the rate coefficient calculations with POLYRATE, which are based on 

transition state theory (TST). A curvilinear internal coordinate system was used for 

generalized normal mode analysis as it gives better physical descriptions of stretching, 

bending and internal rotation vibrational motions of the molecules compared to those 

obtained with rectilinear coordinates.32,33 The TST rate coefficient calculations were 

carried out at different TST levels notably conventional transition state theory (TST), 
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canonical variational theory (CVT) and improved canonical variational theory (ICVT). 

Also, two different tunneling methods, zero-curvature tunneling (ZCT) and 

small-curvature tunneling (SCT), were applied to correct the reaction rate coefficients 

computed at each TST level for tunneling. In total rate coefficients were computed at 

nine TST levels, namely, TST, CVT, ICVT, TST/ZCT, CVT/ZCT, ICVT/ZCT, 

TST/SCT, CVT/SCT and ICVT/SCT. Dual-level dynamics calculations at the 

RCCSD(T)/AVDZ//MP2, RCCSD(T)/AVTZ//MP2 and RCCSD(T)/CBS//MP2 levels 

with MP2/6-311++G(d,p) as the lower level were carried out with interpolated 

single-point energies (VTST-ISPE) approach in which the correction of the lower-level 

MEP is based on the single-point energies computed at higher-level electronic structure 

calculations.34,35 In this method, the energies along the MEP were improved by 

higher-level calculations while the corresponding geometries, gradients and Hessians 

computed at the lower level were used. For reaction (1a), the energies at nine points on 

the computed MP2/6-311++G(d,p) IRC path, s = -0.99275, -0.74541, -0.49943, 

-0.24949, 0, 0.24931, 0.49927, 0.74883 and 0.99325 Bohr, were calculated at the 

RCCSD(T)/AVDZ//MP2, RCCSD(T)/AVTZ//MP2 and RCCSD(T)/CBS//MP2 levels. 

Similarly, for reaction (1b), the energies at nine points on the computed 

MP2/6-311++G(d,p) IRC path, s = -0.99300, -0.74428, -0.49952, -0.24987, 0, 0.14913, 

0.29907, 0.59061 and 0.88707 Bohr, were calculated at the higher levels mentioned 

above. 

 The geometries of the PCs in reactions (1a) and (1b) have been optimized at all the 

single levels mentioned and single-point energy calculations have been carried out on 

the MP2/6-311++G(d,p) optimized geometries at the RCCSD(T)/AVDZ and 

RCCSD(T)/AVTZ levels. The PCs of the both channels are lower in energy than the 

products by 0.6-5.2 kcal mol-1 and they were included in the rate coefficient 

calculations. 
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5.4 Results and Discussion 

5.4.1 Reaction Mechanism of HFPO Pyrolysis 

Both thermolysis reactions (1a) and (1b) proceed via a transition state to give a PC 

and then the products. The structures of the reactants, transition states, PCs and products, 

optimized at the MP2/6-311++G(d,p) level, for both reactions (1a) and (1b) are shown 

in Figure 5.3. 

 
Figure 5.3 Optimized geometries of the stationary points in HFPO pyrolysis, notably the reactant, 

the transition states, the PCs and the products, at the MP2/6-311++G(d,p) level. The bond lengths 

are in Angstroms (Å). 

 

On inspection of the geometries of the transition states, TS1a and TS1b, it is concluded 

that they are both product-like. For TS1a, the O4-C2-C1 bond angle of the epoxide ring 

is 97° which is significantly larger than that computed for HFPO, 57°. In addition, the 

C2-O4 bond length in TS1a is 1.22 Å which is much shorter than that of HFPO (1.43 Å) 
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and is closer to the corresponding bond length in CF3C(O)F (1.18 Å). For TS1b, the 

C1-O4 bond length, 1.20 Å, is close to that computed for CF2O (1.18 Å) and the 

O4-C2-C1 bond angle, computed as 32°, is about half of that in HFPO (57°). 

Some critical geometrical parameters of the transition state structures of the two 

reaction channels are given in Table 5.2. It can be seen that different 

methods/functionals give different values for these critical geometrical parameters. 

Nevertheless, the variations are not too large, suggesting that they are not very sensitive 

to the methods employed in the calculations. Although it has been noted that the MP2 

method sometimes has large errors for transition state geometries,36-38 the MP2 values 

reported here are generally among the DFT values. Since there is neither clear evidence 

nor certain theoretical basis to suggest any of these functionals is the best, the MP2 

geometries have been used for higher-level energy calculations, simply based on the 

spirit of being as “ab initio” as possible, as higher level methods are also ab initio (or 

wavefunction) methods. 

 

Table 5.2 Critical geometrical parameters of the transition states optimized at different levels of 

theory. 

a Refer to Figure 5.3 for structures of TS1a and TS1b. 

 

 

Level of theory Critical geometrical parametersa (Å) 
TS1a, transition state for reaction 
(1a): HFPO → CF3C(O)F + CF2 

TS1b, transition state for reaction 
(1b): HFPO → CF3CF + CF2O 

C1-C8 O2-C8 C1-O2 C1-C7 C1-O8 C7-O8 
B3LYP/6-311++G(d,p) 1.857 2.331 1.218 2.173 2.335 1.197 
BH&HLYP/6-311++G(d,p) 1.807 2.269 1.210 2.062 2.200 1.190 
B3PW91/6-311++G(d,p) 1.905 2.370 1.212 2.245 2.373 1.192 
MPW1PW91/6-311++G(d,p) 1.900 2.362 1.210 2.239 2.348 1.190 
M05/6-311++G(d,p) 1.876 2.333 1.213 2.127 2.280 1.197 
M06/6-311++G(d,p) 1.851 2.299 1.214 2.141 2.247 1.194 
M06-2X/6-311++G(d,p) 1.795 2.259 1.219 2.124 2.241 1.194 
MP2/6-311++G(d,p) 1.840 2.321 1.222 2.113 2.237 1.204 
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The imaginary vibrational frequencies of the transition states, the reaction 

enthalpies and the activation energies computed at different levels of theory for both 

reactions (1a) and (1b) are summarized in Table 5.3. 

 

Table 5.3 The imaginary vibrational frequencies (ωi; in cm-1) of the transition states, the computed 

reaction enthalpies (∆H298K
RX; in kcal mol-1) as well as the activation energies (∆E0

‡; in kcal mol-1), 

including the zero-point energy (ZPE) corrections, at various levels of theory. 

a Higher-level electronic energy calculations at the MP2/6-311++G(d,p) optimized geometries; ZPE 

corrections were calculated using MP2/6-311++G(d,p) harmonic vibrational frequencies . 
b Higher-level electronic energies were extrapolated to the complete basis set (CBS) limit by 

employing the 1/X3 formula and the RCCSD(T)/AVDZ and RCCSD(T)/AVTZ energies. 

 

From the frequency calculation, it is observed that the imaginary vibrational frequency 

of the transition state corresponds to vibrational motion of the C1-C2 bond and this is 

consistent with the transition state undergoing C1-C2 bond breaking to yield the 

products CF3C(O)F and CF2 in reaction (1a) and CF3CF and CF2O in reaction (1b). The 

computed TS imaginary vibrational frequencies in reactions (1a) and (1b) range from 

255i to 348i cm-1 and 181i to 355i cm-1 respectively, and they do not vary much at the 

different levels of theory used for both reactions. The imaginary vibrational frequencies 

of the transition states will be discussed further later with the results from the rate 

coefficient calculations. 

Level of theory Reaction (1a) 
HFPO → CF3C(O)F + CF2 

Reaction (1b) 
HFPO → CF3CF + CF2O 

∆H298K
RX ∆E0

� ωi ∆H298K
RX ∆E0

� ωi 
B3LYP/6-311++G(d,p) 22.63 32.92 293i 43.85 45.46 236i 
BH&HLYP/6-311++G(d,p) 26.79 39.90 348i 46.96 49.96 330i 
B3PW91/6-311++G(d,p) 29.04 37.24 267i 50.23 51.15 181i 
MPW1PW91/6-311++G(d,p) 31.74 39.00 273i 52.88 52.72 181i 
M05/6-311++G(d,p) 29.57 39.53 255i 50.04 51.94 355i 
M06/6-311++G(d,p) 30.12 36.48 266i 49.78 48.29 286i 
M06-2X/6-311++G(d,p) 32.63 40.92 323i 54.03 52.42 258i 
MP2/6-311++G(d,p) 28.79 38.78 340i 53.25 53.45 342i 
RCCSD(T)/AVDZ//MP2a 26.56 34.60 - 49.82 47.92 - 
RCCSD(T)/AVTZ//MP2a 27.87 36.71 - 50.99 49.68 - 
RCCSD(T)/CBS//MP2b 28.42 37.60 - 51.49 50.43 - 
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 The computed reaction enthalpies (∆H298K
RX) and activation energies (∆E0

‡) 

obtained in this work at different levels of theory for both reactions (1a) and (1b) are 

summarized in Table 5.3. These results can be compared with the results of previous 

work in Table 5.1. Of the electronic structure methods used in this work, MP2 is 

expected to overestimate barrier heights whilst DFT calculations with the B3LYP 

functional, a hybrid functional, tend to underestimate them.39 In addition, the M06-2X 

functional is expected to be the most reliable for barrier heights and reaction 

enthalpies40 among all other functionals used {BH&HLYP, B3PW91, MPW1PW91 

(hybrid functionals), M05, M06 and M06-2X (meta hybrid functionals)}. Considering 

reaction (1a), the computed activation energy at the RCCSD(T)/CBS//MP2 level agrees 

very well with most of the experimental values and the value computed by Cramer et al., 

37.7 kcal mol-1, at CCSD(T)/cc-pVDZ//BPW91/cc-pVDZ.17 Taking the 

RCCSD(T)/CBS//MP2 values as the reference, then on inspecting Table 5.3, the 

B3LYP/6-311++G(d,p) values are as expected the lowest for both reaction enthalpy and 

forward activation energy for both reactions. The other computed values show good 

agreement with the reference values, all being within ±3.0 kcal mol-1, except for the 

M06-2X/6-311++G(d,p) values which are within ±4.2 kcal mol-1. The M06-2X 

functional is not the most reliable for both barrier heights and reaction enthalpies in this 

case, as was expected, because it gives values that deviate the most from the reference 

values. For this limited data set, with the MP2/6-311++G(d,p) optimized geometries, the 

method which shows the best agreement for reaction enthalpies and activation energies 

with the reference values is the B3PW91/6-311++G(d,p) method. 

 The relative energies obtained at the RCCSD(T)/CBS//MP2 level for both 

reactions (1a) and (1b) have been summarized in Figure 5.4. In this diagram, the energy 

of HFPO is set as zero in order to observe the energy changes. For reaction (1b), 

although the energy of the transition state is slightly lower than that of the products, by 
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Figure 5.4 The two pathways, (1a) and (1b), of HFPO pyrolysis; summary of the relative energies 

computed at the RCCSD(T)/CBS//MP2 level. All energies have been corrected for zero-point 

vibrational energies and the energy of HFPO is assumed to be zero for convenience. 

 

0.15 kcal mol-1, there exists a PC which connects the transition state and the products. 

Comparing the two pathways, reaction (1a) is less endothermic than reaction (1b) by 

about 23 kcal mol-1 and the forward activation energy of reaction (1a) is lower than that 

of reaction (1b) by approximately 13 kcal mol-1. The PCs are 2.49 and 3.77 kcal mol-1 

lower than the products for reactions (1a) and (1b) respectively. Although the 

experimental values of reaction enthalpy for both reactions (1a) and (1b) cannot be 

evaluated due to the unavailability of experimental heat of formation of HFPO, the 

difference in reaction enthalpy between the two reactions can be evaluated as the 

experimental heats of formation of the products are available for both reactions. The 

difference in reaction enthalpies of reactions (1a) and (1b) obtained at the 

RCCSD(T)/CBS//MP2 level is 23.1 kcal mol-1, which compares well with (26.9±4.0) 

kcal mol-1 using available heats of formation of the reaction products {(1a) ∆Hf
298K (CF2) 
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= -46.6 ± 0.7 kcal mol-1 from Ref. [41] and ∆Hf
298K [CF3C(O)F] = -248.1 ± 1.0 kcal 

mol-1 from Ref. [42]; (1b) ∆Hf
298K (CF3CF) = -122.6 ± 1.5 kcal mol-1 from Ref. [43] and 

∆Hf
298K (CF2O) = -145.2 ± 0.8 kcal mol-1 from Ref. [41]}. 

 

5.4.2 Reaction Path Properties and Computed Rate Coefficients 

 Reaction rate coefficients were computed by direct dynamics calculations using the 

results obtained from the electronic structure calculations at different levels of theory. 

They were evaluated over a wide temperature range (300-1500 K) using TST, CVT and 

ICVT with two tunneling methods, ZCT and SCT. The minimum energy paths (MEPs) 

were obtained by interpolating the IRC points mainly in the range of s = ±1.0 Å. The 

classical potential energy curve (VMEP), the ground-state vibrationally adiabatic energy 

curve (Va
AG) and the zero-point energy difference (∆ZPE) curve obtained at the 

RCCSD(T)/CBS//MP2 level for both reactions are shown in Figure 5.5. As can be seen 

from this figure, for each reaction, the shapes of the VMEP and Va
AG curves are similar 

and the ∆ZPE curves are almost constant along the reaction coordinate. At the higher 

level {RCCSD(T)/CBS//MP2/6-311++G(d,p)}, the maxima of the Va
AG curves are 

located at s = -0.01 Å and s = 0.07 Å for reactions (1a) and (1b) respectively. The plots 

of the computed and experimentally determined rate coefficients (k) against 

temperatures (T) and the logarithm of rate coefficients (log10 k) versus the reciprocal of 

temperature (1000/T) are shown in Figures 5.6 to 5.11. It should be noted that in these 

figures the plot of k versus T shows the differences in computed rate constants obtained 

with different types of TST more clearly in the high temperature region (>1200 K) 

while the plot of log10 k versus 1000/T shows these differences more clearly in the lower 

temperature (<650 K). Since the RCCSD(T)/CBS//MP2 level is the highest level of 

calculation used in this work, the corresponding rate coefficients computed at this level 

at various TST levels for reactions (1a) and (1b) are summarized in Table 5.4. All the 
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Figure 5.5 The minimum energy path potential (VMEP), zero-point energy difference (∆ZPE) and 

ground-state vibrationally adiabatic energy (Va
AG) curves at the 

RCCSD(T)/CBS//MP2/6-311++G(d,p) level for reaction (1a) HFPO → CF3C(O)F + CF2 (top) and 

reaction (1b) HFPO → CF3CF + CF2O (bottom). 
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Figure 5.6 Computed rate coefficients (s-1) at the RCCSD(T)/CBS//MP2/6-311++G(d,p) level as a 

function of temperature (K) for reaction (1a) HFPO → CF3C(O)F + CF2. 
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Figure 5.7 Computed rate coefficients (s-1) at the RCCSD(T)/CBS//MP2/6-311++G(d,p) level as a 

function of temperature (K) for reaction (1b) HFPO → CF3CF + CF2O. 
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Figure 5.8 Computed TST rate coefficients (s-1) with various IRCs as a function of temperature (K) 

for reaction (1a) HFPO → CF3C(O)F + CF2. 
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Figure 5.9 Computed TST rate coefficients (s-1) with various IRCs as a function of temperature (K) 

for reaction (1b) HFPO → CF3CF + CF2O. 
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Figure 5.10 Computed ICVT/SCT rate coefficients (s-1) with various IRCs as a function of 

temperature (K) for reaction (1a) HFPO → CF3C(O)F + CF2. 
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Figure 5.11 Computed ICVT/SCT rate coefficients (s-1) with various IRCs as a function of 

temperature (K) for reaction (1b) HFPO → CF3CF + CF2O. 
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Table 5.4 Rate coefficients (in s-1), computed at various TST levels with the use of the IRC at the 

RCCSD(T)/CBS//MP2/6-311++G(d,p) level, for reactions (1a) (top) and (1b) (bottom) in the 

temperature range of 300-1500K with experimental values. The CVT and ICVT values are the same 

at all temperatures for both reactions. 

 
a From Ref. [13]. 
b From Ref. [15]. 
c From Ref. [19]. 

Temp (K) Reaction (1b): HFPO→CF3CF + CF2O 
TST CVT CVT/ZCT CVT/SCT ICVT/SCT 

300 6.33E-24 6.11E-24 5.87E-24 5.87E-24 6.11E-24 
423 5.68E-13 5.45E-13 5.24E-13 5.24E-13 5.45E-13 
430 1.55E-12 1.49E-12 1.43E-12 1.43E-12 1.49E-12 
463 1.18E-10 1.13E-10 1.08E-10 1.08E-10 1.13E-10 
494 4.08E-9 3.90E-9 3.74E-9 3.74E-9 3.90E-9 
500 7.70E-9 7.36E-9 7.06E-9 7.06E-9 7.36E-9 
530 1.49E-7 1.42E-7 1.36E-7 1.36E-7 1.42E-7 
550 9.00E-7 8.58E-7 8.22E-7 8.22E-7 8.58E-7 
600 4.79E-5 4.55E-5 4.35E-5 4.35E-5 4.55E-5 
650 1.39E-3 1.31E-3 1.25E-3 1.25E-3 1.31E-3 
700 2.49E-2 2.35E-2 2.23E-2 2.23E-2 2.35E-2 
750 3.05E-1 2.87E-1 2.72E-1 2.72E-1 2.87E-1 
800 2.74E+0 2.56E+0 2.42E+0 2.42E+0 2.56E+0 
850 1.90E+1 1.77E+1 1.67E+1 1.67E+1 1.77E+1 
900 1.06E+2 9.89E+1 9.29E+1 9.29E+1 9.89E+1 

1000 1.99E+3 1.84E+3 1.72E+3 1.72E+3 1.84E+3 
1100 2.20E+4 2.02E+4 1.87E+4 1.87E+4 2.02E+4 
1110 2.73E+4 2.50E+4 2.32E+4 2.32E+4 2.50E+4 
1200 1.63E+5 1.48E+5 1.37E+5 1.37E+5 1.48E+5 
1300 8.86E+5 8.02E+5 7.37E+5 7.37E+5 8.02E+5 
1400 3.79E+6 3.41E+6 3.12E+6 3.12E+6 3.41E+6 
1500 1.34E+7 1.19E+7 1.09E+7 1.09E+7 1.19E+7 

Temp (K) Reaction (1a): HFPO → CF3C(O)F + CF2 
TST CVT CVT/ZCT CVT/SCT ICVT/SCT Expt 

300 9.31E-15 9.22E-15 1.47E-14 1.55E-14 1.55E-14  
423 1.54E-6 1.52E-6 1.93E-6 1.98E-6 1.99E-6  
430 3.28E-6 3.24E-6 4.07E-6 4.18E-6 4.19E-6 7.10E-7a 

463 8.49E-5 8.38E-5 1.02E-4 1.04E-4 1.05E-4 6.83E-5b 

494 1.22E-3 1.20E-3 1.43E-3 1.46E-3 1.46E-3 1.05E-4a 

500 1.97E-3 1.94E-3 2.30E-3 2.34E-3 2.35E-3 1.92E-3b 

530 1.83E-2 1.80E-2 2.09E-2 2.13E-2 2.13E-2 1.63E-3a 

550 7.06E-2 6.96E-2 8.00E-2 8.12E-2 8.15E-2  
600 1.40E+0 1.38E+0 1.55E+0 1.57E+0 1.58E+0  
650 1.77E+1 1.74E+1 1.92E+1 1.94E+1 1.95E+1  
700 1.55E+2 1.53E+2 1.67E+2 1.68E+2 1.69E+2  
750 1.03E+3 1.01E+3 1.09E+3 1.10E+3 1.10E+3  
800 5.35E+3 5.23E+3 4.58E+3 4.62E+3 5.64E+3  
850 2.31E+4 2.21E+4 1.81E+4 1.82E+4 2.37E+4 2.50E+4c 

900 8.45E+4 7.97E+4 6.45E+4 6.49E+4 8.46E+4 8.33E+4c 
1000 7.70E+5 7.03E+5 5.70E+5 5.72E+5 7.38E+5 6.43E+5c 
1100 4.71E+6 4.18E+6 3.42E+6 3.43E+6 4.35E+6 3.43E+6c 
1110 5.54E+6 4.91E+6 4.02E+6 4.03E+6 5.11E+6 3.98E+6c 
1200 2.13E+7 1.85E+7 1.53E+7 1.53E+7 1.91E+7  
1300 7.67E+7 6.52E+7 5.43E+7 5.45E+7 6.71E+7  
1400 2.30E+8 1.92E+8 1.62E+8 1.62E+8 1.97E+8  
1500 5.95E+8 4.90E+8 4.16E+8 4.17E+8 5.00E+8  
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rate coefficients quoted and discussed in this chapter are at the RCCSD(T)/CBS//MP2 

level, except where otherwise stated. 

For both reactions, as expected,34 the rate coefficient order kTST ≥ kCVT ≥ kICVT was 

observed at all temperatures (see Table 5.4). It is found that there is no significant 

difference in the rate coefficients computed at TST, CVT and ICVT, with the CVT and 

ICVT values being the same. The CVT and ICVT rate coefficients are slightly lower 

than the TST rate coefficients with the difference increasing as the temperature 

increases. The ratios kCVT/kTST for reactions (1a) and (1b) are 0.99 and 0.97 respectively 

at 300 K, and 0.82 and 0.89 at 1500 K indicating that variational effects are small but 

increase with temperatures for both reactions. 

 Regarding the tunneling effect, the ratios kTST/ZCT/kTST and kTST/SCT/kTST for reaction 

(1a) at 300 K are 1.57 and 1.65, respectively, while the corresponding ratios for reaction 

(1b) are 0.96 and 0.96, respectively. Although tunneling corrections generally increase 

computed rate coefficients, the classical adiabatic ground-state (CAG) factor, which is 

included in the calculations of the tunneling corrections for TST and CVT rate 

coefficients, as a multiplicative factor, has a value in the range of 0-1 (there is no CAG 

correction for ICVT rate coefficients).44 Consequently, the ratios for reaction (1b) is 

smaller than 1, because CAG corrections are stronger than tunneling effects in this case. 

The tunneling effect at higher temperature is not as significant as that at lower 

temperature because the ratios kTST/ZCT/kTST and kTST/SCT/kTST for reaction (1a) at 1500 K 

are just 1.02 while those for reaction (1b) at the same temperature are 0.99. The larger 

CAG correction with reaction (1b) is due to the larger difference between the maxima of 

the VMEP and Va
AG curves than with reaction (1a) {s = 0.07 Å at the maximum of the 

Va
AG curve for reaction (1b) cf. s = -0.01 Å for reaction (1a), as given above}. 

Comparison of the kICVT and kICVT/SCT values shows that as expected the inclusion of 

small curvature tunneling gives rise to an increase (or no change) in the ICVT rate 
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coefficient because the ratio kICVT/SCT/kICVT is 1.68 at 300 K and 1.02 at 1500 K for 

reaction (1a) and 1.00 for reaction (1b) at both 300 and 1500 K. 

 The kICVT/SCT values listed in Table 5.4 are considered to be the most reliable and 

these values are compared with experimental values, where available, in this table. The 

experimental rate coefficients included in Table 5.4 cover two temperature ranges 

430-530 K and 850-1110 K.13,15,19 The two most recent kinetic studies were performed 

by NMR15 and UV-Vis absorption spectroscopy19 while the third study, the 

measurement of pressure as a function of time to obtain a rate coefficient at the selected 

temperature, was carried out a lot earlier.13 In comparison with the kICVT/SCT rate 

coefficients computed at the RCCSD(T)/CBS//MP2 level with these experimental 

values (see Table 5.4), the ICVT/SCT values agree quite well with the NMR and 

UV-Vis absorption spectroscopy values,15,19 being of the same order of magnitude and 

within 28% of the experimental values. However, the rate coefficients from the earlier 

pressure measurement work13 show poor agreement with the ICVT/SCT values, being 

lower by an order of magnitude. This comparison shows that there is a clear need for 

more experimental studies of the rate coefficient of HFPO decomposition over the 

whole temperature range 300-1500 K, particularly at intermediate temperatures 

(530-800 K) and higher temperatures (1200-1500 K) where there are, at present, no 

experimental values. The rate coefficients obtained at the RCCSD(T)/CBS//MP2 level 

for the two reactions plotted as a function of temperature, computed with TST, CVT 

and ICVT with tunneling corrections, are shown in Figures 5.6 and 5.7. Similar plots for 

the different IRC computed at the single levels used in this work are given in Figures 

5.8 to 5.11. The rate coefficients computed using the B3LYP functional were found to 

be always the highest because of the underestimated activation barrier by B3LYP in the 

electronic structure calculations. Among all levels of theory used, the dual-level 

RCCSD(T)/CBS//MP2 method gives the best agreement with the experimental values. 
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Comparison of the kICVT/SCT values computed at different levels of theory with the 

RCCSD(T)/CBS//MP2 reference values shows that for both reactions (1a) and (1b) the 

M05, B3PW91 and MPW1PW91 calculations give the best agreement, with the B3LYP 

values giving the poorest agreement with the reference values (see Figures 5.10 and 

5.11). 

 

5.4.3 Branching Ratios of HFPO Pyrolysis 

 In comparing the results for reactions (1a) and (1b), it is obvious that reaction (1a) 

has a higher rate coefficient than reaction (1b) due to its lower barrier height. The rate 

constants of reaction (1a) are approximately 5 to 10 orders of magnitude higher than 

those of reaction (1b) in the temperature range 300-550 K and approximately 1 to 5 

orders of magnitude higher than those of reaction (1b) in the range 600-1500 K. The 

branching ratios of the two pathways (k1a/k and k1b/k) at a given temperature can be 

determined by calculating the total rate coefficient (k = k1a + k1b). The branching ratios 

into reactions (1a) and (1b) decrease and increase respectively when temperature 

increases. In the temperature range of 300-850 K, the branching ratios of reactions (1a) 

and (1b) are effectively 1.0 and 0.0 respectively indicating that reaction (1b) will be 

negligible under the conditions of PECVD (573-673 K). In the range of 900-1500 K, the 

branching ratio of reaction (1b) increases from 0.001 to 0.02 as temperature rises. 

Although the branching ratio for reaction (1b) is small relative to that for reaction (1a), 

the quantities of CF3CF and CF2O produced may be significant when large amounts of 

HFPO are used industrially as the precursor in CVD processes for the manufacture of 

fluorocarbon thin films. However, clearly, despite the increased branching ratio for 

reaction (1b) at higher temperature, reaction (1a) is still the dominant reaction route. 
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5.4.4 Effects of Barrier Height, Imaginary Vibrational Frequency 

and Shape of Potential Energy Surface (PES) on Computed Rate 

Coefficients 

The effects of barrier height, imaginary vibrational frequency and shape of the 

potential energy surface on the computed rate coefficient will now be considered. First 

of all, the effect of barrier height on the computed rate coefficient is as expected; a 

smaller barrier height yields a larger rate coefficient. For example in both reactions, the 

rate coefficients computed at the B3LYP level, which yields the lowest barrier height, 

are found to be the highest for the types of TST used. On the other hand, the M06-2X 

and the MP2 levels yield the greatest barrier heights for reactions (1a) and (1b) 

respectively and the corresponding computed rate coefficients are the smallest. 

Secondly, the imaginary vibrational frequency of a transition state can indicate the 

topology around the transition state and is a measure of the curvature of the reaction 

coordinate at the transition state.45 It might be expected that a larger barrier height 

would correspond to a larger TS imaginary frequency. However, in this study, no clear 

trend was observed between barrier height and TS imaginary frequency. For example in 

reaction (1a), the transition state has an imaginary frequency of 255i cm-1 at the M05 

level and a barrier height of 39.53 kcal mol-1 while the one with a larger imaginary 

frequency, B3LYP at 293i cm-1, has a lower barrier height of 32.92 kcal mol-1. No clear 

trend was found for reaction (1b) between computed barrier height and TS imaginary 

frequency. 

It is observed that, for both reactions, a shorter bond length in the transition state 

generally corresponds to a larger imaginary frequency. The C1-C2 bond is broken in 

both reactions (see Figure 5.3) and in reaction (1a), the longest C1-C2 TS bond length 

of 1.90 Å obtained at the B3PW91 and MPW1PW91 levels, has a relatively small 
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imaginary frequency of 267i cm-1 and 273i cm-1 respectively. On the other hand, the 

shortest TS C1-C2 bond length, 1.79Å obtained at the M06-2X level, has a relatively 

large imaginary frequency of 323i cm-1. The same trend was also found for reaction 

(1b). 

The potential energy curves, VMEP(s), obtained at different levels of theory for the 

two channels are presented in Figure 5.12. 

 
Figure 5.12 The classical potential energy curves, VMEP(s), obtained at different levels of theory for 

reaction (1a) HFPO → CF3C(O)F + CF2 (top) and reaction (1b) HFPO → CF3CF + CF2O (bottom). 
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In the above plots, the energy of the transition state is taken as a reference for easy 

comparison. The sharpness of the MEP curves is approximately in the order of 

MPW1PW91, B3PW91 > BH&HLYP, MP2, B3LYP > M05, M06, M06-2X. It can be 

seen that for reaction (1a) the MEP curves generated by using the density functionals 

from the Truhlar group, M05, M06 and M06-2X, are relatively flat and have smooth 

and round tops. The kICVT/SCT/kICVT ratios at the above levels of theory are in the range 

of 1.00-1.11, which are significantly lower than those at the other levels of theory used 

(1.02-3.03). For reaction (1b), the MEP curves generated at the MPW1PW91, M06 and 

M06-2X levels are flatter than those generated at other levels of theory and the 

corresponding kICVT/SCT/kICVT ratios range from 1.00 to 1.34, which are lower than those 

at most of the other levels of theory used. The above observations indicate that a more 

sharply rising or narrower MEP curve would have a larger tunneling effect as one 

would expect, and hence, give a greater rate coefficient. 

 

5.5 Concluding Remarks 

In the present study, electronic structure and direct dynamics calculations at 

different levels of theory have been performed to study the reaction mechanism and the 

kinetics of the thermal decomposition of HFPO, a compound of importance in 

fluorocarbon thin film preparation in the electronics industry. Most of the computed 

activation energies for reaction (1a), especially those computed at the B3PW91, M06, 

RCCSD(T)/AVTZ//MP2 and RCCSD(T)/CBS//MP2 levels, are in good agreement with 

the experimental values except that obtained at the B3LYP level which underestimates 

the barrier height. Both reactions (1a) and (1b) are endothermic with the computed 

reaction enthalpies, ∆H298K
RX, for reaction (1a) being about 23 kcal mol-1 lower than 

those for reaction (1b) and the computed activation energies, ∆E0
‡, for reaction (1a) 

being approximately 13 kcal mol-1 smaller than those for reaction (1b). 
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Reaction rate coefficients were computed at different TST levels using the MEP 

curves obtained in the electronic structure calculations. In order to obtain reliable 

reaction rate coefficients for both channels, dual-level direct dynamics calculations were 

performed at the RCCSD(T)/AVDZ//MP2, RCCSD(T)/AVTZ//MP2 and 

RCCSD(T)/CBS//MP2 levels, with MP2/6-311++G(d,p) as the lower level. Rate 

coefficients are reported for the first time for reaction (1b) over the temperature range 

300-1500 K. Rate coefficients calculated for reaction (1a) are also reported over the 

same temperature range and compared with a small number of available experimental 

rate coefficients within this range. This comparison shows that there is a need for more 

experimental values, particularly in the temperature ranges 550-800 K and 1200-1500 

K. 

The rate coefficients obtained at the RCCSD(T)/CBS//MP2 level give the best 

agreement with experimental values compared to rate coefficients computed with MEPs 

obtained via single-level calculations with several density functionals and the MP2 

method. Therefore, the best computed rate coefficients obtained using the 

RCCSD(T)/CBS//MP2 IRC are the most reliable and are recommended to be used for 

plasma modeling in the temperature range of 550-800 K, where no experimental rate 

coefficient is available at present. 
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Chapter 6 

 
A Mechanistic and Kinetic Study of the 

Atmospherically Important Reaction 

Between Chlorine Atoms and Formic Acid 

(HCOOH) 

 

6.1 Introduction 

The oxidation of volatile organic compounds (VOCs), such as formic acid 

(HCOOH), in the troposphere is mainly initiated by reaction with OH radicals during 

the day and NO3 radicals at night. However, oxidation by chlorine (Cl) atoms can 

compete with oxidation by OH radicals under certain circumstances during the day. Cl 

atoms are important reactive species in marine environments, where the [Cl]:[OH] 

concentration ratio could be up to three orders of magnitude higher than usual,1 and in 

coastal urban environments, where [Cl] peaks at dawn, much earlier than [OH]. The 

main source of Cl atoms is from photolysis of Cl-containing molecules (e.g. Cl2, BrCl, 

HOCl, HCl, ClNO2) produced by heterogeneous reactions on sea-salt aerosols.2,3 

However, recent observations of Cl atom precursors (ClNO2 and Cl2) formed from 

anthropogenic pollution suggested that reactions of Cl atom with VOCs may much more 

important than previously though and they are very likely to be important in continental 

urban areas, coastal urban areas as well as marine environments. Moreover, the rate 

coefficient of a Cl + VOC reaction is probably larger than that of the corresponding OH 
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+ VOC reaction4. This could make the Cl reaction competitive with the OH reaction, 

even if [Cl] < [OH]. In the stratosphere, Cl atoms lead to ozone (O3) destruction. 

However, in the troposphere they may lead to O3 production as both Cl atoms and OH 

radicals react with VOCs to produce organic radicals, which can react with O2 to give 

alkyl peroxy radicals (RO2). This ultimately leads to O3 formation via oxidation of NO 

with RO2 to give RO and NO2 and photolysis of NO2 to give O atoms, which can 

combine with O2 via a third body process to give O3. Also, significantly Cl atom 

reactions with VOCs can lead to production of OH via secondary reactions if the 

atmosphere contains NO. This occurs via reaction of RO with O2 to give HO2 (and 

R’CO) followed by reaction of HO2 with NO to produce NO2 and OH. All these 

suggested that Cl atom may contribute to the oxidative capacity of the atmosphere in a 

more significant extent. 

HCOOH is the most abundant organic acid in the troposphere. It is found in urban, 

rural, marine, polar and remote areas in both gaseous and aerosol forms.5-13 Known 

sources include primary emissions from biogenic and anthropogenic activity, and 

secondary production via alkene ozonolysis and subsequent reaction of the Criegee 

intermediates produced with water.14,15 It has been suggested that the major part of 

formic acid produced globally comes from biogenic sources, either from direct emission 

or from ozonolysis of emitted alkenes, with a smaller part coming from anthropogenic 

sources.16 

The Cl + HCOOH reaction has been chosen for this study, because of its 

importance in the troposphere and because the work will serve as a prototype study, 

which should lead to an enhanced understanding of the reactivity of carboxylic acids 

with Cl atoms in the atmosphere. Also, as already stated, during the day in the 

atmosphere the oxidants OH and Cl compete to react with VOCs such as HCOOH. For 

the OH + HCOOH reaction, as for Cl + HCOOH, hydrogen (H) atom abstraction from 
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the C atom of HCOOH is more exothermic than H abstraction from the O atom, as the 

C-H bond is stronger than the O-H bond. However, theoretical studies17-19 have shown 

that the OH + HCOOH reaction proceeds predominantly by H abstraction from the O-H 

group. This unexpected result was shown to be due to a proton coupled electron transfer 

process, which has a lower activation energy than that for H abstraction from the C-H 

group. Also, tunneling was found to be significant for the O-H hydrogen atom 

abstraction channel.18 Regarding the Cl + HCOOH reaction, limited experimental 

evidence20 and some earlier calculations21,22 suggest that H abstraction occurs 

predominantly from the C-H group. It is clearly important, therefore, to establish the 

mechanism and calculate relative energies of key points on the potential energy surface 

of the Cl + HCOOH reaction. It is also proposed to use the relative energies of the 

important parts of the potential energy surfaces generated to calculate rate coefficients 

at selected temperatures using variational transition state theory (VTST). In addition, 

the choices of ab initio level and density functionals used to compute electronic energy 

surfaces are investigated in order to establish a consistent, reliable and practical 

methodology for the calculation of rate coefficients. 

 

6.2 Previous Studies Associated with the Cl + HCOOH 

Reaction 

In this work, a theoretical investigation of the atmospherically important reaction 

between Cl atoms and HCOOH is presented. H abstraction by Cl is expected to be the 

dominant process. Two reaction channels are possible depending on whether a C-H or 

O-H bond is broken. 

Breaking the C-H bond: Cl + HCOOH → HCl + HOCO   (1) 

Breaking the O-H bond: Cl + HCOOH → HCl + HCOO   (2) 
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HCOOH has two conformers (or rotamers), the trans conformer being more stable than 

the cis conformer by ~4.0 kcal mol-1 with a barrier to interconversion of ~13.8 kcal 

mol-1 as derived from microwave spectroscopy and supporting electronic structure 

calculations (vide infra).21-27 Cl and trans-HCOOH are therefore expected to be the main 

reaction partners at room temperature. HOCO, an important intermediate in atmospheric 

chemistry and combustion,28-31 also has cis and trans conformers with the trans 

conformer the lowest, a cis-trans separation of 1.77 kcal mol-1 and a barrier to 

interconversion of the trans to the cis form of ~9.3 kcal mol-1, as determined by 

high-level ab initio calculations (vide infra).32,33 Figure 6.1 shows the reaction scheme 

of the Cl + HCOOH reaction. For reaction (1), inspection of the structures of the cis and 

trans conformers of HCOOH and HOCO, and the transition states (TSs) that 

interconnect them shows that trans-HCOOH should, on H-atom abstraction from the 

carbon atom, give cis-HOCO, while trans-HOCO will be formed from cis-HCOOH on 

H abstraction from the carbon atom. In reaction (2), Cl abstracts the H atom from the 

O-H group in HCOOH and thus HCOO will be generated from both trans- and 

cis-HCOOH. Use of available heats of formation shows that reaction (1) is slightly 

exothermic {∆H298K
RX = (-3.35 ± 0.93) kcal mol-1, using the heats of formation for the 

lowest energy conformers of trans-HCOOH and trans-HOCO; vide infra} and reaction 

(2) is endothermic {∆H298K
RX = (9.3 ± 1.1) kcal mol-1; vide infra}. 

The products of the Cl + HCOOH reaction have been investigated by Tyndall et al. 

using Fourier Transform Infrared (FTIR) spectroscopy.34 CO2 was determined to be one 

of the products with a yield of 96%. The observed CO2 may come from the reaction 

between HOCO radical and O2 and it was suggested that the HOCO radical formed 

from the Cl + HCOOH reaction might not decompose to give CO2 because it does not 

have sufficient internal energy. There are two kinetic studies, by Wallington et al. and Li 

et al.,35,36 determining the rate coefficients of the Cl + HCOOH reaction. In Wallington’s 
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study,35 the rate coefficient of the Cl + HCOOH reaction at 295 ± 2 K and 700 Torr was 

determined to be (2.00 ± 0.25) x 10-13 cm3 molecule-1 s-1 by using Relative Rate (RR) 

technique. The rate coefficient measured by Li et al. at room temperature is (1.8 ± 0.12) 

x 10-13 cm3 molecule-1 s-1,36 which is in good agreement with Wallington’s result. 

 

 

Figure 6.1 Summary of the reaction channels in the Cl + HCOOH reaction. 

 

6.3 Computational Methodology 

6.3.1 Ab Initio and DFT Methods 

In the present study, second-order unrestricted Møller-Plesset perturbation theory 

(UMP2) and Density Functional Theory (DFT) were applied to study the Cl + HCOOH 

reaction using different basis sets and functionals, notably B3LYP,37-40 BH&HLYP,37,38 

BMK,41 M05,42 M0643 and M06-2X43 (spin-contamination negligibly small with 

computed <S2> values less than 0.795 for all doublet states considered). The geometry 

optimization, transition state (TS) search, vibrational frequency and intrinsic reaction 

coordinate (IRC) calculations were performed by employing the GAUSSIAN09 

programs44 with the 6-31+G** and 6-31++G**(5D) basis sets. Initially, these 
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calculations were performed with appropriate symmetry constrains, as use of symmetry 

speeds up the computation. However, in order to provide consistent orientations of the 

optimized species for the subsequent rate coefficient calculations with the POLYRATE 

2008 program,45 these calculations were repeated with no symmetry constraint (with the 

keyword, nosym) and Cartesian coordinates were used to define the input geometries in 

all the ab initio and DFT calculations. The geometries of the reactants, products, TSs, 

reactant-complexes (RCs) and product-complexes (PCs) were optimized and the nature 

of each stationary point was verified by harmonic vibrational frequency calculations. In 

the IRC calculations, generally twelve points from the TS in each direction towards the 

RC and PC were computed with a step size of 0.10, 0.15 or 0.20 amu1/2-Bohr. The IRC 

paths computed at all levels of theory have a range of s ≥ ±1.0 amu1/2-Bohr, except 

those computed with the BMK and M06-2X functionals for channel (1b), where only 

eight and five points respectively in the reverse direction were computed, as an energy 

minimum (RC) was detected on this side of the reaction coordinate. The reaction 

coordinate (s) at which the IRC calculation stopped with the BMK and M06-2X 

functionals has a value of s = -0.931 and -0.499 amu1/2-Bohr respectively and the energy 

surface in this region is found to be very flat. 

In order to improve computed relative electronic energies of the reagents, products, 

TSs, RCs, PCs and IRC points, single-point UCCSD(T)-F12x (where x = a or b)46 and 

RCCSD(T) energy calculations (both with RHF reference wavefunctions) were carried 

out with MOLPRO47 at UMP2, M06-2X and BMK optimized geometries. These 

higher-level energies were then used in subsequent dual-level direct dynamics rate 

coefficient calculations to be described below. 

With the RCCSD(T) method, the aug-cc-pVDZ (AVDZ), aug-cc-pVTZ (AVTZ), 

aug-cc-pVQZ (AVQZ) and aug-cc-pV5Z (AV5Z) basis sets48 were used. In addition, the 

computed energies were extrapolated to the complete basis set (CBS) limit, employing 
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three schemes. First, the three-point exponential formula49,50 was used to extrapolate 

computed Hartree-Fock (HF) energies obtained with the AVDZ, AVTZ and AVQZ basis 

sets, and the two-point 1/X3 formula50,51 was used to extrapolate computed correlation 

energies obtained with the AVTZ and AVQZ basis sets. Relative electronic energies 

obtained by taking the differences between the extrapolated CBS electronic (HF + 

correlation) energies are denoted as CBS1. Second, the AVTZ, AVQZ and AV5Z basis 

sets were used for extrapolating HF energies, while the AVQZ and AV5Z basis sets were 

used for correlation energies, in a similar way as the CBS1 scheme. The relative 

electronic energies thus obtained are denoted as CBS2. The major differences between 

CBS1 and CBS2 are the basis sets used for the extrapolation. Third, instead of 

extrapolating computed HF and correlation energies, the relative electronic energies 

obtained using the AVQZ and AV5Z basis sets at the RCCSD(T) level were extrapolated 

to the CBS limit employing the two-point 1/X3 formula. The extrapolated relative 

energies thus obtained are denoted as CBS. Comparisons between CBS and CBS2 

results show the differences between extrapolating computed (HF and correlation) 

energies and extrapolating relative electronic energies. Since the largest basis sets 

considered in the present study, and a more elaborate extrapolation procedure 

(extrapolating the HF and correlation energies with two different formulae) than the 

third scheme (CBS), have been used in the CBS2 scheme, this scheme is considered as 

the highest level. Regarding the lower levels employed (for the geometries used in the 

higher-level single energy calculations), the MP2 method is the only ab initio (or 

wavefunction cf. DFT) method used. Also, basis size effects with MP2 geometries are 

generally smaller than with M06-2X and BMK geometries, as will be discussed later. 

Therefore, the RCCSD(T)/CBS2//MP2 level is considered as the benchmark. 

With the UCCSD(T)-F12 method, the scaled perturbative triples obtained by a 

simple scaling factor, ΔE(T*) = ΔE(T) x Ecorr
MP2-F12/Ecorr

MP2 (i.e. the ratio between the 
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computed correlation energies obtained at the RMP2 and RMP2-F12 levels52) have been 

employed in all UCCSD(T)-F12x calculations throughout. The atomic orbital (AO) basis 

sets used in these F12 calculations are the AVTZ and AVQZ basis sets, except for Cl, 

where the aug-cc-pV(T+d)Z and aug-cc-pV(Q+d)Z basis sets,53 respectively, were used. 

The corresponding aug-cc-pVXZ/MP2FIT54 and cc-pVXZ/JKFIT55 (X = T or Q) basis 

sets were used as the density fitting (DF) and resolution of identity (RI) basis sets, 

respectively. The CBS and CBS1 extrapolation schemes on the computed relative 

energies and the (HF + correlation) energies, respectively, as described above with the 

RCCSD(T) method, obtained using the AVTZ and AVQZ basis sets with the F12 

method, were employed to obtain relative electronic energies at the CBS limits. {With 

UCCSD(T)-F12/CBS1, the extrapolated HF energies obtained with the 

RCCSD(T)/CBS1 scheme were used.} Comparisons between results obtained using the 

explicit correlation F12 method and the conventional RCCSD(T) method should show 

whether the theoretically more advanced F12 method could produce reliable results with 

less computation resources than the RCCSD(T) method, as the explicit correlation F12 

method with a small basis set (e.g. TZ quality) is expected to produce comparable 

results to those of the CCSD(T) method with a large basis set (e.g. 5Z quality).56 

The separation of the 2P3/2 and 2P1/2 electronic states of Cl, 882.35 cm-1,57 was 

included in the evaluation of relative energies. The computed energy of the unperturbed 

2P state of Cl atom was lowered by 0.84 kcal mol-1 to account for this spin-orbit (SO) 

splitting. The appropriate electronic partition functions of the two SO states of Cl were 

used in rate coefficient calculations. 
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6.3.2 Minimum Energy Path (MEP) and VTST Calculations 

The computed IRC points as well as the associated gradients and Hessians 

obtained at different ab initio and DFT levels by GAUSSIAN09 were utilized in 

subsequent rate coefficient calculations, based on transition state theory (TST), using 

the POLYRATE2008 program.45 All vibrational modes were treated harmonically. The 

Euler steepest-descents (ESD) method58 with a Hessian step size of 2x10-3 Å, which is 

nine times larger than the gradient step size (2.65x10-4 Å), was used to compute the 

extrapolated/interpolated MEPs. It is a common problem that more than one imaginary 

frequency may be obtained along the MEP. One of the reasons leading to extra 

imaginary frequencies is a poor coordinate system. As mentioned in Section 3.9, the use 

of rectilinear coordinates may cause the generalized normal-mode frequencies to be 

unphysical in magnitude or even imaginary over a wide range of the reaction coordinate. 

In this connection, a redundant internal coordinate system was used generally for 

generalized normal mode analysis in this study. However, in some cases, extra 

imaginary frequencies along the MEP were still obtained, even with a redundant internal 

coordinate system. In these cases, non-redundant internal coordinates (in which only 

3N-6 internal coordinates are included) were used, in order to obtain MEPs without 

extra imaginary frequencies. Rate coefficient calculations were carried out at different 

TST levels, notably conventional transition state theory (TST), canonical variational 

theory (CVT) and improved canonical variational theory (ICVT). Moreover, different 

tunneling methods, namely, zero-curvature tunneling (ZCT) and small-curvature 

tunneling (SCT), were applied to correct the rate coefficients computed at each TST 

level. As a result, in total nine TST levels, namely TST, CVT, ICVT, TST/ZCT, 

CVT/ZCT, ICVT/ZCT, TST/SCT, CVT/SCT and ICVT/SCT were used (for VTST and 

tunneling methods, see reference [59]). Also, dual-level direct dynamics calculations, 

with UMP2, M06-2X and BMK as the lower levels, were carried out with the 
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interpolated single-point energies (VTST-ISPE) approach,60 where the energies at 

stationary points along the MEP were improved by higher-level calculations, while the 

corresponding geometries, gradients and Hessians computed at lower level were 

used.59,60 

 

6.4 Results and Discussion 

6.4.1 Ab Initio and DFT Results 

 The reaction channels considered in this work (1a, 1b, 2a, 2b) are summarized in 

Figure 6.1. The geometries of the reactants, products, RCs, PCs and TSs in all channels 

have been optimized at different levels of theory. Those obtained at the 

UMP2/6-31++G**(5D) level are shown in Figures 6.2 to 6.4 (also with the 

M06-2X/6-31+G* bond lengths given in parentheses). At the UMP2 level, RCs and PCs 

were located in all channels except channel (1b). For this channel, the RC could not be 

optimized as the gradients had not converged, even though the step sizes were 

essentially zero. There were also problems in locating some stationary points or 

obtaining unphysical and/or unexpected imaginary vibrational frequencies for species at 

some levels of calculations (vide infra). 

 In order to characterize whether a TS structure is reactant- or product-like at each 

level of theory used, the L parameter,61 which is defined as the ratio between the 

elongation of the reactant X-H bond, (X-H) (X refers to C or O atom as appropriate), 

and the elongation of the product H-Cl bond, (H-Cl) in the TS, is evaluated. 

L = (X-H)/ (H-Cl) 

A value of L > 1 indicates a product-like TS, while L < 1 indicates a reactant-like TS. 

The L parameters, as well as the imaginary vibrational frequencies of the TSs, are listed 

in Table 6.1.  
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Figure 6.2 Optimized geometries of the reactants (R) and products (P) at the UMP2/6-31++G**(5D) 

and M06-2X/6-31+G* (in parentheses) levels. The bond lengths are in Angstrom (Å).  
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Figure 6.3 Optimized geometries of the reactant-complexes (RC) and product-complexes (PC) at the 

UMP2/6-31++G**(5D) and M06-2X/6-31+G* (in parentheses) levels. The bond lengths are in 

Angstrom (Å). {The optimization of RC for reaction (1b) did not converged; see text} 
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Figure 6.4 Optimized geometries of the transition states (TS) at the UMP2/6-31++G**(5D) and 

M06-2X/6-31+G* (in parentheses) levels. The bond lengths are in Angstrom (Å). 

  



Cl + HCOOH 

 184 

 

Table 6.1 The L parameters and the imaginary vibrational frequencies (ωi; in cm-1) of the transition 

states at various levels of theory for channels (1a), (2a), (1b) and (2b). 

 a Failed to locate the transition state structure. 

 

6.4.1.1 Reaction (1a): Cl + trans-HCOOH → HCl + cis-HOCO 

Reaction (1a) will be considered first, because this channel has been, 

computationally, most thoroughly investigated in the present study, and also is 

kinetically the most important channel (vide infra). Single-level MP2 and DFT results 

are considered first, followed by dual-level RCCSD(T) and UCCSD(T)-F12 results. 

 

6.4.1.1.a Single-Level MP2 and DFT Results 

Considering the optimized structures of the transition state, TS1a, those obtained at 

all DFT levels are product-like, with L > 1 (Table 6.1). The TS optimized at the UMP2 

level has L < 1, indicating a reactant-like TS. The UMP2 geometry of the TS for 

reaction (1a) found in the present study is similar to that obtained by Yu et al. and Yang 

et al. at the UMP2/6-311+G** level.21,22 The computed imaginary frequencies of TS1a 

obtained in the present study range from 375i (M06) to 1348i (MP2) cm-1, a very wide 

spread of ~1000i cm-1 (see Table 6.1), suggesting that the shapes of the computed 

barriers obtained at different single levels are quite different. Summing up, different 

Level of Theory Channel 

(1a) (2a) (1b) (2b) 

L ωi L ωi L ωi L ωi 

B3LYP/6-31++G**(5D) 3.23 415i a a 2.77 396i 2.14 1105i 

BH&HLYP/6-31++G**(5D) 1.76 1211i 2.73 1043i 1.22 1003i 0.95 1971i 

BMK/6-31+G** 2.78 441i 12.08 210i 2.06 468i 1.74 1244i 

M05/6-31+G** 1.89 556i 4.59 827i 1.77 449i 2.27 1184i 

M06/6-31+G** 3.72 375i 5.05 738i 2.95 392i 2.52 1487i 

M06-2X/6-31+G** 1.74 915i 9.84 324i 1.08 749i 1.70 1631i 

UMP2/6-31++G**(5D) 0.87 1348i 4.54 873i 0.21 740i 3.42 930i 
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single levels produce very different reaction energy surfaces in the TS region of reaction 

(1a). 

The computed reaction energies (∆E0
RX), and barrier heights at 0 K (∆E0

‡
), as well 

as the standard reaction enthalpies (∆H298K
RX) at various levels of theory for channels 

(1a), (1b), (2a) and (2b) are listed in Table 6.2 (see footnotes [h], [i] and [j] for some 

problems with optimization and frequency calculations mentioned above). More 

detailed results for reaction (1a) are given in Table 6.3. The computed ∆E0
RX values for 

channel (1a) range from -3.87 {UCCSD(T)-F12/AVTZ//BMK; Table 6.3} to 2.84 

(BH&HLYP; Table 6.2 and 6.3) kcal mol-1. Among single levels, ∆E0
RX was computed 

to be negative at the B3LYP and M05 levels, while it was computed to be positive at all 

other single levels. Also, all UCCSD(T)-F12 and RCCSD(T) dual-level values, which 

will be discussed in the next subsection, are negative (Table 6.2 and 6.3). When the 

single-level ∆E0
RX values are compared with the RCCSD(T)/CBS2//MP2 benchmark 

value (-3.60 kcal mol-1), the M05 value agrees the best with the benchmark (a difference 

of 1.69 kcal mol-1). The rest differ from the benchmark by the least 2.93 kcal mol-1 

(B3LYP) and the most 6.44 kcal mol-1 (BH&HLYP). 

The computed ∆E0
‡ values for reaction (1a) range from -0.95 (B3LYP) to 8.49 

(UMP2) kcal mol-1. They are positive at all levels, except at the B3LYP and M05 levels. 

The M06-2X ∆E0
‡ value of 1.06 kcal mol-1 agrees the best with the 

RCCSD(T)/CBS2//MP2 benchmark value of 1.77 kcal mol-1, with a difference of 0.71 

kcal mol-1, while the rest differ from the benchmark at the least by 1.13 kcal mol-1 

(BMK) and at the most by 6.72 kcal mol-1 (UMP2). Inspection of the differences in the 

computed single-level ∆E0
RX and ∆E0

‡ values from the benchmark values, tabulated in 

Tables 6.4 to 6.6, shows that, the mean unsigned errors (MUEs) in the computed ∆E0
RX 

values (with respect to the benchmark values) for channel (1a) have the order of M05 < 

B3LYP < BMK < M06 < M06-2X < UMP2 < BH&HLYP, whereas for ∆E0
‡, the order is   
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Table 6.2 Computed reaction energies (∆E0
RX; in kcal mol-1), the activation energies (∆E0

‡; in kcal 

mol-1), including the zero-point energy (ZPE) corrections, as well as the reaction enthalpies 

(∆H298K
RX; in kcal mol-1) at various levels of theory for channels (1a), (2a), (1b) and (2b). 

Level of Theorya Channel (1a) 

Cl + trans-HCOOH 

→ HCl + cis-HOCO 

Channel (1b) 

Cl + cis-HCOOH 

→ HCl + trans-HOCO 

∆E0
RX ∆E0

‡ ∆H298K
RX ∆E0

RX ∆E0
‡ ∆H298K

RX 

B3LYP/6-31++G**(5D) -0.67 -0.95 -0.06 -6.88 -7.96 -6.30 

BH&HLYP/6-31++G**(5D) 2.84 6.46 3.45 -3.43 -0.27 -2.85 

BMK/6-31+G** 0.05 0.64 0.66 -6.55 -7.13 -5.97 

M05/6-31+G** -1.91 -0.49 -1.29 -7.50 -7.53 -6.93 

M06/6-31+G** 0.19 0.30 0.81 -5.65 -7.14 -5.07 

M06-2X/6-31+G** 0.84 1.06 1.44 -5.51 -6.06 -4.92 

UMP2/6-31++G**(5D) 2.52 8.49 3.13 -4.16 3.53 -3.59 

UCCSD(T)-F12/CBS//MP2b -3.55 1.54 -2.94 -9.24 -3.98 -8.67 

UCCSD(T)-F12/CBS//M06-2Xb -3.67 3.50 -3.07 - - - 

UCCSD(T)-F12/CBS//BMKb -3.79 3.67 -3.18 - - - 

RCCSD(T)/CBS2//MP2c -3.60 1.77 -2.99 -9.18 -2.92 -8.61 

RCCSD(T)/CBS2//M06-2Xc -3.65 1.05 -3.05 - - - 

RCCSD(T)/CBS1//BMKd -3.39 0.52 -2.78 - - - 

Theoretical -0.86e 

-2.96f 

3.99e 

0.89f 

 -8.67f 2.60f  

Using ∆Hf values   -1.58g    

Level of Theorya Channel (2a) 

Cl + trans-HCOOH 

→ HCl + HCO2 (2A1) 

Channel (2b) 

Cl + cis-HCOOH 

→ HCl + HCO2 (2A1) 

∆E0
RX ∆E0

‡ ∆H298K
RX ∆E0

RX ∆E0
‡ ∆H298K

RX 

B3LYP/6-31++G**(5D) 6.54 h 8.77 1.99 3.46 3.97 

BH&HLYP/6-31++G**(5D) i 13.53 i i 15.35 i 

BMK/6-31+G** 10.85 9.17 12.46 5.94 9.18 7.49 

M05/6-31+G** j 5.88 j j 5.29 j 

M06/6-31+G** j 9.34 j j 5.46 j 

M06-2X/6-31+G** j 13.29 j j 10.76 j 

UMP2/6-31++G**(5D) 15.31 25.26 15.83 10.39 24.06 10.86 

UCCSD(T)-F12/CBS//MP2b 11.22 10.65 11.75 8.40 15.00 8.87 

UCCSD(T)-F12/CBS//M06-2Xb - - - - - - 

UCCSD(T)-F12/CBS//BMKb - - - - - - 

RCCSD(T)/CBS2//MP2c 11.20 11.60 11.72 7.21 14.88 7.68 

RCCSD(T)/CBS2//M06-2Xc - - - - - - 

RCCSD(T)/CBS1//BMKd - - - - - - 

Theoretical 13.70e 19.79e 

16.24f 

 7.35f 5.94f  
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a All relative energies have included the spin-orbit contribution of 0.84 kcal mol-1 lowering from the 

unperturbed 2P state to 2P3/2 spin-orbit state of Cl atom. 

b The UCCSD(T)-F12/CBS values are the averages of the UCCSD(T)-F12a/CBS and 

UCCSD(T)-F12b/CBS values, which were obtained by employing the two-point 1/X3 extrapolation 

formula on the UCCSD(T)-F12x (x = a or b) relative energies using the AVTZ and AVQZ basis sets 

in the CBS extrapolation. 

c The three-point exponential formula was employed in the CBS extrapolation of the Hartree-Fock 

energies using the AVTZ, AVQZ and AV5Z basis sets and the two-point 1/X3 formula was used to 

extrapolate the RCCSD(T) correlation energies using the AVQZ and AV5Z basis sets. 

d The three-point exponential formula was employed in the CBS extrapolation of the Hartree-Fock 

energies using the AVDZ, AVTZ and AVQZ basis sets and the two-point 1/X3 formula was used to 

extrapolate the RCCSD(T) correlation energies using the AVTZ and AVQZ basis sets. 

e Computed at G2//UMP2/6-311+G** without spin-orbit correction for Cl atom in Ref. [21]. 

f Computed at UQCISD(T)/6-311++G(3df,2p)//UMP2/6-311+G** without spin-orbit correction for 

Cl atom in Ref. [22]. 

g Determined from the available heats of formation of the reactants and products (see text). 

h Failed to locate the transition state structure. 

i There is a b2 mode, which has a very large and unrealistic computed frequency of 8249 cm-1, on 

HCO2 (2A1). 

j There is a computed imaginary vibrational frequency on HCO2 (2A1).  
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Table 6.3 Computed relative energies (kcal mol-1) of the reactant-complex (RC), transition state 

(∆E‡), product-complex (PC) and separate products (∆ERX), with respect to the separate reactants, of 

the Cl + trans-HCOOH → HCl + cis-HOCO reaction {channel (1a)} obtained at different levels of 

theory. 

Level of Theorya RC ∆E‡ PC ∆ERX 

∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 

B3LYP/6-31++G**(5D) -1.06 -1.50 3.20 -0.95 1.81 -1.31 3.45 -0.67 

BH&HLYP/6-31++G**(5D) e e 10.99 6.46 5.86 2.46 7.04 2.84 

BMK/6-31+G** e e 4.71 0.64 2.85 0.04 4.23 0.05 

M05/6-31+G** -0.76 -0.91 3.57 -0.49 0.19 -2.22 2.20 -1.91 

M06/6-31+G** -1.43 -1.50 4.34 0.30 2.02 -0.58 4.20 0.19 

M06-2X/6-31+G** -2.43 -2.11 5.44 1.06 2.80 -0.37 4.87 0.84 

UMP2/6-31++G**(5D) -2.05 -1.73 12.57 8.49 4.68 1.50 6.46 2.52 

RCCSD(T)/AVQZ//MP2 -2.51 -2.19 6.17 2.08 -0.28 -3.46 1.25 -2.69 

RCCSD(T)/AV5Z//MP2 -2.52 -2.21 5.99 1.90 -0.37 -3.56 0.73 -3.21 

RCCSD(T)/CBS//MP2b -2.54 -2.23 5.80 1.71 -0.47 -3.66 0.18 -3.76 

RCCSD(T)/CBS1//MP2c -2.60 -2.28 5.76 1.67 -0.67 -3.85 0.74 -3.20 

RCCSD(T)/CBS2//MP2d -2.54 -2.22 5.85 1.77 -1.00 -4.19 0.34 -3.60 

RCCSD(T)/AVQZ//M06-2X -0.93 -0.61 5.83 1.45 -0.26 -3.43 1.28 -2.75 

RCCSD(T)/AV5Z//M06-2X - - 5.60 1.22 -0.68 -3.85 0.76 -3.27 

RCCSD(T)/CBS//M06-2Xb - - 5.35 0.97 -1.12 -4.29 0.22 -3.81 

RCCSD(T)/CBS2//M06-2Xd -2.29f -1.97f 5.43 1.05 -0.96 -4.13 0.38 -3.65 

RCCSD(T)/CBS1//BMKc -2.55g e 4.59 0.52 -0.62g -3.43g 0.79g -3.39g 

Level of Theorya RC ∆E‡ PC ∆ERX 

∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 

UCCSD(T)-F12a/AVTZ//MP2 -2.74 -2.42 5.28 1.19 -1.17 -4.36 0.36 -3.58 

UCCSD(T)-F12a/AVQZ//MP2 -2.62 -2.31 5.49 1.41 -1.05 -4.23 0.38 -3.55 

UCCSD(T)-F12a/CBS//MP2h -2.54 -2.22 5.65 1.57 -0.95 -4.14 0.40 -3.54 

UCCSD(T)-F12a/CBS1//MP2i -2.57 -2.25 5.66 1.57 -0.68 -3.87 0.69 -3.24 

UCCSD(T)-F12b/AVTZ//MP2 -2.73 -2.41 5.25 1.16 -1.29 -4.47 0.25 -3.69 

UCCSD(T)-F12b/AVQZ//MP2 -2.62 -2.31 5.45 1.37 -1.12 -4.30 0.32 -3.61 

UCCSD(T)-F12b/CBS//MP2h -2.55 -2.23 5.60 1.52 -0.99 -4.18 0.38 -3.56 

UCCSD(T)-F12b/CBS1//MP2i -2.58 -2.27 5.61 1.52 -0.72 -3.91 0.67 -3.26 

UCCSD(T)-F12/AVTZ//MP2j -2.73 -2.42 5.26 

(5.26)k 

1.17 

(1.17)k 

-1.23 -4.42 0.30 -3.63 

UCCSD(T)-F12/AVQZ//MP2j -2.62 -2.31 5.47 

(7.33)k 

1.39 

(3.25)k 

-1.08 -4.27 0.35 -3.58 

UCCSD(T)-F12/CBS//MP2h,j -2.54 -2.22 5.63 

(8.84)k 

1.54 

(4.76)k 

-0.97 -4.16 0.39 -3.55 

UCCSD(T)-F12/CBS1//MP2i,j -2.58 -2.26 5.63 1.55 -0.70 -3.89 0.68 -3.25 

UCCSD(T)-F12/AVTZ//M06-2Xj -2.39g -2.07g 4.92 0.54 -0.89g -4.06g 0.35 -3.67 

UCCSD(T)-F12/AVQZ//M06-2Xj -2.62 -2.30 6.63 2.25 -1.08 -4.25 0.35 -3.67 

UCCSD(T)-F12/CBS//M06-2Xh,j -2.79g -2.47g 7.88 3.50 -1.22g -4.39g 0.35 -3.67 

UCCSD(T)-F12/AVTZ//BMKj -2.73g e 4.20g 0.13g -1.23g -4.04g 0.30g -3.87g 

UCCSD(T)-F12/AVQZ//BMKj -2.62g e 6.25g 2.18g -1.08g -3.89g 0.35g -3.82g 

UCCSD(T)-F12/CBS//BMKh,j -2.54g e 7.74 3.67 -0.97g -3.78g 0.39g -3.79g 
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a The relative energies obtained from all single- and dual-level calculations include the spin-orbit 

contribution of 0.84 kcal mol-1 lowering from the unperturbed 2P state to 2P3/2 spin-orbit state of Cl. 

b The RCCSD(T)/CBS values were obtained by employing the two-point 1/X3 extrapolation formula 

on the RCCSD(T) relative energies using the AVQZ and AV5Z basis sets in the CBS extrapolation. 

c The three-point exponential formula was employed in the CBS extrapolation of the Hartree-Fock 

energies using the AVDZ, AVTZ and AVQZ basis sets and the two-point 1/X3 formula was used to 

extrapolate the RCCSD(T) correlation energies using the AVTZ and AVQZ basis sets. 

d The three-point exponential formula was employed in the CBS extrapolation of the Hartree-Fock 

energies using the AVTZ, AVQZ and AV5Z basis sets and the two-point 1/X3 formula was used to 

extrapolate the RCCSD(T) correlation energies using the AVQZ and AV5Z basis sets. 

e Fail to locate the RC structure. 

f The relative energy of the RC is determined by using the CBS1 value because it could only be 

computed at CBS1 rather than CBS2 as Cl is out of the HCOOH plane with M06-2X as the lower 

level. 

g The relative energy is obtained by using the high-level electronic energy with MP2 as the lower 

level (HL//MP2) of the reactants and that of the RC, PC or products. 

h The UCCSD(T)-F12x (x = a or b)/CBS values were obtained by employing the two-point 1/X3 

extrapolation formula on the UCCSD(T)-F12x (x = a or b) relative energies using the AVTZ and 

AVQZ basis sets in the CBS extrapolation. 

i The three-point exponential formula was employed in the CBS extrapolation of the Hartree-Fock 

energies using the AVDZ, AVTZ and AVQZ basis sets (see text) and the two-point 1/X3 formula 

was used to extrapolate the UCCSD(T)-F12 correlation energies using the AVTZ and AVQZ basis 

sets. 

j The UCCSD(T)-F12 values are the averages of the UCCSD(T)-F12a and UCCSD(T)-F12b values. 

k Value in parentheses refer to the TS with a CS structure (optimized with default symmetry 

constraints), while other values are a C1 structure optimized with nosym (a very near CS structure; 

see text). 
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 Table 6.4 Differences of computed reaction energies (∆E0
RX; in kcal mol-1) and activation energies 

(∆E0
‡; in kcal mol-1), including the zero-point energy (ZPE) corrections, as well as reaction 

enthalpies (∆H298K
RX; in kcal mol-1) from the theoretical benchmark (RCCSD(T)/CBS2//MP2) at 

various single levels for channels (1a), (2a), (1b) and (2b). This table uses values from Table 6.2. 

a Failed to locate the transition state structure. 

b There is a b2 mode, which has a very large and unrealistic computed frequency of 8249 cm-1, on 

HCO2 (2A1). 

c There is a computed imaginary vibrational frequency on HCO2 (2A1). 

  

Level of Theory Channel (1a) 

Cl + trans-HCOOH 

→ HCl + cis-HOCO 

Channel (1b) 

Cl + cis-HCOOH 

→ HCl + trans-HOCO 

∆E0
RX ∆E0

‡
 ∆H298K

RX ∆E0
RX ∆E0

‡
 ∆H298K

RX 

B3LYP/6-31++G**(5D) 2.92 -2.72 2.93 2.30 -5.04 2.31 

BH&HLYP/6-31++G**(5D) 6.43 4.69 6.44 5.76 2.66 5.76 

BMK/6-31+G** 3.65 -1.13 3.65 2.63 -4.21 2.64 

M05/6-31+G** 1.69 -2.26 1.69 1.68 -4.61 1.68 

M06/6-31+G** 3.79 -1.47 3.79 3.54 -4.22 3.54 

M06-2X/6-31+G** 4.44 -0.71 4.43 3.68 -3.14 3.69 

UMP2/6-31++G**(5D) 6.12 6.72 6.12 5.02 6.46 5.02 

Level of Theory Channel (2a) 

Cl + trans-HCOOH 

→ HCl + HCO2 (2A1) 

Channel (2b) 

Cl + cis-HCOOH 

→ HCl + HCO2 (2A1) 

∆E0
RX ∆E0

‡
 ∆H298K

RX ∆E0
RX ∆E0

‡
 ∆H298K

RX 

B3LYP/6-31++G**(5D) -4.66 a -2.96 -5.22 -11.42 -3.71 

BH&HLYP/6-31++G**(5D) b 1.93 b b 0.47 b 

BMK/6-31+G** -0.35 -2.43 0.74 -1.27 -5.70 -0.19 

M05/6-31+G** c -5.72 c c -9.59 c 

M06/6-31+G** c -2.26 c c -9.42 c 

M06-2X/6-31+G** c 1.69 c c -4.12 c 

UMP2/6-31++G**(5D) 4.10 13.66 4.10 3.18 9.18 3.18 
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Table 6.5 Differences of computed relative energies (kcal mol-1) of the reactant-complex (RC), 

transition state (∆E‡), product-complex (PC) and separate products (∆ERX), with respect to the 

separate reactants, from the theoretical benchmark (RCCSD(T)/CBS2//MP2) at various single levels 

for the Cl + trans-HCOOH → HCl + cis-HOCO reaction {channel (1a)}. This table uses values from 

Table 6.3. 

 

 

Table 6.6 Differences of computed reaction energies (∆E0
RX; in kcal mol-1) and activation energies 

(∆E0
‡; in kcal mol-1), including the zero-point energy (ZPE) corrections, as well as reaction 

enthalpies (∆H298K
RX; in kcal mol-1) from the theoretical benchmark {RCCSD(T)/CBS2//MP2} at 

various single levels for the isomerizations of HCOOH and HOCO. This table uses values from 

Table 6.4. 

 

 

M06-2X < BMK < M06 < M05 < B3LYP < BH&HLYP < UMP2. The fact that the 

M06-2X and BMK functionals appear to be the best for ΔE0
‡ for this reaction, when 

compared with the benchmark, is in line with expectations from much more detailed 

studies.62,63 However, the result that the M05 and B3LYP functionals appear best for 

ΔE0
RX is unexpected.62,63 

For reaction (1a), a RC and a PC were found. Regarding their relative energies 

Level of Theorya RC ∆E‡ PC ∆ERX 

∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 ∆Ee ∆E0 

B3LYP/6-31++G**(5D) 1.47 0.72 -2.66 -2.72 2.81 2.88 3.11 2.92 

BH&HLYP/6-31++G**(5D) a a 5.13 4.69 6.86 6.65 6.70 6.43 

BMK/6-31+G** a a -1.14 -1.13 3.85 4.23 3.89 3.65 

M05/6-31+G** 1.78 1.31 -2.28 -2.26 1.19 1.97 1.86 1.69 

M06/6-31+G** 1.11 0.72 -1.51 -1.47 3.02 3.61 3.86 3.79 

M06-2X/6-31+G** 0.11 0.11 -0.42 -0.71 3.80 3.82 4.53 4.44 

UMP2/6-31++G**(5D) 0.49 0.49 6.72 6.72 5.68 5.68 6.12 6.12 

Level of Theory trans-HCOOH → cis-HCOOH cis-HOCO → trans-HOCO 

∆E0
RX ∆E0

‡ ∆H298K
RX ∆E0

RX ∆E0
‡ ∆H298K

RX 

B3LYP/6-31++G**(5D) 0.56 0.87 0.55 -0.05 0.55 -0.05 

BH&HLYP/6-31++G**(5D) 1.01 0.64 1.01 0.33 0.54 0.33 

BMK/6-31+G** 0.96 1.07 0.96 -0.07 0.65 -0.06 

M05/6-31+G** 0.77 1.39 0.75 0.65 1.09 0.65 

M06/6-31+G** 0.59 1.06 0.59 0.36 0.88 0.36 

M06-2X/6-31+G**  0.91 0.44 0.89 0.19 0.31 0.19 

UMP2/6-31++G**(5D) 0.92 1.09 0.92 -0.17 1.22 -0.17 
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(with respect to the reagents), the spreads of the computed single-level relative energies 

(∆E0) are 1.20 and 4.68 kcal mol-1, respectively. The corresponding 

RCCSD(T)/CBS2//MP2 benchmark ∆E0 values are -2.22 and -4.19 kcal mol-1. The 

M06-2X and M05 ∆E0 values for the RC and PC respectively agree the best with the 

benchmarks among all single levels. The M06-2X value of -2.11 kcal mol-1 for the RC 

is larger than the benchmark by 0.11 kcal mol-1, while the M05 value of -2.22 kcal mol-1 

for the PC is larger than the benchmark by 1.97 kcal mol-1 (see Table 6.3). 

 Summarizing, no single level considered in the present study (whether MP2 or 

DFT) gives good agreement with theoretical benchmarks {i.e. RCCSD(T)/CBS2//MP2} 

for all the relevant stationary points of reaction (1a). Similar conclusions can be drawn 

from other channels to be discussed below. Summing up, it is difficult to find a 

functional, which gives reaction energy surfaces that would mimic those obtained at the 

benchmark ab initio level. 

 

6.4.1.1.b Dual-Level RCCSD(T) and UCCSD(T)-F12 Results 

 Before the dual-level results are discussed, it should be noted that, a ∆H298K
RX 

value of -1.58 ± 0.93 kcal mol-1 for reaction (1a) is derived, using the available standard 

heats of formation (∆Hf) of trans-HCOOH {-90.7 ± 0.4 kcal mol-1},64 Cl {28.992 ± 0.002 

kcal mol-1},65 HCl {-22.060 ± 0.024 kcal mol-1}65 and cis-HOCO {-41.23 ± 0.50 kcal 

mol-1; evaluated using ∆Hf(trans-HOCO) = -43.0 ± 0.5 kcal mol-1 and the energy 

difference of 1.77 kcal mol-1 between cis-HOCO and trans-HOCO32,33,66}. These ΔHf 

values used to evaluate ΔH298K
RX of reaction (1a) are from different sources 

{computational and experimental; see original works and also a recent database on 

available ΔHf(trans-HOCO) values67}. They are the latest available and/or believed to 

be the most reliable values. The RCCSD(T)/CBS2//MP2 benchmark ∆H298K
RX value of 

-2.99 kcal mol-1 {an estimated uncertainty of ±0.4 kcal mol-1 based on the difference 

between the AV5Z and CBS2 ΔEe
RX values} obtained from the present study compares 
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favorably with the value derived from the best ΔHf values, bearing in mind the 

uncertainties associated with the two values (It should be also noted that among the 

single levels, the M05 value of -1.29 kcal mol-1 compares best with the derived value.). 

As the H298K
RX value derived from available ΔHf values for reaction (1a) for the 

production of cis-HOCO from trans-HCOOH is -1.58 ± 0.93 kcal mol-1, and the 

computed barrier for cis-trans conversion of HOCO is 7.53 kcal mol-1 (vide infra),31 the 

cis-HOCO conformer produced from reaction (1a) would not have sufficient energy to 

overcome the rotational barrier to the most stable trans conformer, in the absence of 

tunneling. 

 Computed relative electronic energies of reaction (1a) obtained at various dual 

levels employing the MP2 lower level are considered first, because the most thorough 

dual-level investigation has been carried out with the MP2 geometries. Regarding 

UCCSD(T)-F12 results, the differences between the two variants of the F12x methods, 

namely, F12a and F12b, are insignificantly small (<0.2 kcal mol-1 in computed relative 

energies with the same basis sets; Table 6.3). In this connection, only the averages of the 

F12a and F12b values {UCCSD(T)-F12 values in Table 6.3} are discussed below. 

Considering basis size effects on RCCSD(T)//MP2 calculations, computed relative 

energies of the RC and PC, ∆ERX and ∆E‡, decrease on increasing the size of the basis 

set from AVQZ to CBS (see Table 6.3). However, for UCCSD(T)-F12//MP2 

calculations, the opposite trend is observed. Nevertheless, computed RCCSD(T)//MP2 

relative energies are generally larger than the corresponding UCCSD(T)-F12//MP2 

values, and extrapolations to the CBS limits with these RCCSD(T) and F12 values 

converge from above and from below, respectively. Consequently, all CBS energies 

(CBS, CBS1 and CBS2) obtained with both the F12 and RCCSD(T) methods (with the 

MP2 lower level) show reasonably good agreement (within ~0.6 kcal mol-1; see Table 

6.3). In addition, basis size effects on the computed relative energies shown in Table 6.3 
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are, generally, reasonably small (spreads of ~0.6 kcal mol-1 from AVTZ to CBS) with 

both the RCCSD(T) and F12 methods. However, reasonably good agreement (within 

~0.5 kcal mol-1) between RCCSD(T) and F12 relative energies is obtained only after 

extrapolations to the CBS limits. More specifically, computed relative energies obtained 

at the UCCSD(T)-F12/AVTZ level do not generally achieve the accuracy at the 

RCCSD(T)/AV5Z level, as anticipated. For example, in the case of PC, the computed 

UCCSD(T)-F12/AVTZ//MP2 energy of -1.23 kcal mol-1 is smaller than the 

RCCSD(T)/AV5Z//MP2 value of -0.37 kcal mol-1 by 0.86 kcal mol-1 (see Table 6.3). 

Although the UCCSD(T)-F12/AVQZ//MP2 value of -1.08 kcal mol-1 is closer to the 

RCCSD(T)/AV5Z//MP2 value (a difference of 0.71 kcal mol-1), it requires extrapolation 

to the CBS limit to bring the UCCSD(T)-F12/CBS1 value (-0.70 kcal mol-1 for the PC) 

to within 0.3 kcal mol-1 of the RCCSD(T)/CBS2 benchmark (-1.0 kcal mol-1). Summing 

up, extrapolation to the CBS limit is almost mandatory with both the RCCSD(T) and 

UCCSD(T)-F12 methods. 

 Regarding the three extrapolation schemes (CBS, CBS1 and CBS2) employed, the 

differences in the computed relative energies of RC and ∆Ee
‡ are negligibly small (<0.2 

kcal mol-1) with both the RCCSD(T)//MP2 and UCCSD(T)-F12//MP2 methods, 

especially between extrapolated (HF + correlation) energies {i.e. RCCSD(T)/CBS1 and 

UCCSD(T)-F12/CBS1} and extrapolated relative energies {i.e. RCCSD(T)/CBS and 

UCCSD(T)-F12/CBS}. For the PC and ∆Ee
RX values, the differences between the CBS 

and CBS1 schemes are also small (<0.3 kcal mol-1) with the UCCSD(T)-F12 method. 

However, with the RCCSD(T) methods, the differences in the computed relative 

energies of the PC and ∆Ee
RX obtained with the three CBS schemes are slightly larger 

(spreads of ~0.5 kcal mol-1; see Table 6.3). Based on the above considerations, the 

maximum uncertainties associated with employing different extrapolation schemes, 

with both the RCCSD(T) and UCCSD(T)-F12 methods at MP2 geometries, and basis 
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set of up to AV5Z and AVQZ quality, respective, are probably in the order of ±0.5 kcal 

mol-1. 

 When different lower levels (geometries) employed in dual-level calculations are 

considered, generally with the RCCSD(T) method, although the geometries obtained at 

different single levels, particularly for the TS, can be quite different, as discussed above 

on the L parameters, the computed relative energies at the same higher level with 

different lower levels are reasonably similar, particularly for the PC and ∆Ee
RX. For ∆Ee

‡, 

the RCCSD(T)//M06-2X and corresponding RCCSD(T)//MP2 values also agree well, 

but the RCCSD(T)/CBS1//BMK value is significantly smaller than the corresponding 

//MP2 and M06-2X values (differences of ~1 kcal mol-1 or more). These differences at 

various CBS levels with different lower levels originate from different basis size effects, 

which are considerably larger with the M06-2X and BMK lower levels, on the 

computed relative energies of the RC with the RCCSD(T) method, and on ∆Ee
‡ with the 

UCCSD(T)-F12 method, than with the MP2 lower level discussed above. Specifically, 

the difference in the computed relative energies of the RC between the 

RCCSD(T)/AVQZ//M06-2X and RCCSD(T)/CBS1//M06-2X (see footnote [f] of Table 

6.3) level is 1.36 kcal mol-1, and the differences between the UCCSD(T)-F12/AVTZ and 

UCCSD(T)-F12/CBS ∆Ee
‡ values with M06-2X and BMK geometries are 2.96 and 3.54 

kcal mol-1, respectively. Also, in Table 6.3, some UCCSD(T)-F12//MP2 ∆Ee
‡ values (in 

parentheses; see footnote [k]) computed with an enforced CS TS structure (at MP2, the 

TS geometry optimized with nosym has a C1, but very near CS, structure, while at 

M06-2X and BMK, the TSs are all C1, far from CS) are included. Although with the 

AVTZ basis set, the computed UCCSD(T)-F12//MP2 ∆Ee
‡ values obtained with the C1 

and enforced CS geometries of the TS are essentially identical, they are not so with the 

AVQZ basis set (and hence also at the CBS limit). The computed UCCSD(T)-F12 ∆Ee
‡ 

values of the CS structure are larger than that of the C1 structure by 1.86 (AVQZ) and 
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3.21 (CBS) kcal mol-1, respectively. Also, the difference of 1.51 kcal mol-1 between the 

UCCSD(T)-F12/AVQZ//MP2 and UCCSD(T)-F12/CBS//MP2 values with the CS 

structure is significantly larger than that (0.16 kcal mol-1) obtained with the C1 geometry 

discussed above. Summarizing, basis size and geometry effects appear to be interrelated 

(i.e. basis set effects are different at different geometries). In addition, the 

UCCSD(T)-F12 method appears to be more sensitive to the geometries employed, 

particularly with the AVQZ basis set, than the RCCSD(T) method. Nevertheless, basis 

size effects are generally smaller with MP2 geometries (optimized C1 geometry for the 

TS) than M06-2X and BMK geometries. 

 The ∆E0
RX and ∆E0

‡ values of reaction (1a) have been computed previously at the 

G2//UMP221 and UQCISD(T)/6-311++G(3df,2p)//UMP222 levels (Table 6.2), although 

these values have not included spin-orbit (SO) lowering in Cl. Including SO correction 

for Cl, the G2 ∆E0
RX/∆E0

‡ values become -0.02/4.83 kcal mol-1 and the UQCISD(T) 

values become -2.12/1.73 kcal mol-1, respectively. Theoretically, the composite G2 

method aims at achieving the accuracy of the UQCISD(T)/6-311++G(3df,2p) level with 

less computational effort. However, the differences in ∆E0
RX/∆E0

‡ between the 

UQCISD(T) and G2 values of 2.1/3.1 kcal mol-1, respectively, are significant, 

suggesting inadequacies in the G2 method for this reaction. The benchmark values of 

-3.60/1.77 kcal mol-1 in the present study also agree better with the UQCISD(T) 

values22 than the G2 values.21 

 

6.4.1.2 The cis-HOCO → trans-HOCO Isomerization 

 For this isomerization, the cis conformer converts to the trans conformer by 

rotating about the central C-O bond. The O-H bond in the transition state, TSHOCO, is 

almost perpendicular to the plane of O=C-O and the HOCO dihedral angle computed at 

all single levels is close to 87° (Figure 6.4). The values of the ∆E0
RX, ∆E0

‡ and ∆H298K
RX 
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as well as the imaginary frequencies of the TSs computed at different single and/or dual 

levels are summarized in Table 6.7.  

 

Table 6.7 Computed imaginary vibrational frequencies (ωi; in cm-1) of the transition states, 

computed reaction energies (∆E0
RX; in kcal mol-1), activation energies (∆E0

‡; in kcal mol-1), 

including the zero-point energy (ZPE) corrections, as well as reaction enthalpies (∆H298K
RX; in kcal 

mol-1) at various levels of theory for the isomerization of HCOOH and HOCO. 

a Computed at UMP2/6-311+G** in Ref. [21]. 

b Computed at G2//UMP2/6-311+G** in Ref. [21]. 

c Computed at UQCISD(T)/6-311++G(3df,2p)//UMP2/6-311+G** in Ref. [22]. 

d Computed at CCSD(T)/AVTZ//MP2/AVTZ in Ref. [27]. 

e Determined in a series of CI calculations in Ref. [68]. 

f Best estimates from Ref. [26]; SCF, CISD, CCSD and CCSDT-1 calculations. 

g Computed at CCSD(T)/cc-pVTZ in Ref. [33]. 

h Computed at UCCSD(T)-F12b/AVTZ in Ref. [31]. 

i Computed at CEPA-2/TZP in Ref. [25]; for pre-1980 computed and experimental results, see also 

Ref. [25]. 

j Computed at CCSD(T)/cc-pVTZ in Ref. [69]. 

k Computed at CCSDT/CBS (valence focal point analysis); see Ref. [70]. 

l Computed at MP2/6-311G** in Ref. [71]. 

Level of Theory trans-HCOOH → cis-HCOOH cis-HOCO → trans-HOCO 

∆E0
RX ∆E0

‡ ∆H298K
RX ωi ∆E0

RX ∆E0
‡ ∆H298K

RX ωi 

B3LYP/6-31++G**(5D) 4.55 12.18 4.60 637i -1.64 7.10 -1.63 614i 

BH&HLYP/6-31++G**(5D) 5.00 11.95 5.05 621i -1.27 7.09 -1.25 612i 

BMK/6-31+G** 4.96 12.38 5.00 649i -1.66 7.20 -1.64 616i 

M05/6-31+G** 4.76 12.70 4.80 672i -0.94 7.64 -0.93 631i 

M06/6-31+G** 4.59 12.37 4.64 636i -1.23 7.43 -1.22 629i 

M06-2X/6-31+G** 4.90 11.75 4.94 607i -1.40 6.86 -1.39 580i 

UMP2/6-31++G**(5D) 4.92 12.40 4.97 627i -1.76 7.77 -1.75 642i 

UCCSD(T)-F12/CBS//MP2 4.09 11.30 4.14 - -1.60 6.49 -1.59 - 

RCCSD(T)/CBS1//MP2 3.97 11.33 4.02 - -1.62 6.55 -1.60 - 

RCCSD(T)/CBS2//MP2 3.99 11.31 4.04 - -1.59 6.55 -1.58 - 

Theoretical 4.80a 

3.97b 

3.99c,d 

4.0f 

5.1(7)i 

4.2k 

5.1l 

5.09b 

11.49c 

11.21d 

12.0f 

14.7(20)i 

12.5l 

  -3.11b 

-1.71c 

-3.30e 

-1.60g 

5.40b 

23.07c 

7.00d 

7.53h 

7.47j 

7.44m 

  

Experimental 3.90n,o 

2.0(3)p 

12.9n 

13.0o 

12.9p 
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m Computed at MRCI//CAS in Ref. [30]. 

n The energy differences between the two minima of cis- and trans-HCOOH, and their vtorsion=0 

levels, from the derived torsional potential energy surfaces of Ref. [24] are 4.09 kcal mol-1 and 3.9 

kcal mol-1 (1365 cm-1) {from Table 4 and Figure 4 of Ref. [24]}, respectively. The internal rotation 

barrier between cis- and trans-HCOOH, from the minimum of trans-HCOOH, is 13.8 kcal mol-1. 

Correcting for ZPE of the torsional mode (νtorsion=642 cm-1) for trans-HCOOH, ΔE0
‡ becomes 12.9 

kcal mol-1. See Ref. [24]. 

o The internal rotational barrier between cis- and trans-HCOOH, from the minimum of 

trans-HCOOH, is 4842 cm-1 (13.8 kcal mol-1). Correcting for ZPE of the torsional mode (νtorsion=618 

cm-1) for trans-HCOOH, ΔE0
‡ becomes 12.96 kcal mol-1. See Ref. [23]. 

p Infrared spectroscopy: a derived torsional barrier of 10.9 kcal mol-1 above the cis-HCOOH 

minimum, an estimated energy difference of 2.0 ± 0.3 kcal mol-1 between cis- and trans-HCOOH 

(from temperature dependence of relative intensities of the two conformers; presumably 0 K values) 

and the experimental torsional modes of 638 and 642 cm-1 for the cis and trans conformers 

respectively; see Ref. [72] and text.  

 

The computed imaginary frequencies range from 580i (M06-2X) to 642i (UMP2) cm-1, 

a much smaller range of 62i cm-1compared to that with channel (1a). Also, all computed 

∆E0
RX values (between -1.76 and -0.94 kcal mol-1) agree very well with the 

RCCSD(T)/CBS2//MP2 benchmark of -1.59 kcal mol-1. Comparing with previously 

computed values (Table 6.7), the benchmark value in the present study, which is 

currently at the highest level, agrees well with the UQCISD(T)/6-311++G(3df,2p), 

CCSD(T)/cc-pVTZ and latest reviewed values of -1.71, -1.60 and -1.80 kcal mol-1 

respectively.22,33,66 The lower G2 and configuration interaction (CI) values21,68 (-3.11 

and -3.30 kcal mol-1; Table 6.7) are less reliable. Similar to ∆E0
RX, ∆E0

‡ values 

computed in the present work range from 6.49 to 7.77 kcal mol-1, a small spread of 1.28 

kcal mol-1, and the various CBS values are in the range 6.49-6.55 kcal mol-1. Comparing 

with previously computed values (see Table 6.7), the benchmark value in the present 

study (6.55 kcal mol-1) agrees best with the CCSD(T)/AVTZ value of 7.0 kcal mol-1,27 

and agrees reasonably well with other CCSD(T) and MRCI values.27,30,31,69 However, 

the UQCISD(T) value of 23.07 kcal mol-1,22 which is 16.5 kcal mol-1 larger than the 
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benchmark value in the present study, cannot be reliable. 

 

6.4.1.3 Reaction (2a): Cl + trans-HCOOH → HCl + HCO2 (
2A1) 

 In reaction (2), the H atom on the O-H group is abstracted, giving HCl and HCO2. 

For HCO2, the two lowest lying electronic states are 2A1 or 2A’, depending on whether 

the minimum energy structure is C2V or CS. The lowest state is 2A1 from CASPT2 

calculations.73 The energy differences between the 2A1 and 2A’ states of HCO2 from the 

present work can be obtained from the ∆Ee
RX/∆E0

RX values given in Table 6.8. 

 

Table 6.8 Computed reaction energies (∆ERX; in kcal mol-1) and activation energies (∆E‡; in kcal 

mol-1) at different levels of theory for the Cl + trans-HCOOH → HCl + HCO2 reaction. 

a There is a computed imaginary vibrational frequency. 

b Failed to locate this transition state structure. 

 

At all single levels, except UMP2, the 2A1 state is higher in energy than the 2A’ state. 

However, the 2A1 state is ~1 kcal mol-1 lower than the 2A’ state at all dual levels (Table 

6.8), in agreement with previous CASPT2 calculations.73 As a result, only the 2A1 

ground state will be considered in the following discussion. In addition, two TSs were 

located for channel (2a), one with an approximately linear O-H-Cl bond (labeled as 

Level of Theory HCOO TS2a TS2a1 
2A1

 2A’ 

∆Ee
RX ∆E0

RX ∆Ee
RX ∆E0

RX ∆Ee
‡ ∆E0

‡ ∆Ee
‡ ∆E0

‡ 

B3LYP/6-31++G**(5D) 13.53 6.54 12.72 8.05 b b 10.47 5.90 

BH&HLYP/6-31++G**(5D) 25.35 a 16.86 11.91 17.35 13.53 27.28 20.63 

BMK/6-31+G** 18.34 10.85 17.95 11.66 12.66 9.17 14.18 10.25 

M05/6-31+G** 13.08 a 13.07 a 9.72 5.88 b b 

M06/6-31+G** 14.97 a 14.94 8.32 13.28 9.34 b b 

M06-2X/6-31+G** 21.46 a 19.29 14.35 16.96 13.29 b b 

UMP2/6-31++G**(5D) 19.53 15.31 25.64 21.20 28.32 25.26 36.00 29.67 

UCCSD(T)-F12/CBS//MP2 15.45 11.22 16.60 12.20 13.70 10.65 24.05 17.72 

RCCSD(T)/CBS//MP2 15.29 11.07 16.29 11.85 14.57 11.52 25.27 18.94 

RCCSD(T)/CBS1//MP2 15.88 11.65 16.98 12.54 14.92 11.87 25.61 19.28 

RCCSD(T)/CBS2//MP2 15.43 11.20 16.43 11.99 14.66 11.60 25.35 19.02 
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TS2a1 in Figure 6.4) and the other with an O-H-Cl angle of ~75° (labeled as TS2a in 

Figure 6.4). The energies of the two TSs relative to Cl + trans-HCOOH are summarized 

in Table 6.8. The energy of TS2a is lower than that of TS2a1 at all levels of theory. 

Specifically, at dual levels, all three CBS ∆Ee
‡ values for TS2a1 are larger than 25 kcal 

mol-1, whereas those of TS2a are ~15 kcal mol-1 (Table 6.8). Hence, the following 

discussion on channel (2a) refers to TS2a. The structures of the RC and PC (RC2a and 

PC2a) found in this channel are shown in Figure 6.3. At the benchmark level, the 

energies of RC2a and PC2a relative to the separate reactants are -3.71 and 8.90 kcal mol-1 

respectively. 

 The computed ∆E0
RX values of reaction (2a) obtained from the present study range 

from 6.54 to 15.31 kcal mol-1 (Table 6.2). The BMK value of 10.85 kcal mol-1 agrees 

quite well with the RCCSD(T)/CBS2//MP2 benchmark value of 11.20 kcal mol-1. 

Comparing with the only previously available G2//MP2 value21 of 14.54 kcal mol-1 

(including SO contribution for Cl), the benchmark value in the present study is lower by 

3.34 kcal mol-1. Employing available ∆Hf values of the reactants and products, the 

reaction enthalpy for reaction channel (2a) can be evaluated. A summary of available 

∆Hf(HCO2) values is given in Table 6.9. Specifically, experimental ∆Hf(HCO2) values 

range between -29.3 ± 1.0 (photodissociation study74,75) and -37.7 ± 3.0 (electron impact 

mass spectrometry76) kcal mol-1, while high-level {RCCSD(T)/CBS etc. and W1U} 

computed values are around -30.4 kcal mol-1 (see Ref. [76] for less reliable, earlier 

works).64,75,77,78 When the computed high-level ∆Hf(HCO2) value77 of -30.4 kcal mol-1 is 

used for the evaluation of ∆H298K
RX for reaction (2a), a value of 9.3 ± 1.1 kcal mol-1 is 

obtained. Although this value is 2.4 kcal mol-1 lower than the benchmark value of 11.7 

kcal mol-1, it agrees much better with the benchmark value than with the larger G2 

value21 of 14.54 kcal mol-1.  
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Table 6.9 A summary of available ∆Hf(HCO2) values (in kcal mol-1). 

 

 Computed ∆E0
‡ values obtained from the present study range from 5.88 (M05) to 

25.26 (UMP2) kcal mol-1. Among all single levels, the M06-2X value (13.29 kcal mol-1) 

agrees the best with the benchmark value (11.60 kcal mol-1), followed by the 

BH&HLYP value (13.53 kcal mol-1). Comparing with previous G2 and UQCISD(T) 

∆E0
‡ values21,22 of 20.62 and 17.08 kcal mol-1 (including SO lowering in Cl), the 

benchmark value of 11.60 kcal mol-1 is considerably lower (by >5.4 kcal mol-1). The 

benchmark value in the present study should be the currently most reliable value. 

 

6.4.1.4 The trans-HCOOH → cis-HCOOH Isomerization 

 Similar to the HOCO isomerization, trans-HCOOH can isomerize to cis-HCOOH 

by rotating the H atom of OH about the C-O single bond. In the transition state, 

TSHCOOH, the O-H bond is nearly perpendicular to the plane containing the carbonyl 

group and the C-H and C-O bonds. The HOCO dihedral angle is ~95° (Figure 6.4) at all 

levels of theory used. The computed ∆E0
RX values (between trans- and cis-HCOOH) 

obtained from the present study are between 3.97 and 5.00 kcal mol-1. All single-level 

Experimental ΔHf Remarks Reference 

AE (CH3
+) -40±6 Holmes et al.76: AE inaccurate [79] 

AE (CH3)3C+ -37.7±3.0 Previous works discussed [76] 

PES of HCO2
- -31±3 EA=3.498(15) eV and ΔHf(HCO2

-)= 

-111 kcal mol-1 from JANAF,1988 

[80] 

Photodissociation 

of HCOOH 

-28.6±0.7 0 K value using D0=111.7(3) kcal mol-1 [74] 

-29.3±1.0 298 K value (thermal correction by Haworth 

et al.75) 

Computation    

RCCSD(T)/CBS -30.1±1.0 +CV+SR; G2: -31.9; G3:-31.1 [75] 

RCCSD(T)/CBS -30.4 +CV+SO+SR [77] 

RCCSD(T)/CBS -30.2±0.4 +CV+SO+SR; G2: -28.6; G3: -31.2; 

CBS-Q: -45.2 

[64] 

W1U -30.4 Energies computed w.r.t. OH + CO [78] 
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values are greater than 4.00 kcal mol-1, while the dual-level RCCSD(T)/CBS2, 

RCCSD(T)/CBS1 and UCCSD(T)-F12/CBS values are very close to 4.00 kcal mol-1 

(3.99, 3.97 and 4.09 kcal mol-1 respectively). Among all the single levels, the B3LYP 

value (4.55 kcal mol-1) agrees the best with the benchmark. There has been considerable 

interest in the isomerization of HCOOH both computationally and experimentally (Ref. 

[21-27,70-72]; see footnotes [a-d], [f], [i], [k], [l] and [n-p] of Table 6.7). Comparing 

previously computed ∆E0
RX values with the RCCSD(T)/CBS2//MP2 benchmark value 

of 3.99 kcal mol-1, the lower-level MP2 and CEPA-2 values21,25,71 of 4.8, 5.1 and 5.2 ± 

0.7 kcal mol-1 (footnotes [a], [l] and [i] of Table 6.7) are larger than the benchmark by 

~1 kcal mol-1, while higher-level G2, QCISD and CCSD values between 3.97 and 4.2 

kcal mol-1 (from Refs. [21,22,26,27,70]; see footnotes [b], [c], [d], [f] and [k] of Table 

6.7) are in excellent agreement with the benchmark in the present study. 

 Computed ∆E0
‡ values (torsional barrier heights) obtained in the present study 

range from 11.30 to 12.70 kcal mol-1. Of all the single levels used, the M06-2X value of 

11.75 kcal mol-1 agrees the best with the RCCSD(T)/CBS2//MP2 benchmark (11.31 

kcal mol-1). Previously computed values range from 5.09 to 14.7 kcal mol-1 (from Refs. 

[21,22,25-27,71]; see footnotes [b], [c], [d], [f], [i] and [l] of Table 6.7). Among them, 

the QCISD(T) value22 of 11.49 kcal mol-1 agrees best with the benchmark value, 

followed by the CCSD(T) and CCSDT-1 values26,27 of 12.21 and 12.0 kcal mol-1. 

However, the G2 value21 of 5.09 kcal mol-1 is smaller than the benchmark by more than 

6 kcal mol-1, suggesting considerably higher demands on theory for the torsional barrier 

height than the energy difference between the two conformers. Also, the G2 value for 

∆E0
‡ cannot be reliable. 

 Experimentally, ∆E0
RX and ∆E0

‡ values between cis- and trans-HCOOH have been 

derived from microwave (MW)23,24 and infrared (IR)72 spectroscopic studies. In both 

cases, they are from one-dimensional internal torsional potentials (in the HO 
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out-of-plane deformation coordinate), which were constructed based on spectroscopic 

data (see original references for details). Comparing the benchmark ∆E0
RX/∆E0

‡ values 

of 3.99/11.31 kcal mol-1 in the present study with the MW and IR values of 3.9/13.0 and 

2.0/12.9 kcal mol-1 respectively, the benchmark ∆E0
RX value agrees very well with the 

MW value23,24 and suggests that the IR value72 is too small (by ~2.0 kcal mol-1), while 

the benchmark ∆E0
‡ value is smaller than the MW and IR values by 1.7 kcal mol-1. It 

should be noted that the experimentally derived ∆E0
RX and ∆E0

‡ values from Refs. 

[23,24,72] have corrections of the zero-point energy (ZPE) only for the OH torsional 

mode (see footnotes [n], [o] and [p] of Table 6.7 and original works), while the 

benchmark values in the present study have included ZPE corrections of all vibrational 

modes. In this connection, it is concluded that agreement between theory and 

experiment is reasonably good. 

 

6.4.1.5 Reaction (1b): Cl + cis-HCOOH → HCl + trans-HOCO 

 If isomerization from trans- to cis-HCOOH occurs, Cl could react with 

cis-HCOOH to give HCl and trans-HOCO. As with channel (1a), C-site H abstraction is 

the dominant pathway. The C-H and H-Cl bonds in the transition state TS1b are 1.19 Å 

and 1.71 Å respectively, and the C-H-Cl bond angle is 155° (UMP2 values; M06-2X 

values are 1.36 Å, 1.52 Å and 155° respectively; Figure 6.4), which is less linear than 

that in TS1a. The L parameters of TS1b (Table 6.1) indicate that it is product-like at all 

single levels (L > 1), except UMP2 (L < 1). The imaginary frequencies of the TSs range 

from 392i to 1003i cm-1, a sizable spread of over 600i cm-1. The computed ∆E0
RX values 

at all levels are negative, ranging from -9.24 to -3.43 kcal mol-1 (Table 6.2 and 6.10). 

The dual-level values (~ -9.0 kcal mol-1; Table 6.10) are generally more negative than 

the single-level values. The M05 value (-7.50 kcal mol-1) is the closest to the benchmark 

value (-9.18 kcal mol-1). Regarding ∆E0
‡, all single-level values are negative (-0.27 to 
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-7.96 kcal mol-1), except UMP2 (3.53 kcal mol-1). The dual-level values range from 

-3.98 {UCCSD(T)-F12/CBS//MP2} to -2.92 kcal mol-1 {RCCSD(T)/CBS2//MP2 

benchmark; Table 6.10}, indicating that channel (1b) is essentially a barrierless reaction. 

 

Table 6.10 Computed reaction energies (∆ERX; in kcal mol-1) and activation energies (∆E‡; in kcal 

mol-1) at different levels of theory for the Cl + cis-HCOOH → HCl + trans-HOCO reaction {channel 

(1b)}. 

 

Comparing with previously computed values (Table 6.2), the benchmark ∆E0
RX 

value in the present study (-9.18 kcal mol-1) agree reasonably well with the 

corresponding UQCISD(T) values (-7.83 kcal mol-1; including SO in Cl) of Ref. [22], 

but the benchmark ∆E0
‡ value (-2.92 kcal mol-1) is considerably lower than the 

UQCISD(T) value22 (3.44 kcal mol-1; including SO in Cl). For ∆H298K
RX, the computed 

benchmark (-8.61 kcal mol-1; Table 6.2) is in reasonably good agreement with a derived 

value of (-7.34 ± 0.93) kcal mol-1, using available ∆Hf values and the benchmark 

∆H298K
RX value of 4.04 kcal mol-1 between cis- and trans-HCOOH (Table 6.7). 

Regarding single-level computed ∆H298K
RX values, the B3LYP and M05 values of -6.30 

and -6.93 kcal mol-1 respectively agree the best with the derived value. 

 

6.4.1.6 Reaction (2b): Cl + cis-HCOOH → HCl + HCO2 (
2A1) 

 In channel (2b), the O-site H atom in cis-HCOOH is abstracted by Cl to form 

Level of Theory ∆Ee
RX ∆E0

RX ∆Ee
‡ ∆E0

‡ 

B3LYP/6-31++G**(5D) -3.24 -6.88 -4.48 -7.96 

BH&HLYP/6-31++G**(5D) 0.36 -3.43 3.52 -0.27 

BMK/6-31+G** -2.80 -6.55 -3.59 -7.13 

M05/6-31+G** -3.96 -7.50 -3.92 -7.53 

M06/6-31+G** -2.12 -5.65 -3.79 -7.14 

M06-2X/6-31+G** -1.78 -5.51 -2.47 -6.06 

UMP2/6-31++G**(5D) -0.64 -4.16 6.28 3.53 

UCCSD(T)-F12/CBS//MP2 -5.72 -9.24 -1.24 -3.98 

RCCSD(T)/CBS1//MP2 -5.27 -8.79 -0.26 -3.00 

RCCSD(T)/CBS2//MP2 -5.66 -9.18 -0.18 -2.92 
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HCO2 (2A1) and HCl. The L parameters for TS2b at all levels are greater than 1, 

indicating that TS2b is product-like, except at the BH&HLYP level. A RC and a PC were 

found between TS2b and the reactants and the products, with computed 

RCCSD(T)/CBS2//MP2 ∆H298K of -0.82 and 6.46 kcal mol-1 relative to the Cl + 

cis-HCOOH reagents. The computed ∆E0
RX and ∆E0

‡ values for channel (2b) are 

summarized in Tables 6.2 and 6.11. 

 

Figure 6.11 Computed reaction energies (∆ERX; in kcal mol-1) and activation energies (∆E‡; in kcal 

mol-1) at different levels of theory for the Cl + cis-HCOOH → HCl + HCO2 (2A1) reaction {channel 

(2b)}. 

a There is a b2 mode, which has a very large and unrealistic computed frequency of 8249 cm-1, on 

HCO2 (2A1). 

b There is a computed imaginary vibrational frequency on HCO2 (2A1). 

 

With single-level calculations, computed ∆E0
RX values range from 1.99 (B3LYP) to 

10.39 (UMP2) kcal mol-1, while ∆E0
‡ values range from 3.46 (B3LYP) to 24.06 (UMP2) 

kcal mol-1. Among them, the BMK ∆E0
RX value (5.94 kcal mol-1) and BH&HLYP ∆E0

‡ 

value (15.35 kcal mol-1) agree the best with the corresponding benchmark values (7.21 

and 14.88 kcal mol-1). Considering ∆E0
RX and ∆E0

‡ values obtained from previous 

Level of Theory HCOO TS2b 

2A1
 2A’ 

∆Ee
RX ∆E0

RX ∆Ee
RX ∆E0

RX ∆Ee
‡ ∆E0

‡ 

B3LYP/6-31++G**(5D) 8.74 1.99 7.93 3.50 8.37 3.46 

BH&HLYP/6-31++G**(5D) 20.11 a 11.62 6.91 19.44 15.35 

BMK/6-31+G** 13.13 5.94 12.74 6.75 13.85 9.18 

M05/6-31+G** 8.15 b 8.14 b 10.26 5.29 

M06/6-31+G** 10.17 b 10.14 3.74 10.41 5.46 

M06-2X/6-31+G** 16.73 b 14.56 9.76 16.01 10.76 

UMP2/6-31++G**(5D) 14.36 10.39 19.85 15.67 27.74 24.06 

UCCSD(T)-F12/CBS//MP2 11.11 7.14 12.37 8.19 18.70 15.00 

RCCSD(T)/CBS1//MP2 11.65 7.68 12.75 8.57 18.77 15.09 

RCCSD(T)/CBS2//MP2 11.18 7.21 12.18 8.00 18.56 14.88 
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UQCISD(T) calculations,22 while the ∆E0
RX value (8.19 kcal mol-1; including SO of Cl) 

agrees reasonably well with the benchmark in the present study, the ∆E0
‡ value (6.78 

kcal mol-1; including SO of Cl), which is 8.1 kcal mol-1 smaller than the benchmark, 

cannot be reliable. Employing available ∆Hf values and the benchmark ∆H298K
RX value 

(4.04 kcal mol-1; Table 6.7) for the cis- and trans-HCOOH isomerization, a ∆H298K
RX 

value of 5.3 kcal mol-1 for reaction (2b) is obtained. Similar to channel (2a) discussed 

above, although this derived value is lower than the benchmark value of 7.68 kcal mol-1 

by 2.4 kcal mol-1, it agrees better with the benchmark in the present study than with the 

UQCISD(T) value.22 

 

6.4.1.7 Reaction Energy Profiles 

 The schematic reaction pathways based on the relative energies (∆E0 values) 

computed at the highest ab initio level, RCCSD(T)/CBS2//MP2, are summarized in 

Figure 6.5. Inspection of this figure shows that Cl and trans-HCOOH would react 

mainly via channel (1a), H abstraction from the C-H group. Specifically, comparing the 

computed ∆E0
‡ and ∆E0

RX benchmark values of channel (1a), 1.77 and -3.60 kcal mol-1, 

with the corresponding values of channel (2a), 11.60 and 11.20 kcal mol-1, channel (2a) 

has a much higher activation energy than channel (1a) (by ~10 kcal mol-1). Hence, 

channel (1a) is the dominant reaction pathway for the Cl + trans-HCOOH reaction. For 

channel (1b) or (2b) to occur, trans-HCOOH has to isomerize to cis-HCOOH (with a 

computed energy barrier 11.31 kcal mol-1), and channel (2b) also has a high computed 

∆E0
‡ benchmark value (14.88 kcal mol-1). Therefore, channel (1a) is the dominant 

pathway and the rate determining step. Nevertheless, the effect of the presence of some 

cis-HCOOH on the overall rate coefficient of the Cl + HCOOH reaction have also been 

considered; it has been found to be insignificant in the atmospherically important 

temperature range 200-300 K (vide infra). 
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Figure 6.5 Schematic pathways for channels (1a) and (1b) (top) and channels (2a) and (2b) (bottom) 

at the RCCSD(T)/CBS2//MP2 level, including ZPE corrections and spin-orbit correction for Cl 

atom. 
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6.4.2 Rate Coefficient Calculations 

 

6.4.2.1 Reaction Paths and Computed Rate Coefficients at Single Levels 

for Reaction (1a) 

 

6.4.2.1.a The Curves of Classical Potential Energy (VMEP), Ground-State 

Vibrationally Adiabatic Energy (Va
AG) and Zero-Point Energy Difference (∆ZPE) 

 Since reaction channel (1a) is the rate determining step of the Cl + HCOOH 

reaction, the main focus of rate coefficient calculations is on this channel. The classical 

potential energy (VMEP), zero-point energy difference (∆ZPE) and ground-state 

vibrationally adiabatic energy (Va
AG = VMEP + ∆ZPE) versus reaction coordinate (s) 

curves obtained at seven single levels used are shown in Figure 6.6. The energies of 

these curves are with respect to the separate reactants, whose energy is set to zero at s = 

-∞. First and foremost, each ∆ZPE curve shown in this figure has a dip near the TS (to 

be precise, around but not necessarily exactly at s = 0). The imaginary vibrational mode 

and two low frequency intermolecular vibrational modes in the TS correlate with three 

translational modes in the reactants. Also, these vibrational modes and two other 

vibrations in the TS correlate with two rotational modes and three translational modes 

of the products. In terms of the bonds which are broken and formed, the C-H stretching 

mode in the reactant, HCOOH, with a computed harmonic frequency of ~3100 cm-1 and 

the H-Cl stretching mode in a product, HCl, of 3000 cm-1 correlate with an asymmetric 

intermolecular C-H-Cl mode in the TS with a computed harmonic frequency of ~420 

cm-1 (325, 344, 500, 516, 413, 513 and 355 cm-1 at the MP2, BH&HLYP, B3LYP, BMK, 

M05, M06 and M06-2X single levels, respectively). The dips in the ∆ZPE curves shown 

in Figure 6.6 are mainly due to gradual changes along the reaction paths of the 

computed harmonic vibrational frequencies from the C-H stretching mode of the 
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reactant toward the C-H-Cl intermolecular mode of the TS, and then to the H-Cl 

stretching mode in HCl. Similar behaviours with the Cl + CH3COOCH3 reaction have 

been reported in a recent study,81 and are expected to be similar in all H abstraction 

reactions by Cl. 

 Considering the VMEP curves obtained at different single levels, they have their 

maxima at s = 0 (by definition with TST), and the shapes of the curves depend on the 

relative positions of all the relevant stationary points on the computed reaction surfaces, 

which are different at different single levels. Since Va
AG = VMEP + ∆ZPE, the shapes of 

the Va
AG curves depend on the shapes of the VMEP and ∆ZPE curves. From Figure 6.6, it 

can be seen that the positions (reaction coordinates, s) of the maxima in various Va
AG 

curves, s*(Va
AG), are on the reactant side at s = -0.364, -0.372 and -0.212 Å at the M05, 

M06-2X and MP2 levels, and on the product side at s = 0.315, 0.155, 0.212 and 0.269 Å 

at the B3LYP, BH&HLYP, BMK and M06 levels, respectively. In general, there are two 

factors affecting s*(Va
AG), the position of the maximum of the Va

AG curve. They are the 

barrier height of the VMEP curve, and the shape and position of the dip in the ∆ZPE 

curve. The shift of s*(Va
AG) from the TS (s=0) towards the reactant (-s) or the product 

(+s) side depends on the detailed differences between the VMEP and Va
AG curves at the 

single level used. It is interesting to note that, in our recent study on the Cl + 

CH3COOCH3 reaction,81 s*(Va
AG) is on the reactant side at all single levels considered. 

In any case, the position of s*(Va
AG), whether on the reactant or product side, is simply 

an outcome of the detailed differences between the VMEP and ∆ZPE curves. 
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Figure 6.6 The intrinsic reaction coordinate (IRC), classical potential energy (VMEP), zero-point 

energy difference (ZPE) and ground-state vibrationally adiabatic energy (Va
AG) curves at different 

single levels for reaction (1a). 
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6.4.2.1.b Computed Transmission Coefficients (κ) and Rate Coefficients (k) 

 The activation energies (∆Ee
‡ and ∆E0

‡), the position of the maximum of the Va
AG 

curve{s*(Va
AG)}, the difference between the Va

AG energies at s*(Va
AG) and s=0 (∆Va

AG), 

the classical adiabatic ground-state (CAG) correction factors with TST and CVT 

(κTST/CAG and κCVT/CAG) and the ZCT and SCT transmission coefficients (κZCT and κSCT) 

obtained at various single and dual levels are summarized in Table 6.12. Plots of 

computed TST and ICVT/SCT rate coefficients (kTST and kICVT/SCT) at the lowest and 

highest levels of TST considered, respectively, obtained at different single levels are 

shown in Figures 6.7 and 6.8 respectively. Each figure shows (a) computed k against T 

(upper panel) and (b) log10k versus 1000/T (lower panel), with (a) showing the 

differences in computed k obtained with different single levels more clearly in the high 

T region (>1000 K), while (b) shows these differences more clearly in the lower T 

region (< 800 K). The available experimental values35,36 determined at 295 K and 298 K 

are also included in these figures. 

 

Table 6.12 Some single-level and dual-level results, including the activation energies (∆Ee
‡ and ∆E0

‡; 

in kcal mol-1), the position of the maximum of the Va
AG curve {s*(Va

AG); in Å}, the difference in the 

Va
AG energies at s=0 and s*(Va

AG) (∆Va
AG; in kcal mol-1), the CAG factors at TST and CVT (κTST/CAG 

and κCVT/CAG) and the ZCT and SCT transmission coefficients (κZCT and κSCT), of the rate coefficient 

calculations on the Cl + trans-HCOOH → HCl + cis-HOCO reaction {reaction (1a)}. 

Method ∆Ee
‡ ∆E0

‡ s*(Va
AG) ∆Va

AG κTST/CAG κCVT/CAG κZCT≈κSCT≈

1 200 K 1500 K 200 K 1500 K 

B3LYP 3.20 -0.95 0.315 -0.65 1.93E-1 8.03E-1 9.69E-1 6.98E-1 Yes 

BH&HLYP 10.99 6.46 0.155 -0.56 2.42E-1 8.28E-1 1.00 8.64E-1 T ≥ 700 K 

BMK 4.71 0.64 0.212 -0.68 1.81E-1 7.96E-1 1.00 9.23E-1 T ≥ 298 K 

M05 3.57 -0.49 -0.364 -1.03 7.47E-2 7.08E-1 1.00 9.91E-1 T ≥ 500 K 

M06 4.34 0.30 0.269 -0.25 5.27E-1 9.18E-1 8.52E-1 6.30E-1 T ≥ 298 K 

M06-2X 5.44 1.06 -0.372 -1.23 4.56E-2 6.63E-1 1.00 1.00 T ≥ 298 K 

UMP2 12.57 8.49 -0.212 -1.60 1.80E-2 5.85E-1 1.00 1.00 T ≥ 1100 K 

UCCSD(T)-F12/CBS//MP2 5.63 1.54 -0.254 -3.45 1.68E-4 3.14E-1 1.00 1.00 T ≥ 600 K 

UCCSD(T)-F12/CBS//M06-2X 7.88 3.50 -0.367 -2.47 2.01E-3 4.37E-1 1.00 1.00 T ≥ 600 K 

UCCSD(T)-F12/CBS//BMK 7.74 3.67 -0.409 -2.55 1.63E-3 4.25E-1 9.99E-1 9.98E-1 T ≥ 800 K 

RCCSD(T)/CBS2//MP2 5.85 1.77 -0.213 -3.48 1.56E-4 3.11E-1 1.00 1.00 T ≥ 1100 K 

RCCSD(T)/CBS2//M06-2X 5.43 1.05 -0.360 -2.67 1.22E-3 4.09E-1 1.00 9.99E-1 T ≥ 600 K 

RCCSD(T)/CBS1//BMK 4.59 0.52 -0.408 -2.84 7.97E-4 3.86E-1 9.99E-1 9.98E-1 T ≥ 700 K 
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Figure 6.7 Plots of the TST rate coefficients, computed at different single levels, as a function of 

temperature between 200 K and 1500 K for the Cl + trans-HCOOH → HCl + cis-HOCO reaction 

{reaction (1a)}. 
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Figure 6.8 Plots of the ICVT/SCT rate coefficients, computed at different single levels, as a function 

of temperature between 200 K and 1500 K for the Cl + trans-HCOOH → HCl + cis-HOCO reaction 

{reaction (1a)}. 
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 First of all, the computed rate coefficients are, as expected, in the order kTST ≥ kCVT 

≥ kICVT at all temperatures. Also, for each single level, kCVT and kICVT are essentially the 

same, indicating negligible microcanonical effects. Generally speaking, tunneling 

effects are more important at low temperatures, and at the B3LYP, BMK, M06 and 

M06-2X levels tunneling effects are negligibly small at almost all temperatures 

(computed κZCT and κSCT nearly unity; Table 6.12). However, at the BH&HLYP, M05 

and UMP2 levels, the computed κZCT and κSCT are not insignificant at temperatures less 

than ~700 K. 

 The ratio kCVT/kTST, which is a measure of variational effects in VTST, is in the 

range 0.07-0.89 at 300 K (with UMP2 being the smallest and M06 the largest) and in 

the range 0.20-0.45 at 1500 K (with UMP2 the lowest and BMK the largest), indicating 

significant variational effects for this reaction (see Table 6.13). In addition, kCVT/kTST 

ratios with different single levels can increase or decrease with temperature. The sizes 

of variational effects, as shown in the magnitudes of the kCVT/kTST ratios, and their 

temperature dependence show no simple correlation with computed ∆E0
‡ values (see 

Table 6.13), because they also depend on the pre-exponential entropic (or partition 

function) terms. 

 

Table 6.13 kCVT/kTST ratios computed at different single levels. 

Level of Theory Temperature ∆E0
‡ ωi %HF Exchange 

300 K 1500 K 

B3LYP 0.41 0.40 -0.95 415i 20 

M05 0.19 0.28 -0.49 556i 28 

M06 0.89 0.43 0.30 375i 27 

BMK 0.34 0.45 0.64 441i 42 

M06-2X 0.13 0.24 1.06 915i 54 

BH&HLYP 0.45 0.23 6.46 1211i 50 

MP2 0.07 0.20 8.49 1348i 100 
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 When tunneling is included, the CAG factor (κTST/CAG or κCVT/CAG) is included as a 

multiplicative factor in calculating k. The κTST/CAG factor is to account for the TS in TST 

being at the maximum of the VMEP curve (s = 0), but not at the maximum of the Va
AG 

curve {s*(Va
AG)}, and is defined as κTST/CAG=exp{β[Va

AG(s=0)-Va
AG(s*)]}, where 

β=(kBT)-1 and Va
AG(s=0)-Va

AG(s*) is the difference in the Va
AG energies denoted as 

∆Va
AG in Table 6.12. Since Va

AG(s=0) ≤ Va
AG(s*), κTST/CAG ≤ 1. How much κTST/CAG is 

smaller than unity depends on how far s*(Va
AG) is away from s = 0 and also the shape of 

the Va
AG curve {e.g. with a flat Va

AG curve, ∆Va
AG can be small even when s*(Va

AG) is 

far away from s = 0}. In any case, the magnitudes of ∆Va
AG at different single levels, 

ranging from 0.25 (M06) to 1.60 (UMP2) kcal mol-1 (Table 6.12), are not negligible. As 

a result, the computed κTST/CAG values are not close to unity, especially at low 

temperatures (200 K). Nevertheless, at higher temperatures (e.g. 1500 K), the magnitude 

of the expression within the exponential term of κTST/CAG becomes smaller, because of a 

smaller β (larger T). Consequently, computed κTST/CAG values at 1500 K are close to 

unity almost in all cases (Table 6.12). The computed κTST/CAG values have the order of 

UMP2 < M06-2X < M05 < BMK < B3LYP < BH&HLYP < M06, which is the same 

order as the values of ∆Va
AG, as expected. The most important finding regarding 

κTST/CAG is that it lowers computed kTST/CAG values significantly, when compared with 

kTST. Similar to κTST/CAG, κCVT/CAG is defined as 

κCVT/CAG=exp{β[Va
AG(s*(∆G))-Va

AG(s*)]}, where s*(∆G) refers to the maximum of the 

∆G curve at a certain T. The κCVT/CAG correction is for the generalized TS (GTS) at CVT 

being at s*(∆G), not at s*(Va
AG), and s*(∆G) is T dependent (variational effects are T 

dependent). In any case, κCVT/CAG values computed at all single levels are near unity 

(>0.84) at both 200 and 1500 K (Table 6.12), except the B3LYP and M06 values at 1500 

K (0.698 and 0.630 respectively), which may be considered as being close to unity. 

Consequently, kCVT does not differ much from kCVT/CAG (or kCVT including a tunneling 
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correction) in most cases. Summarizing, the most important finding on the effects of 

CAG corrections with reaction (1a) is CAG corrections to kTST values being similar to 

variational effects. This is because the lowering of kTST/CAG (cf. kTST) by κTST/CAG is 

similar to the lowering of kCVT (cf. kTST) arising from the GTS at CVT being at s*(∆G), 

which is close to s*(∆Va
AG), as was also found with the Cl + CH3COOCH3 reaction.81 

 Considering kTST/T plots in Figure 6.7, computed kTST values have the order of 

B3LYP > M05 > M06 > BMK > M06-2X >BH&HLYP > MP2, which is exactly in 

reverse order of the ∆E0
‡ values (Table 6.12 or 6.13), as expected. Comparing with 

available experimental values35,36 at room temperature {(2.00 ± 0.25) x 10-13 and (1.83 ± 

0.12) x 10-13 cm3 molecule-1 s-1}, computed kTST values obtained at the B3LYP, M05 and 

M06 single levels are too large, whereas the BH&HLYP and UMP2 values are too small. 

The BMK values are slightly greater than the experimental values, whereas the M06-2X 

and the UMP2/6-311+G** TST values of Ref. [21] are very close to the experimental 

values. Considering kICVT/SCT/T plots in Figure 6.8, computed kICVT/SCT values, which are 

at the highest level of TST considered in the present study, have the order of B3LYP > 

M06 > BMK, M05 > M06-2X > BH&HLYP > MP2. This order is slightly different 

from that of kTST, indicating that, although ∆E0
‡ remains as a major factor in 

determining the magnitude of k, other factors also contribute at the ICVT/SCT level, as 

expected. Generally, kTST values are around one order of magnitude larger than 

corresponding kICVT/SCT values at room temperature. Comparing with the experimental 

values, the kICVT/SCT value computed at the BMK level at 298 K, 2.53 x 10-13 cm3 

molecule-1 s-1, agrees the best. Nevertheless, it should be noted that, although the kTST 

value at the M06-2X level at 298 K agrees well with the experimental values as 

discussed, the corresponding kICVT/SCT value, 4.56 x 10-14 cm3 molecule-1 s-1, is almost 

an order of magnitude smaller than the experimental values. This comparison suggests 

that the good agreement between the MP2 kTST value of Ref. [21] with the experimental 
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values mentioned above is very likely fortuitous due to cancellation of errors arising 

from the low ab initio and TST levels of theory employed to calculate kTST in Ref. [21]. 

 Lastly, in the kICVT/SCT/T plots in Figure 6.8, the slopes of the B3LYP and M06 

curves change abruptly at 800 K (similar in kCVT/T plots). The abrupt changes in the 

slopes of the kICVT/SCT/T plots are due to the sudden shift of s*(∆G) from positive to 

negative at 800 K (there is a dip with two maxima on its sides in the ∆G curves and the 

global maximum changes at 800 K from one maximum to the other; see Figure 6.9 and 

a recent work81) and the associated changes in ∆G values at different temperatures. 

 

Figure 6.9 ΔG(s*) versus s plots at B3LYP and M06 single levels at 700 and 800 K. 
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6.4.2.2 Reaction Paths and Computed Rate Coefficients at Dual Levels for 

Reaction (1a) 

 The dual-level VMEP curves obtained at various UCCSD(T)-F12 and RCCSD(T) 

CBS levels with the MP2, M06-2X and BMK lower levels are shown in Figure 6.10.  

 

Figure 6.10 The dual-level classical potnetial energy (VMEP) curves, obtained at the 

UCCSD(T)-F12/CBS and RCCSD(T)/CBS levels with MP2, M06-2X and BMK as the lower levels, 

for the Cl + trans-HCOOH → HCl + cis-HOCO reaction {reaction (1a)}. 

 

The maxima of all dual-level VMEP curves deviate from s = 0 to the reactant side (s < 0). 

(Note that at dual levels with POLYRATE, kTST is computed with the TS at the 

maximum of the higher-level VMEP curve, not at s = 0, the maximum of the lower-level 

VMEP curve.) Also, the RCCSD(T) VMEP curves at the M06-2X and BMK lower levels 

are significantly lower in energy than the corresponding UCCSD(T)-F12 curves, in 

contrast to those at the MP2 lower level (and as discussed above on ∆E0
‡ at s = 0). The 
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maxima of the UCCSD(T)-F12/CBS//M06-2X and UCCSD(T)-F12/CBS//BMK curves 

(8.28 and 8.67 kcal mol-1) are higher than the maxima of the RCCSD(T) ones (5.68 to 

6.12 kcal mol-1) by ~2 kcal mol-1. Regarding s*(Va
AG) values at the dual levels, they 

range from -0.408 to -0.213 Å (see Table 6.12), and have larger magnitudes than the 

single-level s*(Va
AG) values. This is due to the shifts of the maxima of the VMEP curves 

mentioned above, which make the s*(Va
AG) values deviate further from s = 0. Note that 

at dual levels with POLYRATE, κTST/CAG corrects the difference in Va
AG between 

s*(Va
AG) of the higher level and s = 0 (at the maximum of the lower-level VMEP curve, 

not at the maximum of the higher-level VMEP curve). With larger magnitudes of s*(Va
AG) 

and sharper Va
AG curves, the resulting dual-level ∆Va

AG values (-3.48 to -2.47 kcal mol-1) 

are generally more negative than the single-level values, leading to very small κTST/CAG 

values, especially at low temperatures (1.56 x 10-4 to 2.01 x 10-3 at 200 K and 3.11 x 

10-1 to 4.37 x 10-1 at 1500 K; Table 6.12). Consequently, the computed kTST/ZCT and 

kTST/SCT values, which include CAG corrections, are one to three orders of magnitude 

smaller than the kTST values and become close to, or even considerably lower than, the 

corresponding computed kCVT values. It is suggested that, at a dual level, the TST/CAG 

correction should allow for the change in the Va
AG value at s*(Va

AG) and s*(VMEP) of the 

higher-level Va
AG and VMEP curves. 

 Computed kICVT/SCT/T plots are shown in Figure 6.11. Computed kICVT/SCT values 

obtained at all dual levels have a smaller spread compared to the single-level results, 

and are smaller than available experimental values at room temperature by at least one 

order of magnitude. Among all the dual levels, the kICVT/SCT values computed at 

RCCSD(T)/CBS1//BMK are nearest to available experimental values at room 

temperature. In this connection, the RCCSD(T)/CBS1//BMK higher-level energies have 

been used together with different lower levels (optimized geometries, vibrational 

frequencies and Hessians) in dual-level calculations of rate coefficients, in order to 
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investigate whether different entropic effects from different lower levels would bring 

computed kICVT/SCT values closer to available experimental values. The kICVT/SCT/T plots 

thus obtained are shown in Figure 6.12. The spread of computed kICVT/SCT values with 

different lower levels is more than one order of magnitude, indicating that entropic 

effects obtained by using different partition function ratios to calculate the free energy 

change between the TS and the reagents are significant. However, all the computed 

kICVT/SCT values still fall below the experimental values by at least one order of 

magnitude. Since all the high-level barrier heights, ranging from 4.59 to 7.88 kcal mol-1, 

give relatively small kICVT/SCT values compared to the experimental values, an empirical 

adjustment of the barrier height in the dual-level calculations has been carried out, in 

order to obtain the best match between theory and experiment. The 

RCCSD(T)/CBS2//MP2 benchmark dual level was employed, with an adjusted barrier 

of 3.14 kcal mol-1 (including SO correction on Cl), to obtain a computed kICVT/SCT value 

at 298 K, which agrees very well with available experimental values. The k/T plots at 

various TST levels thus obtained are given in Figure 6.13. With this energy barrier, in 

addition to kICVT/SCT, computed rate coefficients at all other TST levels also agree 

reasonably well with the experimental values (within an order of magnitude), except the 

kTST value, which is too large by two orders of magnitude. Generally, computed kTST 

values are one to four orders of magnitude greater than the others and show negative 

temperature dependence in the region 200-400 K, while other computed k values show 

positive temperature dependence. The above comparisons between theory and 

experiment show that conventional TST is inadequate and suggest an adjusted barrier of 

3.14 kcal mol-1 for reaction (1a). The computed kICVT/SCT values from 200 to 1500 K 

given in Table 6.14 are currently at the highest level of theory and the most reliable. 
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Figure 6.11 Plots of the ICVT/SCT rate coefficients, computed at the UCCSD(T)-F12/CBS and 

RCCSD(T)/CBS levels with MP2, M06-2X and BMK as the lower levels, as a function of 

temperature between 200 K and 1500 K for the Cl + trans-HCOOH → HCl + cis-HOCO reaction 

{reaction (1a)}. 
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Figure 6.12 Plots of the ICVT/SCT rate coefficients, computed at RCCSD(T)/CBS1//BMK with 

various lower levels, as a function of temperature between 200 K and 1500 K for the Cl + 

trans-HCOOH → HCl + cis-HOCO reaction {reaction (1a)}. 
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Figure 6.13 Plots of the rate coefficients at different TST levels, computed with an adjusted barrier 

of 3.14 kcal mol-1 at the RCCSD(T)/CBS2//MP2 level as a function of temperature between 200 K 

and 1500 K for the Cl + trans-HCOOH → HCl + cis-HOCO reaction {reaction (1a)}. 
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Table 6.14 Recommended overall ICVT/SCT rate coefficients (kICVT/SCT; in cm3 molecule-1 s-1) for 

the Cl + HCOOH reaction. 

a k
1a

ICVT /SCT  was obtained for reaction (1a) with a barrier of 3.14 kcal mol-1 (including SO in Cl) at 

the RCCSD(T)/CBS2//MP2 level. 

b k
1b

ICVT /SCT  was obtained using the RCCSD(T)/CBS2//MP2 computed surface for reaction (1b). 

c K
eq

 is the equilibrium constant (unitless) computed at the RCCSD(T)/CBS1//MP2 level for the 

trans-HCOOH → cis-HCOOH isomerization. 

d k
1a

ICVT /SCT + k
1b

ICVT /SCT *K
eq

 is the total rate coefficient for removal of formic acid by chlorine atoms, 

which includes allowance for the presence of both trans and cis HCOOH at a given temperature. 

These k
1a

ICVT /SCT + k
1b

ICVT /SCT *K
eq

 values are the final recommended values for the overall rate 

coefficients. 

Temperature (K) 
k

1a

ICVT /SCT a
 k

1b

ICVT /SCT  b
 K

eq

 c

 
k

1a

ICVT /SCT + k
1b

ICVT /SCT *K
eq

 d
 

200 8.17E-14 6.93E-13 4.48E-5 8.17E-14 
250 1.31E-13 1.07E-12 3.35E-4 1.31E-13 
300 2.00E-13 1.48E-12 1.29E-3 2.02E-13 
350 2.89E-13 1.93E-12 3.39E-3 2.96E-13 
400 3.98E-13 2.40E-12 7.01E-3 4.14E-13 
450 5.24E-13 2.88E-12 1.24E-2 5.60E-13 
500 6.67E-13 3.36E-12 1.95E-2 7.33E-13 
550 8.26E-13 3.85E-12 2.83E-2 9.35E-13 
600 1.00E-12 4.35E-12 3.87E-2 1.17E-12 
650 1.19E-12 4.83E-12 5.04E-2 1.43E-12 
700 1.39E-12 5.33E-12 6.33E-2 1.72E-12 
750 1.60E-12 5.82E-12 7.71E-2 2.05E-12 
800 1.83E-12 6.32E-12 9.16E-2 2.40E-12 
850 2.06E-12 6.82E-12 1.07E-1 2.79E-12 
900 2.31E-12 7.32E-12 1.22E-1 3.21E-12 
950 2.57E-12 7.83E-12 1.38E-1 3.65E-12 
1000 2.84E-12 8.35E-12 1.54E-1 4.13E-12 
1050 3.13E-12 8.87E-12 1.70E-1 4.63E-12 
1100 3.42E-12 9.39E-12 1.86E-1 5.17E-12 
1150 3.72E-12 9.92E-12 2.02E-1 5.73E-12 
1200 4.03E-12 1.05E-11 2.18E-1 6.32E-12 
1250 4.36E-12 1.10E-11 2.34E-1 6.93E-12 
1300 4.69E-12 1.16E-11 2.49E-1 7.58E-12 
1350 5.03E-12 1.21E-11 2.65E-1 8.25E-12 
1400 5.38E-12 1.27E-11 2.80E-1 8.94E-12 
1450 5.75E-12 1.33E-11 2.95E-1 9.66E-12 
1500 6.12E-12 1.39E-11 3.09E-1 1.04E-11 
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6.4.2.3 Computed Rate Coefficients for Reaction (1b) and Isomerization of 

HCOOH and HOCO 

 Computed rate coefficients at the RCCSD(T)/CBS2//MP2 level for reaction (1b) 

are given in Table 6.14, while computed rate coefficients at the RCCSD(T)/CBS1//MP2 

level for trans-HCOOH → cis-HCOOH and cis-HOCO → trans-HOCO isomerization 

are shown in Table 6.15. The overall reaction rate coefficient of Cl + HCOOH, 

including channel (1a), the isomerization of HCOOH and subsequent reaction (1b) over 

the 200 to 1500 K temperature range, has been evaluated (see Table 6.14). This involves 

calculating the equilibrium constant between trans-HCOOH and cis-HCOOH (Keq) and 

using the calculated k1a
ICVT/SCT and k1b

ICVT/SCT rate coefficients (see footnotes [a-c] of 

Table 6.14). The effect of channel (1b) has been found to be negligible in the 

atmospherically significant temperature range 200-300 K, and small at higher 

temperatures (300-1500 K; see Table 6.14). 

 

Table 6.15 Rate coefficients (in s-1) computed at the RCCSD(T)/CBS1//MP2 level for the 

trans-HCOOH → cis-HCOOH and cis-HOCO → trans-HOCO isomerizations. 

 

6.5 Atmospheric Implications 

 In the troposphere (0-15 km above ground level), temperature in the atmosphere 

typically drops from 288 K at ground level to 216 K at 15 km, the tropopause. For the X 

+ HCOOH reactions, where X = OH or Cl, the lifetime of HCOOH with respect to 

trans-HCOOH → cis-HCOOH 

T (K) TST CVT ICVT TST/ZCT CVT/ZCT ICVT/ZCT TST/SCT CVT/SCT ICVT/SCT 

200 1.75E0 1.75E0 1.75E0 4.20E0 4.21E0 4.21E0 4.92E0 4.92E0 4.92E0 

300 3.41E+4 3.41E+4 3.41E+4 4.86E+4 4.87E+4 4.87E+4 5.11E+4 5.12E+4 5.12E+4 

500 1.04E+8 1.04E+8 1.04E+8 1.18E+8 1.18E+8 1.18E+8 1.19E+8 1.20E+8 1.20E+8 

1000 4.84E+10 4.84E+10 4.84E+10 4.99E+10 4.99E+10 4.99E+10 5.01E+10 5.01E+10 5.01E+10 

1500 3.89E+11 3.88E+11 3.88E+11 3.94E+11 3.94E+11 3.94E+11 3.94E+11 3.94E+11 3.94E+11 

cis-HOCO → trans-HOCO 

200 2.75E+5 2.74E+5 2.74E+5 7.82E+5 8.20E+5 8.20E+5 9.69E+5 1.02E+6 1.02E+6 

300 9.68E+7 9.67E+7 9.67E+7 1.50E+8 1.55E+8 1.55E+8 1.64E+8 1.69E+8 1.69E+8 

500 1.17E+10 1.17E+10 1.17E+10 1.35E+10 1.38E+10 1.38E+10 1.40E+10 1.42E+10 1.42E+10 

1000 4.66E+11 4.66E+11 4.66E+11 4.82E+11 4.86E+11 4.86E+11 4.85E+11 4.90E+11 4.90E+11 

1500 1.63E+12 1.63E+12 1.63E+12 1.65E+12 1.66E+12 1.66E+12 1.65E+12 1.66E+12 1.66E+12 
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reaction with OH or Cl at a particular temperature can be calculated as 1/(kx[X]), if the 

concentration of X ([X]) and the X + HCOOH rate coefficient (kx) are known at that 

temperature. 

 For the Cl + HCOOH reaction, using the computed kICVT/SCT values of reaction (1a) 

at 300 and 200 K obtained in this work (listed in Table 6.14, column 2) and taking [Cl] 

= 103 atoms cm-3 (the estimated day-time global average in the marine boundary layer82), 

the HCOOH lifetimes can be calculated as 5.8 x 104 (300 K) and 1.4 x 105 (200 K) days. 

If [Cl] increases to 106 atoms cm-3 (an estimated upper limit82), then these day-time 

lifetimes drop to 58.0 (300 K) and 141.6 (200 K) days respectively. 

For the OH + HCOOH reaction, as stated earlier, the main reaction pathway is H 

abstraction from the O-H group. Also, in the temperature range 200 to 300 K, computed 

rate coefficients increases on decreasing temperature from 300 K because of a rapid 

increase in tunneling on lowering temperature.18 Taking the experimental rate 

coefficient83 at 300 K of 4.9 x 10-13 cm3 molecule-1 s-1 with the computed temperature 

dependence of the OH + HCOOH rate coefficient obtained from electronic structure and 

VTST calculations,18 a rate coefficient at 200 K is obtained as 19.7 x 10-13 cm3 

molecule-1 s-1. Then, using an average day-time value84 of [OH] = 1 x 106 molecule cm-3, 

the HCOOH lifetime from the OH + HCOOH reaction is calculated as 23.6 (300 K) and 

5.9 (200 K) days. It is clear therefore that OH removal of formic acid is the dominant 

process unless Cl atom concentrations exceed 106 cm-3. However, the role of Cl atoms 

cannot be ignored as a potnetial removal process for HCOOH in the troposphere during 

the day as the Cl + HCOOH reaction may be a secondary source of OH in the 

atmosphere, which will also deplete HCOOH, particularly under NO polluted 

conditions. This arises from reaction (1), 

Cl + HCOOH → HCl + HOCO 

followed by the moderately rapid reactions. 
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HOCO + O2 → HO2 + CO2 

HO2 + NO → NO2 + OH 

The OH + HCOOH and Cl + HCOOH reactions should therefore both be considered as 

formic acid depletion mechanisms during the day in modeling studies of the 

troposphere. 

 

6.6 Concluding Remarks 

 The Cl + HCOOH reaction is important in the atmosphere, as the Cl atom is an 

important oxidant, especially in the marine boundary layer, and HCOOH is one of the 

most abundant organic acids in the troposphere. In the present work, the energy surfaces 

of all elementary steps involved in H abstraction reactions from HCOOH by Cl were 

computed by UMP2 and DFT calculations, employing the B3LYP, BH&HLYP, BMK, 

M05, M06 and M06-2X functionals, with different basis sets. Relative electronic 

energies were then improved to the RCCSD(T)/CBS and UCCSD(T)-F12/CBS levels. 

The computed barrier of the C-H hydrogen abstraction channel, leading to HOCO, was 

found to be lower than the computed barrier for the O-H hydrogen abstraction channel, 

leading to COOH, by about 10 kcal mol-1 at the highest levels. The C-H hydrogen 

abstraction channel is, therefore, the dominant pathway. Rate coefficients of this 

channel were calculated at various VTST levels including tunneling in the temperature 

range 200-1500 K. For single-level direct dynamics VTST calculations, the computed 

rate coefficient using the BMK functional at the highest level (ICVT/SCT), 2.5 x 10-13 

cm3 molecule-1 s-1, agrees the best with experimental values at 298 K, 1.8 x 10-13 and 

2.0 x 10-13 cm3 molecule-1 s-1. For dual-level direct dynamics calculations employing the 

RCCSD(T)/CBS//MP2 MEP, an adjusted barrier height of 3.1 kcal mol-1 is required to 

match the computed ICVT/SCT rate coefficient, 2.0 x 10-13 cm3 molecule-1 s-1, with the 

available room temperature experimental values. This has allowed recommended 
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computed ICVT/SCT rate coefficients of the Cl + HCOOH reaction to be reported for 

the first time over the temperature range 200-1500 K. The kICVT/SCT values obtained in 

the 200-300 K region are particularly important as they will be valuable in atmospheric 

modeling studies involving the Cl + HCOOH reaction. It should be emphasized, 

however, that only two measurements have been made of the rate coefficient of this 

reaction, at 295 and 298 K. There is therefore a clear need for further experimental work 

to measure the rate coefficient of this reaction at different temperatures, particularly in 

the atmospherically important region 200-300 K. 
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Chapter 7 
 
Conclusions 
 
 In this thesis, systematic ab initio/DFT and VTST investigations on some reactions 

of importance in fire suppression, chemical vapor deposition (CVD) and atmospheric 

chemistry were carried out. The interrelated effects of different levels of ab initio, DFT 

and TST calculations on computed reaction rate coefficients were studied 

comprehensively, with the aim of ultimately establishing a consistent, reliable and 

practical methodology for calculating reaction rate coefficients in an ab initio manner, 

for the development of a reliably computed thermochemical and kinetics database, 

which complements available experimental databases, for kinetic modeling. In 

particular, the effects of basis set size, the geometry from a lower level and the CBS 

extrapolation scheme on computed relative energies, the variational, tunneling and CAG 

effects on computed rate coefficients, and the correlation of computed rate coefficients 

obtained at different TST levels with some computed critical quantities of the MEPs, 

namely barrier heights (∆E0
�), TS structures (reactant-like or product-like) and 

imaginary vibrational frequencies (ωi) of the TS, were examined. The important 

findings regarding the methodology employed in calculating rate coefficients in ab 

initio manner, which were obtained during the course of this project, are summarized in 

this chapter. 

The interrelationships between computed barrier height, imaginary vibrational 

frequency of the TS, tunneling correction and rate coefficient were studied in Chapter 4 
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using a simple hydrogen abstraction reaction, CF3CHFCF3 + H → CH3CFCF3 + H2. It is 

found that the computed barrier height has the strongest effect on the computed rate 

coefficient, as an exponential relation between computed barrier height and rate 

coefficient was observed. In addition, while variational effects in TST are negligibly 

small for the reaction considered, SCT corrections are significant at relatively low 

temperatures. It appears that multidimensional tunneling corrections, especially the SCT 

correction, do not depend only on the computed barrier heights or imaginary vibrational 

frequencies of the TS, but probably on both of them. 

Computing reaction rate coefficients in an ab initio manner is far from 

straightforward or simple. Nevertheless, assessing the reliability of a computed MEP 

obtained employing an ab initio method is more straightforward than assessing the 

reliability of a MEP computed with a DFT functional, as systematic improvements with 

basis set size and electron correlation can be carried out within the ab initio framework 

in a well-established manner, as have been done in Chapter 4. However, with DFT, 

although there is a so-called Jacob’s ladder for DFT functionals,1,2 a systematic 

improvement on the results obtained using functionals at different rungs of the Jacob’s 

ladder cannot always be achieved. This is because functionals, even within the same 

rung, are usually designed for different purposes and hence can give very different 

results. For instance, the various hybrid meta GGA functionals used in Chapter 4 

(BB1K, MPWB1K, TPSS1KCIS, BMK, M05, M06, M06-2X and M06-HF; rung 4 in 

the Jacob’s ladder3) perform very differently (see a recent review,4 and references 

therein, on challenges for DFT). In addition, one serious deficiency for both ab initio 

and DFT methods appears to be in computing reliable harmonic vibrational frequencies, 

which could significantly affect entropic contributions to the computed free energies of 

the MEP. Nevertheless, the CF3CHFCF3 + H → CF3CFCF3 + H2 study shows that 

computed rate coefficients obtained at the ICVT/SCT level with the BH&HLYP 
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functional agree very well with available experimental data. Moreover, regarding the 

levels of TST used, it is clear that variational effects are negligibly small and SCT 

corrections are significant only at relatively low temperatures. At relatively high 

temperatures, the Wigner and ZCT corrections are small and similar in magnitude, and 

are reasonably reliable. However, one should view experimentally derived reaction 

barrier heights with caution, as their magnitudes depend on the expression used to 

obtain them (e.g. see Ref. [5] and references therein) or a number of theoretical factors 

associated with the theoretical methods used to derive them. In this connection, drawing 

conclusions from merely comparison between values of purely theoretical and 

experimentally derived barrier heights, but without considering the methods used in 

obtaining them, can be misleading. Therefore, extra care should be taken in employing 

experimentally derived barrier heights as benchmarks for assessing the reliability of 

theoretical barrier heights. 

 A theoretical investigation was carried out on the reaction mechanism and kinetics 

of HFPO pyrolysis in Chapter 5. It was found that the barrier heights computed at the 

B3PW91, M06, RCCSD(T)/AVTZ//MP2 and RCCSD(T)/CBS//MP2 levels are in good 

agreement with the experimental values while the B3LYP level underestimates the 

barrier height. In addition, although M06-2X has been shown to perform well for 

barriers in some benchmarks studies,6-9 this is not the case for the two reaction channels 

considered in this chapter because other functionals give better performance. The 

variational effect on the rate coefficients obtained is found to be small over the whole 

temperature range and tunneling plays a small but significant role only at the lower 

temperatures. Moreover, it is pleasing that the RCCSD(T)/CBS//MP2 IRC gives 

computed rate coefficients which agree the best with the experimental values. This 

shows the advantage of ab initio theory over DFT, in the sense that the computed rate 

coefficients, obtained with higher level ab initio methods in the dual-level direct 
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dynamics approach, agree better with experimental values than those obtained with DFT 

methods, despite the more demanding computational efforts involved. 

 The effects of basis set size, lower-level geometry and CBS extrapolation method 

on the relative energies computed with the RCCSD(T) and UCCSD(T)-F12 methods 

were studied via the atmospherically important Cl + HCOOH reaction in Chapter 6. It is 

difficult to find a functional, which could produce energy surfaces, which mimic those 

obtained from some ab initio benchmark methods in all relevant regions. In this 

connection, the dual-level direct dynamics approach remains the way forward to obtain 

reliable energy surfaces for rate coefficient calculations. However, with the dual-level 

approach, there are also problems in both the higher and lower levels to be employed. 

 Regarding lower levels, which compute optimized geometries and vibrational 

frequencies to be used in subsequent rate coefficient calculations (for entropic 

contributions to the free energy of activation), ab initio levels higher than MP2 

(QCISD), where analytic energy derivatives (especially second derivatives) are 

unavailable, are impractical for relatively large reaction systems (more than five atoms). 

Consequently, it is difficult to benchmark lower levels in Chapter 6, as has been pointed 

out in Chapter 4 and in a recent paper.10 Also, similar to recent findings,10 employing 

different lower levels, with the same higher-level improved relative energies, gives 

spreads in computed rate coefficients of at least an order of magnitude, which may be 

considered in general as uncertainties associated with any lower level employed. In 

addition, basis size effects at higher levels were found to be related to geometry effects 

from lower levels (i.e. different basis size effects at different geometries). Also, the 

positions of the maxima of the VMEP at higher levels were found to be quite different 

from those at lower levels for the Cl + trans-HCOOH → HCl + cis-HOCO reaction in 

Chapter 6. This casts doubt on a basic assumption with the dual-level approach that the 

higher-level VMEP is similar to that of the lower level and hence an improvement in the 
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energies of the lower level to the higher-level energies is acceptable. In any case, on 

comparing computed kICVT/SCT values obtained at different single levels with available 

experimental values at room temperature, the BMK/6-31+G** single level performs the 

best in Chapter 6 for the Cl + trans-HCOOH → HCl + cis-HOCO reaction. 

 Regarding higher levels with the MP2 lower level, it is pleasing that extrapolation 

to the CBS limit for both the RCCSD(T) and UCCSD(T)-F12 methods with basis sets 

of up to 5Z and QZ qualities, respectively, leads to spreads in computed relative 

energies of ~0.5 kcal mol-1. Also, similar spreads are obtained with the three CBS 

schemes employed, suggesting that the differences between extrapolating relative 

energies and extrapolated (HF + correlation) electronic energies are reasonably small 

and extrapolation with basis sets of up to QZ quality is probably sufficient. However, 

extrapolating to the CBS limit is almost mandatory for both the RCCSD(T) and 

UCCSD(T)-F12 methods, because only after extrapolations to the CBS limits, results 

from the two methods would agree to within 0.5 kcal mol-1. Also, with the F12 method, 

using an AVTZ basis set does not generally give relative energies comparable to those 

obtained using the RCCSD(T) method with an AV5Z basis set, as anticipated. This may 

be partially due to differences between UCCSD(T) and RCCSD(T). In addition, basis 

size and geometry effects seem to be larger with the F12 method than the RCCSD(T) 

method, suggesting further investigations on basis size effects with the F12 methods are 

required. Very recent researches in explicitly correlated methods have led to basis sets 

specifically designed for the F12 method, recommendations of the corresponding 

optimal values of the germinal Slater exponent to be used in F12 calculations (the 

default value of 1.0 was used for the germinal Slater exponent in Chapter 6),11,12 and the 

uncertainty in the best extrapolation approach for the F12 method.13 More systematic 

investigations on using specially designed F12 basis sets, appropriate germinal 

exponents and different extrapolation methods are required to find the best approach 
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with the F12 method. 

 Regarding rate coefficient calculations on the Cl + HCOOH reaction, most of the 

findings from Chapter 6 are similar to those from the recent study on Cl + 

CH3COOCH3.10 Among them, the important effect of one vibrational mode on the 

∆ZPE, and hence the Va
AG, versus reaction coordinate (s), curves is the same with both 

reactions. Also, large CAG corrections on computed kTST values reduce the kTST/CAG 

values to near the kCVT values, showing that CAG effects on TST are similar to 

variational effects with both reactions. Nevertheless, there are two differences between 

these two reactions. First, the maxima of Va
AG versus s curves obtained at all single 

levels are on the reactant side (-s) with Cl + CH3COOCH3, but are on both the reactant 

(-s) and product sides (+s) at different single levels with Cl +HCOOH. These 

differences are just the outcomes of the detailed differences between the VMEP and 

∆ZPE curves at different single levels. Second, with the Cl + HCOOH reaction in 

Chapter 6, there are changes in the slopes at 800 K in the kICVT/SCT/T curves at the 

B3LYP and M06 single levels. These are due to not only the change of the global 

maximum from one maximum to another maximum in the ∆G versus s curves below 

and above 800 K (such changes also occur with some other single levels), but also the 

associated changes in the ∆G(s*) values. Both these two differences show subtle effects 

arising from the details of the shapes of the VMEP, ∆ZPE and ∆G curves, and that the 

accuracies of these curves are very important in calculating reliable rate coefficients. 

Lastly, for both reactions, comparisons between computed kICVT/SCT values, at the 

highest VTST level considered, with available experimental values suggest that the 

benchmark barrier heights are too high. In order for theory to agree with experiment, 

empirical adjustment of the reaction barrier is required. In the case with the Cl + 

HCOOH reaction, the adjusted barrier (3.14 kcal mol-1) is 2.71 kcal mol-1 smaller than 

the RCCSD(T)/CBS2//MP2 benchmark value (5.85 kcal mol-1), similar to the case with 
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the Cl + CH3COOCH3 reaction, in which the adjusted barrier (1.34 kcal mol-1) is 2.2 

kcal mol-1 smaller than the UCCSD(T)-F12/CBS//MP2 benchmark value (3.54 kcal 

mol-1). 

 To conclude, the theoretical studies carried out in this project do not only improve 

the understanding of the reaction mechanisms and the kinetics of the gas-phase 

reactions of importance in fire suppression, CVD and atmospheric chemistry, but also 

make progress in calculating reliable reaction rate coefficients in an ab initio manner by 

revealing the interrelationship between various levels of approximation in ab initio, 

density functional and transition state theories. It is hoped that further extensive and 

in-depth computational investigations will follow this research for the further 

development of a reliable computational strategy to calculate rate coefficients in an ab 

initio manner. All in all, the main findings in this thesis are as follow: 

• No single level considered in this project (whether MP2 or DFT) gives good 

agreement with theoretical benchmarks for all relevant stationary points of all the 

three gas-phase reactions being studied. Nevertheless, the BH&HLYP, 

MPW1PW91 and BMK functionals are recommended for reliable rate coefficients 

because of their good performance in reaction rate coefficient calculations. 

• The computed rate coefficients obtained at various TST levels are reasonably 

consistent and reliable as long as a range of s ≥ ±0.6 Bohr is used and the gradients 

and Hessians are computed explicitly within an interval of s ≤ 0.1 Bohr. 

• Variational effect depends on two factors, the barrier height of the VMEP curve, and 

the shape and position of the dip in the ∆ZPE curve. The variational effect is 

generally small and negligible with a large barrier height (> ca. 5 kcal mol-1; in 

Chapter 4 and 5) and becomes significant when the barrier height is small (< ca. 5 

kcal mol-1; in Chapter 6). 

• Multidimensional tunneling effects depend on both barrier height and imaginary 
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vibrational frequency of the TS and they are generally small at high temperatures 

(1500 K) and become more significant at low temperatures (300 K). 

• CAG corrections at the TST level are similar to variational effects at the CVT level, 

as they move computed kTST/CAG values close to the corresponding computed kCVT 

values. 
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