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Abstract 

Geometries for the molecules in the series C2HnF6_n (n = 0—6), and the radicals 

produced by homolytic cleavage of the C-C and C-H bonds, have been optimized at 

the HF/6-31G(d) and MP2/6-31G(d,p) levels. Total energies were calculated with 

inclusion of electron correlation, up to the MP2/6-311G(d,p) level for all species, at the 

MP4/6-311G(d,p) level for species with less than four fluorines, and at the G2 level for 

species with less than three fluorines. The C-C and C-H bond dissociation energies 

are reported as D0(298 K). The C-C bond dissociation energies exhibit three interesting 

trends, two of which may be rationalized in terms of electronegativity arguments. The 

C-H bond dissociation energies indicate that C-H bonds can be stabilized by an 

inductive effect from the jS-group. Inclusion of electron correlation in the geometry 

optimizations improves the geometrical parameters, in particular lengthening the C-F 

bonds, and improves the total energies, but has little effect on the bond dissociation 

energies. The hyperfine structure in the ethyl radicals was calculated using density 

functional theory, at the MP2/6-31G(d,p) optimized geometries, giving good agreement 

with experiment in most cases where comparison is possible. 

The reactions of the title molecules with hydroxyl radicals have been investigated 

by optimizing the transition state geometries at the HF/6-31G(d) level, and also at the 

MP2/6-31G(d,p) level for species with less than four fluorines, and calculating energies 

at the MP2/6-311G(d,p) level, at MP4/6-311G(d,p) for species with less than three 

fluorines, and at the G2 level for species with less than two fluorines. Inclusion of 

electron correlation in the geometry optimizations gives an earlier transition state. The 

calculated activation barriers and reaction enthalpies are affected by substitution patterns 

and the level of theory used. 

Properties of the bond critical points for all species were also calculated. Charge 

development in the course of the reactions was monitored using Mulliken population 

analysis at four levels of theory, and Bader population analysis at the highest common 

level of theory. As with all the results presented, electronegativity plays a dominant role 

in the observed trends. 
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Chapter 1. Global Introduction 

1.1 Background 

The world was first warned of the possibility of stratospheric ozone destruction 

initiated by fully halogenated chlorofluorocarbons (CFCs) in 1974 by Molina and 

Rowland.1 Unfortunately, decisive action was not taken until after the discovery of the 

Antarctic "ozone hole" in 1985 by Farman et al.2 The 1987 Montreal Protocol,3 which 

has since been strengthened by further agreements, as well as recent unilateral 

government actions, mandates the rapid phase-out of CFC use. The prudence of these 

(belated) decisions has been underscored by recent observations of reduced levels of 

stratospheric ozone over the Arctic4,5 (which could lead to another "ozone hole"6), and 

even at mid-latitudes.7 A clear case has been made that catastrophic ozone destruction 

would not have occurred had certain chlorine and bromine containing compounds, 

primarily CFCs, not been synthesized and introduced into the atmosphere.8,9 The 

search for replacements is complicated by the fact that many of the possibilities share the 

undesirable effects of CFCs, including being potent greenhouse gases.10 

Research on CFC replacements has concentrated on hydrohalocarbons, which 

because they contain a hydrogen atom, can be removed in the troposphere by reaction 

with hydroxyl radicals, significantly shortening their atmospheric lifetimes.11 This 

causes the ozone depletion potentials (ODPs) of hydrochlorofluorocarbons (HCFCs) to 

be on an order of magnitude less than those of CFCs.12 However, the presence of 

ozone destroying chlorine atoms in HCFCs means that they are, at best, short-term 
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solutions until more suitable replacements can be developed. Moreover, calculation of 

time-dependent ODPs by Solomon and Albritton13 shows that some of the HCFCs 

proposed as replacements may induce significant ozone destruction in the short term. 

Since fluorine has not been identified in any of the catalytic cycles which destroy 

stratospheric ozone (fluorine radicals are converted to HF which is highly stable under 

normal stratospheric conditions14), hydrofluorocarbons (HFCs) have been assigned 

ODPs of zero.12 

The wisdom of this assignment has been the subject of some debate. It has been 

suggested15 that the CF3 radical may be involved in ozone destruction through a CF3Ox 

cycle, but recent studies16,17 concluded that this would have a negligible ODP. 

However, the reactions of OH radicals with HFCs in the troposphere are relatively 

slow18 and hence CF30 radicals, which are rapidly formed by the reaction of CF3 with 

0 2 and NO,19 will be formed fairly uniformly throughout the troposphere. The 

complexity of the subsequent chemistry ensures that the actual ODP of a given CF3-

bearing species cannot be determined solely on the basis of the measurement of a single 

rate constant.20 For an excellent review of the entire subject of the environmental 

impact of CFC replacements, see the article by Wallington et al.2X 

This discussion is relevant to the topic of CFC replacements since most of the 

investigated compounds contain CF3 groups. HFCs in the ethane series currently being 

developed for use include CF3 - CHF2 (HFC -125), CF3 - CH2F (HFC -134a), CF3 - CH3 

(HFC- 143a), and CHF2-CH3 (HFC - 152a). In particular, HFC -125 and HFC - 134a 

are being considered as replacement coolants for refrigeration and air-conditioning units.22 
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While fluorinated ethanes, and their reactions with hydroxyl radicals, are thus of 

interest to the atmospheric community, the associated fluorinated methyl and ethyl 

radicals, in particular the latter, are also of interest because they would be tropospheric 

degradation products. Both radical series attract interest from synthetic organic chemists 

as well, since they are common reactive intermediates. Thus, many experimentalists as 

well as theoreticians will be interested in the work described below. 

1.2 Overview of This Work 

Chapter 2 outlines the theoretical background necessary to understand the 

computational techniques used in this study. Chapter 3 gives details of research on the 

structural and energetic properties of the radical series produced by homolytic cleavage 

of the C-C and C—H bonds in the ethane series. Included are optimized geometries, 

vibrational frequencies, and total energies, for each series. Details of hyperfine structure 

calculations on the ethyl radicals are given in Chapter 4. Cnapter 5 describes studies of 

the full series of fluorinated ethanes, including optimized geometries, vibrational 

frequencies, and total energies, as well as C-C and C-H bond dissociation energies. 

Results of research into properties of transition species in the reaction of ethane with OH 

are given in Chapter 6. A description of investigations of the transition states for the 

reactions of the fluorinated ethanes with hydroxyl radicals is presented in Chapter 7. 

Chapter 8 gives the results of topological analyses of the reactants, transition states and 

products of the reactions of the title series with OH. Global conclusions and suggestions 

for further study are given in Chapter 9. 
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described in Chapter 4 was done under the co-supervision of Dr. Leif A. Eriksson 

(Stockholm University), who also performed a few of the calculations. Professor Philip 

D. Pacey was co-supervisor of the work described in Chapter 6, which was part of a 

collaborative effort of which he was the coordinator. Most of the calculations reported 

in Chapter 8 were performed by James B. Tee, a summer student who was co-supervised 

by the author and Professor Boyd. The supervisor and co-supervisors have given input 

to some of the points of discussion below, but the author remains solely responsible for 

the contents of this document. 



Chapter 2. Theoretical Background 

2.1 Introduction2324 

According to quantum mechanics, the energy and many properties of a stationary 

state of a molecule can be obtained by solution of the time-independent Schrodinger 

partial differential equation25 

MY = ET (W 

where 'K is the Hamiltonian operator, and E is the energy of the stationary state. The 

Schrodinger equation for any molecule will have many solutions, corresponding to 

different stationary states, with the lowest energy state being the ground state. It would 

appear to be unfortunate that this equation can only be solved exactly for a few special 

cases (the harmonic oscillator, the rigid rotor, and the hydrogen atom and molecular 

cation). However, the rapid advances in computer hardware and software of the past few 

decades have led to significant advances in mathematical models that can closely 

approximate solutions to the Schrodinger equation, thus yielding useful information. 

A satisfactory model should possess a number of important characteristics. First, 

the method should be well defined and applicable in a continuous manner to any 

arrangement of nuclei and any number of electrons. Second, there must not be such a 

rapid increase in required computation with molecular size as to preclude its use in 

systems of chemical interest. A third requirement is size-consistency, i.e., it must give 

additive results when applied to an assembly of isolated molecules. A fourth desirable 

feature is that the calculated electronic energy be variational, that is, it should correspond 

5 
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to an upper bound to the energy that would derive from an exact solution of the 

Schrodinger equation. 

There are two basic approaches used in contemporary quantum chemistry. 

Perturbation theory operates from the general equation 

ii = 0^ + ii! (2) 

where ^o is the unperturbed Hamiltonian operator, 3-v is a perturbation, and W can 

be written in terms of a power series expansion. Typically, the first few orders provide 

nearly all of the correction energy needed to make the energies and wavefunctions exact. 

This method requires knowing the solution of a related problem ($Cj), which is not 

always possible. 

Conversely, the variation method will always lead to a solution. For the ground 

state of a system 

0<T0 = E<F0 <3> 

<Y0|W|Y0> = E0(<P0|<P0> <*> 

hence 

E0 = 
<To|ft|*o> (5) 

<*oW 
Given some function $ which satisfies the boundary conditions for the problem, 

(•l#!*> (6) 

Only when $ = Y0 will E = E0. Otherwise E provides an upper bound to the true 

energy. Normally $ is chosen to depend on a set of parameters, and can be written as 
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a function of the parameters and the coordinate' of the system. Through differentiation, 

the parameters are varied to make the energy a minimum. 

Among the most powerful of the approximate methods (at least for small 

molecules) are ab initio techniques, which, as the name implies, operate from first 

principles, being independent of any experiment other than the determination of a small 

number of physical constants (Planck's constant, the velocity of light, and the masses and 

charges of electrons and nuclei). The techniques used in this study are based on 

molecular orbital (MO) theory, which assigns individual electrons to one-electron 

functions termed spin orbitals. These comprise a product of spatial functions, termed 

molecular orbitals, and either a or (3 spin functions. The spin orbitals are allowed 

complete freedom to spread throughout the molecule, their exact form being determined 

variationally to minimize the total energy. 

One of the most fundamental approximations used in MO theory is the separation 

of electronic and nuclear motion, better known as the Born-Oppenheimer 

approximation.26 Since electrons are much lighter than nuclei, and move much faster, 

nuclear kinetic terms in the Hamiltonian can be neglected, and the internuclear repulsion 

term treated as a constant. A further simplification is the independent particle model, 

which assumes that the electrons are non-interacting. This allows the total n-electron 

Hamiltonian to be rewritten as a sum of n one-electron Hamiltonians, although this is an 

oversimplification, since the electron-electron repulsion term is neglected. 
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2.2 Basis Functions and Basis Sets23 

In practical calculations the molecular orbitals are restricted to be linear 

combinations of a set of N known one-electron functions: 

•.-E^A (7) 

The functions 4>x, <t>2 < • • • > ̂ n are known as basis function*, which constitute a basis 

set, and the c ^ are the molecular orbital expansion coefficients. These coefficients 

provide the orbital description with some flexibility, but a complete set 4>u, is required 

for complete freedom. 

Two types of basis functions have received widespread use. Slater-type 

orbitals27 (STOs) have exponential radial parts. They have the general form 

cj) = Ae<r <8> 

where A is a pre-exponential term, also dependent on the parameter f, containing the 

radial function and spherical harmonics. STOs provide reasonable representations of 

atomic orbitals, but are not well suited to numerical work, so their use in practical MO 

calculations has been limited. 

Gaussian-type functions are powers of the Cartesian coordinates x, y, z multiplied 

by exp (-ar2), a being a constant determining the size, i.e., radial extent, of the function. 

They were suggested for use in MO computations by Boys.28 As representations of 

atomic orbitals, they are less satisfactory than STOs, particularly because they do not 

have a cusp at the origin and they fall off too rapidly at large radial distances. However, 

they are readily implemented as all the integrals in the computations can be evaluated 

explicitly without recourse to numerical integration. This property is due to the Gaussian 
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product theorem: the product of two Gaussian functions centered at two different points 

is equal to a single Gaussian centered at a third point. Thus all three- and four-center 

two-electron repulsion integrals are reduced to two-center integrals.29 

In practice, linear combinations of Gaussians are often used as basis functions. 

For example, an s-type basis function 4>u, may be expanded in terms of .s-type Gaussians, 

* , = E r f M A (9) 
s 

where the coefficients ^ s are fixed. Basis functions of this type are called contracted 

Gaussians, the individual 9S being termed primitive Gaussians. Whereas in an 

uncontracted basis set each coefficient is treated as a variational parameter, contracting 

a basis set reduces the number of variational parameters, thus speeding up the 

calculation. 

Early ab initio calculations (and even still, calculations on large systems) used 

minimal basis sets (a.k.a. single zeta), consisting of one function for each orbital in the 

inner and valence shells. More sophisticated calculations require extended basis sets, 

which may take several forms: 

i) double zeta - contain double the number of functions as a minimal basis set; 

ii) split-valence - contain double (or triple) the number of basis functions in the valence 

shell; 

iii) double zeta or split-valence plus polarization - functions of higher angular momentum 

are added to the above basis sets. For hydrogen atoms, a set of p functions is added, and 

for heavy atoms d (for/)-block) or /(for transition metals) functions are added, 

iv) diffuse functions - functions with a small a value (giving a large radial extent) can 
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also be added to the above basis sets, providing a better description of loosely bound 

electrons. 

2.2.1 Basis Set Notation 

Because of the large number of basis sets available for use in MO calculations, 

a standard notation is required to denote them succinctly and unambiguously. Following 

is an explanation of the notation for the standard basis sets available in the widely used 

GAUSSIAN series of programs, developed by John Pople's group at Carnegie-Mellon 

University. 

The minimal basis sets used in the GAUSSIAN programs are the STO-NG series, 

in which each STO is approximated by a contraction of N primitive Gaussians. The 

doubly split-valence basis sets are denoted as K-LMG, where K,L,M are the number of 

primitive Gaussians in the core, inner valence, and outer valence shells, respectively. 

An additional number is required for the third valence shell in the case of a triply split-

valence basis set. 

There are two common conventions used to denote the addition of polarization 

functions. The first uses asterisks after the G, one for polarization functions on heavy 

atoms, and two for functions on hydrogens as well. This system breaks down if one 

wants to use two sets of polarization functions. This can be handled by the alternative 

convention, which uses (idjp) after the G, where /' andy are the number of sets of d (or 

f) and p functions to use on the heavy and hydrogen atoms, respectively. The convention 

for addition of diffuse functions is analogous to the first one for polarization functions, 
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with plus signs used before the G. 

The commonly used notation to denote the level of theory used is A/B//C/D 

where A is the method used to calculate the energy, C is the method used for the 

geometry optimization, and B and D are the respective basis sets used. If the energy 

calculation and geometry optimization were done with the same method and basis set, the 

notation would simply be A/B. 

2.3 Hartree-Fock Theory23 30 

Once the determinantal wavefunction has been constructed from MOs, and the 

orbitals have been expanded in terms of a set of basis functions, it remains to specify a 

method for fixing the expansion coefficients. The most commonly used method is 

Hartree-Fock theory, which is based on the variational method. As formulated by 

Hartree,31 and later modified by Fock,32 the independent particle model is used to 

reduce the many-body problem, which cannot be solved exactly, to solving n single-

particle equations. Within the limitations imposed by the single-determinant 

wavefunction, and the particular basis set employed, the best such wavefunction, in an 

energy sense, is found by minimizing E with respect to the expansion coefficients. This 

implies the variational equations 

-P- = 0 (all M) (10) 

which lead to a set of algebraic equations for c^. They were derived independently for 

the closed-shell wavefunction )y Roothaan33 and by Hall.34 

Direct solution of the Hartree-Fock equations 
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f>,. = e.^ (11) 

where ©i are the orbital energies, is not practical for polyatomic molecules. When an 

MO is expanded in terms of a set of AOs, the orthogonality of AOs leads to 

M v 

where 5'|lv is the overlap integral between atomic orbitals. Application of the variation 

principle leads to the Roothaan-Hall equations 

£(F„v-erVCvi = 0 ' I* = 1 '2 '3- d3) 
V 

where F^ are matrix elements of the HF-Hamiltonian. Expressing the coefficients and 

eigenvalues as matrices, we obtain the matrix form of the Roothaan-Hall equations 

FC = SCe (14) 

Because thw spin functions a and 0 are associated with the same spatial functions, i.e. 

*; = *f <15) 

this method is called restricted Hartree-Fock (RHF). 

In the case of open-shell systems, which have an unpaired electron, the 

unrestricted Hartree-Fock (UHF) method gives a much more accurate description of the 

system than can be obtained with RHF. In the UHF formalism the set of spatial orbitals 

for electrons of a spin is different from that for electrons of j3 spin. This leads to a 

double set of equations, matrices and integrals to compute. The unrestricted form of the 

Roothaan-Hall equations are called the Pople-Nesbet equations.35 
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2.3.1 Self Consistent Field Method 

Even when all the integrals are known we cannot calculate E and F^ because 

both depend on the electron probability density matrix P which, in turn, is constructed 

from C and it is the quantity C which we want to obtain, as the solution, from the 

Hartree-Fock equations. This requires that the eigen-problem equation be solved in an 

iterative manner by a process referred to as the self consistent field (SCF) method. The 

initial wavefunction is used to generate a potential, which is applied in order to refine 

the coefficient matrix. The modified MOs form the new input in the Roothaan-Hall 

equations, and a new potential is generated. The iterative procedure is repeated until 

convergence is reached, i.e. when the changes in energy and/or charge density in two 

subsequent iterations are below a pre-set threshold value. 

2.4 Perturbation Theory and Configuration Interaction23,30 

Most SCF methods satisfy the four model requirements outlined in the 

introduction to this chapter. The primary deficiency of Hartree-Fock theory is the 

inadequate treatment of the correlation between motions of electrons. Practical models 

incorporating electron correlation do not usually satisfy all the requirements. 

Nevertheless, they are gaining widespread use because they give improved electronic 

energies. 

The difference between the Hartree-Fock and exact (nonrelativistic) energies is 

the correlation energy, which represents only about 1% of the total energy, but is very 

important for a correct description of molecular reactions and properties. One approach 
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to calculating this energy is perturbation theory, the most popular application of which 

is due to Moller and Plesset.36 This computational scheme is based on applying 

Rayleigh-Schrodinger perturbation theory37 to the HF-Hamiltonian, and treating the non-

HF part of the Hamiltonian as a perturbation. 

A generalized electronic Hamiltonian is given by 

Mx = 3 ^ + XV (16) 

where H) is en operator such that the matrix with elements 

[...^s^ldxldx2...dxn (17) 

is diagonal. The perturbation is defined by 

XV-XfH-'HJ (18) 

where 'K is the correct Hamiltonian and A. is a dimensionless parameter. 

The exact (within a given basis set) ground-state wavefunction and energy for a 

system described by the Hamiltonian ^{j. may be expanded in powers of X 

T x = Y(0> + XV™ + X2*® + ... (1J>) 

Ex = E(0) + XEW + A2E(2) + ... 

Practical correlation methods may now be formulated by setting the parameter X to 1, 

and by truncation of the series in equation (19) to various orders. The methods are 

referred to by the highest-order energy term allowed, that is, truncation after second-

order as MP2, after third-order as MP3, and so on. 

The MPn methods have the advantage of being size-consistent, but the 

disadvantage of not obeying the variation principle. In particular, MP2 calculations have 

been shown to overestimate the correlation energy. The estimated CPU times for MP2, 

MP3 and MP4 calculations are 1.5, 3.6 and 5.8 times the corresponding HF calculation, 
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respectively. MP3 gives a lower total energy than MP2, but very small corrections to 

the wavefunctions and properties, at a high computational cost. If one decides to go 

beyond MP2, it is thus necessary to go to MP4 in order to obtain a qualitative 

improvement of the results. At the present time, cost considerations make MP2 the most 

popular of the MPn methods. 

A more accurate, but much more costly method of determining the correlation 

energy is configuration interaction (CI). This method has the advantage of being 

variational, but the disadvantage of not being size-consistent (unless full CI is used). 

Interaction can be based on a single reference determinant, or on several references, the 

latter giving multi-configuration or multi-reference CI (MRCI). 

The HF wavefunction is commonly used as the ground state reference 

determinant, Y0. A configuration expansion can be based on all single, double, triple, 

etc. excitations from ¥ 0 . This full CI expansion is formally exact if all possible 

excitations are used, and gives the exact energy for the particular basis set used. For 

ground state orbitals a,b,c... and excited state orbitals r,s,t... the full CI wavefunction 

has the form 

!*c/> - C 0 |Y 0 ) + j x r o «• £ c2i*s> + £ C£|T£> +...(20) 

a,r a<b,r<s a<b<c,r<s<t 

where the expansion coefficients are optimized variationally. 

For any but the smallest systems, the CI expansion is truncated after a certain set 

of excitations, commonly after single and double ones. The rationale for this choice is 

that the double excitations are responsible for the main contribution to the correlation 

energy. The single excitations influence the ground state wavefunction indirectly, 
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through mixing with the double excitations. If a triples contribution to the energy is 

added, the resultant method is called QCISD(T).38 This method gives improved 

accuracy, but at considerable additional computational cost. 

2.5 Geometry Optimization Techniques30 

Most of the optimized geometries reported in the literature are of ground state 

equilibrium structures, the global minimum on the potential energy surface. 

Optimizations of excited state and transition state geometries are also possible. All 

geometry optimizations require an initial guess. The better the guess, the fewer the 

number of iterations needed to reach a converged structure. This is particularly 

important for optimizations of transition states, which often need an excellent initial guess 

to converge at all.39 The general rule-of-thumb is that the larger the basis set or more 

refined the method used, the better the agreement with experiment. 

The general strategy in a geometry optimization is to solve the SCF equations for 

a given geometry, then calculate the energy gradients of the potential surface. If the 

gradients, or forces, are below a pre-set threshold, the geometry has converged. If not, 

the structure is varied along the energy gradient, according to some kind of quasi-Newton 

algorithm, with a pre-set or dynamically varied step length, to obtain a new prediction 

for the geometry. The integrals are recalculated for this new geometry, and the SCF 

equations are solved. The gradient optimization cycle is repeated until the forces are 

below the convergence threshold. It is often necessary to use tighter convergence criteria 

to find a transition state than for an equilibrium structure.39 
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2.6 Characterizing Stationary Points3040 

The equilibrium structure of a molecule will be located at a minimum on the 

DOtential energy surface; transition states will be at saddle points. Minima, maxima, and 

saddle points can be characterized by their first and second derivatives. For a function 

of several variables, the first derivatives with respect to each of the variables form a 

vector termed the gradient. The second derivatives form a matrix called the Hessian. 

The first derivative of the potential energy of a particle is minus the force on the particle, 

and the second derivative is the force constant. Thus, the negatives of the components 

of the gradient are the forces on the atoms in a molecule, and the Hessian is the force-

constant matrix, 

At a local minimum, maximum, or saddle point, all of the forces on the atoms 

in a molecule must be zero; hence such a point is known as a stationary point. The 

nature of the stationary point can be determined from the eigenvalues of the second 

derivative matrix. If all the eigenvalues are positive, the point is a local minimum; if all 

are negative, it is a local maximum. A transition structure, or first-order saddle point, 

has one negative eigenvalue and all the rest are positive. An nth order saddle point has 

n negative eigenvalues. A zero eigenvalue indicates a point of inflection for motion 

along the associated eigenvector. 

When a stationary point has been found, it should be characterized by examining 

the eigenvalues of the Hessian. When possible, this characterization should be confirmed 

by calculating the harmonic frequencies for the structure, using the same basis set as for 

the optimization. A minimum will have no imaginary frequencies, a transition state one, 
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an nth order saddle point n, and for a maximum all the frequencies will be imaginary. 

2.7 Single-Point Energy Calculations and Gaussian-2 Theory 

When one is primarily interested in calculating energies, a computationally cheap 

technique is to use single-point energy calculations. The first step is to optimize the 

geometry of a system using a moderately sized basis set which gives reasonable 

agreement with experiment. Next, a larger basis set and/or more refined method is 

chosen, and the SCF equations are solved for the previously optimized geometry, 

yielding the energy of the system. Since calculations are performed only on this single 

point, a highly sophisticated method can be used for about the same cost as a geometry 

optimization at a much lower level. 

Curtiss et al.41 have recently developed a theoretical procedure for accurate 

energy calculations that they have designated as "Gaussian-2" ("G2") theory, which 

involves making several single-point energy calculations on an MP2/6-31G(d) optimized 

geometry. The first energy calculation is done at MP4/6-311G(d,p), and added to this 

are corrections obtained by subtracting this result from other energy calculations, i.e. 

A_£ = Et - FMP4/6.311G{dp). These corrections (level of theory in parentheses) are for 

energy differences due to diffuse ^-functions on nonhydrogen atoms (MP4/6-

311 +G(d,p)), higher polarization functions on nonhydrogen atoms (MP4/6-31 lG(2df,p)), 

and for correlation beyond fourth-order perturbation using quadratic configuration 

interaction (QCISD(T)/6-311G(d,p)). A final higher level correction (HLC) to make the 
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Ee exact for the hydrogen atom and hydrogen molecule is included by multiplying the 

number of valence electron pairs and unpaired electrons by respective constants. A zero-

point energy (ZPE) from scaled HF/6-31G(d) frequencies is then added to obtain E0. 

The method described thus far constitutes the earlier developed "Gaussian-1" ("Gl") 

theory.42 

In G2 theory a correction A is added to the Gl energy. This is composed of two 

parts, both computed at the MP2 level (the validity of using MP2 rather than MP4 

energies was examined in several test calculations and found to be valid41). The first part A1 

corrects for nonadditivity caused by the assumption of separated basis set extensions for 

diffuse-jp functions and higher polarization functions in Gl theory, 

At = A(+2df) - A(+) - A(2df) (21) 

where the individual corrections are obtained as before but now subtracting the MP2/6-

311G(d,p) energy. The levels of theory required are, respectively, MP2/6-

31H-G(2df,p), MP2/6-311+G(d,p), and MP2/6-311G(2df,p). The second part A2 is 

a correction for addition of a third d function to the nonhydrogen atoms and a second p 

function to the hydrogens, 

A2 = E[MP2/6-311+G(3df,2p)] - E[MP2/6-311+G(2df,p)] (22) 

The only additional calculation required beyond those done for Gl theory is MP2/6-

311+G(3df,2p), the other MP2 values already being done as part of the MP4 

calculations. The final correction is to adjust HLC to be equal to -5.00*npair -

0.19*upe, where npair is the number of valence pairs, upe is the number of unpaired 

electrons, and the constants are in millihartrees. 
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The calculation of the individual corrections in G2 theory can be useful for a 

detailed analysis of the energy factors, but for a straightforward total energy calculation, 

the G2 expression can be simplified to the following: 

E0(G2) = E[MP4/6-3U+G(d,p)] + E[MP4/6 -311 G(2dfj>)] 
+ E[QCISD(T)/6-3UG(d,p)] + E[MP2l6-3ll+G(3df,2p)) 
- E[MP2/6-3UG(2df,p)] - E[MP2/6-3U+G(dj))] (23) 

+ £[MP2/6-311G(c/,p)] -2.Q*E[MP4f6-3UG(d,p)] 
- 0.005 *npair - 0.00019*upe + SCALE*ZPE 

where the originally recommended scale value was 0.8929. 

2.8 Density Functional Theory and Hyperfine Structure Calculations30,43 

Density functional theory (DFT) is based on using the electron density, 

occ. 

p(r) - S|*,.(r)|2 (24) 
i=l 

as a basic variable, where r is the matrix of spatial coordinates. The total energy is 

expressed as a functional of p(*0 . The theory began as a model, based on studies of 

electron density by Thomas44 and Fermi,45 with further development by Slater46 and 

Gaspar,47 who introduced expressions for an approximate exchange potential in band 

theory calculations. In its modern form DFT was first formulated for an electron gas by 

Hohenberg and Kohn,48 and further developed by Kohn and Sham.49 

Given an external (nuclear) potential energy operator Voxt and kinetic energy 7\ 

the total energy is expressed as 

*[p(D] = {Vext(r)P(r)dr + iffS^Mdrd^ + G[p(r)J (25) 
J 2J J \r - /] 

where 
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G[p(r)] = T[p(r)] + EJpM (26) 

with EXc being the exchange and correlation energy. If the density is assumed to be 

slowly varying, the local density approximation (LDA) can be formulated: 

EM[9(r)] - /pWe^IpWldr (27) 

where G
xc is the single-particle exchange correlation potential. Treating the electrons 

with a- and /3-spin separately gives the local spin-density (LSD) approximation. 

It is possible to include the exchange effects directly, 

£Jp(r)] = Ex[Pl(r,r)] + /p(r)ec[p(r)]dr (28) 

where £x is the exchange energy, ec is the single-particle correlation energy, and the 

density matrix is defined by: 

Pl(r,rO = S ^ r ^ V ) . <29) 

Given 

. / V 1 ^{P(r)ec[p(r)]} n m 

M P W ]
 = j - h — ( ' 

and 

P(r0 
i r - r ow= O*+ [jr^dr (31) 

the Kohn-Sham equations can be obtained: 

{-Iv? + Q(r) + uc[p(r)]}^(r) - / y 1 ^ * f r W = ^ . ( r ) . (32) 
r - r 

Here, ê  is the DFT counterpart to the single-particle energies, and the set of single 

particle-orbitals ^f± (*) is referred to as the Kohn-Sham orbitals. As formulated by 
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Kohn and Sham, DFT may be regarded as a Hartree-Fock method, corrected for 

correlation effects, with the total energy given by: 

°r \H ' 2JJ | r - r / j 2 ^ | r - r ' | (33) 

+ /p(r){ec[p(r)] - |ic[p(r)])<fr. 

There are now a wide variety of DFT methods available, with the main 

differences being in the choice of basis sets for the Kohn-Sham orbitals, and in the 

potential type. The form of the latter is generally a pseudopotential, where the valence 

part is treated as an orbital in the potential created by the inner shells and the nucleus. 

The isotropic hyperfine coupling constant for a nucleus N is obtained from the 

formula 

4? - ̂ .P.^MVEC^WI^I^g) (34) 

where 9e and 9N are the Lande splitting factors for the electron and nucleus, 

respectively, Pe is the Bohr magneton and Pw is the nuclear magneton. The spin density 

n —ft 

at the nucleus is obtained from the corresponding atomic orbitals, and P^ is an element 

of the unpaired spin density matrix. The remaining terms of the traceless 3x3 hyperfine 

tensor form the anistropic hyperfine coupling constants. The //'th element of the 

anisotropic tensor can be obtained through the relation 

*f • {*.MirPj»VT^{Wlr^r3,BwWlw'3!) 

*• |»,V 
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2.9 Topological Analyses5051 

Bader and coworkers52 have developed a theory of "atoms in molecules", in 

which the gradient vector field and the scalar field of the electronic charge distribution p (r) 

are used to study the bonds, atomic interactions, reactivities and stabilities of molecular 

systems. The properties of the gradient vector field Vp (r) provide a definition of the 

elements of molecular structure. The molecular charge density, which is synonymous 

with the electron density as defined in equation (24), is uniquely partitioned into atoms 

bounded by the zero-flux surfaces in Vp (r) and chemical bonds are manifested by the 

existence of bond paths in Vp (r) . 

On the other hand, the properties of the scalar field of the charge density, the 

Laplacian distribution V2p (r) , provide an understanding of atomic interactions and the 

reactivity of the molecule. In particular, the Laplacian of the charge density 

V2p(r) = *!& + i!fc + i?£ (36) 
dx1 dy2 dz2 

identifies the regions of space wherein the electronic charge of a molecule is locally 

concentrated or depleted. In three dimensions, when V2p (r) < o, then the p at point 

r is greater than its average value at neighbouring points, and when V2p (r) > o, the 

p at point r is less than its average value at neighbouring points. Thus a minimum in 

V2p (r) with a negative value means that the electronic charge is locally concentrated 

in that region of space, even though the charge density itself exhibits no corresponding 

maximum. 

The essential topological properties of p can be summarized by the complete 
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specification of its critical points at which Vp = o. A critical point, *a, is classified 

according to its rank and signature.52* The rank X of a critical point equals the number 

of non-zero eigenvalues of the Hessian matrix of P (*"c) , while the signature a is the 

algebraic sum of the signs of the eigenvalues, and the classification is written as (\,o). 

If the eigenvalue is positive its associated eigenvector or gradient path originates at, and 

is directed away from, the critical point. For negative eigenvalues the gradient path 

terminates at, and is directed toward, the critical point. 

In the case of a nondegenerate critical point, four types of critical points are 

possible: (3,-3), which usually occurs only at a nucleus; (3,+3), a cage critical point; 

(3, + l), a ring critical point; and (3,-1), a bond critical point. Only bond critical points 

are considered in this study. 

The gradient paths defined by the eigenvectors associated with the negative 

eigenvalues of the Hessian matrix of a (3,-1) critical point generate an interatomic 

surface. The interatomic surface and the surfaces at infinity are the only closed surfaces 

which satisfy the zero-flux surface condition53 

Vp(r) • n(r) = 0 (37) 

where n (r) is the unit vector normal to the surface at r. An atom is defined by a real 

space (the "atomic basin") surrounded by a zero-flux surface. 

The zero-flux surface condition leads to a variational definition of its average 

properties, and as a consequence any atomic property is the average over the atomic 

basin of an effective single-particle density. It follows that the average value for a total 

molecular system is given by the sum over the atoms in the molecule of the 
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corresponding atomic values. The atomic charge of an atom is obtained by integrating 

p(r) over the basin of the atom to obtain its average electron population N, and then 

subtracting this from the nuclear charge Z, i.e., Q = Z — N. 

2.10 Computational Methods Used 

Ab initio MO calculations were carried out with the GAUSSIAN 9054 and 

Gaussian 92/DFT55 program packages. All geometries were fully optimized at the 

restricted Hartree-Fock level with the 6-31G(d) basis set56 using analytical gradient 

methods.57 Energies were calculated to second order in Moller-Plesset perturbation 

theory (MP2) using polarized basis sets with doubly-split (6-31G(d) and 6-31G(d,p))56 

and triply-split (6-311G(d) and 6-311G(d,p))58 valence shells, using the HF/6-31G(d) 

optimized geometries. Similarly, the geometries were reoptimized at the MP2/6-

31G(d,p) level, and single-point energy calculations were performed on these geometries 

at the MP2/6-311G(d,p) level. Additional single-point calculations on some systems 

were done at the MP4/6-311G(d,p) level, and for a subset using G2 theory (see above), 

modified by using the more accurate MP2/6-31G(d,p) geometries. For the reaction of 

ethane with hydroxyl, the reaction path was followed in mass-weighted internal 

coordinates, using the intrinsic reaction coordinate (IRC) method of Gonzalez and 

Schlegel,59 at the MP2/6-3iG(d,p) level. 

To allow for direct comparison with experimental values, the calculated bond 

dissociation energies (BDEs) include corrections for the zero-point vibrational energy 

(ZPE) calculated at the HF/6-31G(d) level (scaled by a factor of 0.90 to compensate for 



26 

systematic overestimation60), or ZPEs calculated at the MP2/6-31G(d,p) level scaled by 

a factor of 0.9646, as recommended by Pople et al.61, in the case of the G2 

calculations. A temperature correction of 4RT for C-C BDEs and 2.5RT for C-H 

BDEs, as recommended by Hehre et al.62, was also applied. The vibrational 

contribution to the temperature correction has been ignored in order to eliminate the risk 

of introduction of large errors by low-frequency modes. This can result because the 

vibrational contribution is given by63 

normalmodes v 

AHJT) = Nh T '• (38) 
w * ^ hvJkT , « e ' - 1 

Thus for small values of v • the denominator can approach zero. As a result the 

vibrational contribution depends almost exclusively on the very-low-frequency modes, 

which are not reproduced as accurately or as uniformly as the high-frequency vibrations. 

The DFT calculations were performed using the linear combination of Gaussian 

type orbitals-density functional theory (LCGTO-DFT) program deMon,64 and a modified 

version with the improvements as described in ref 65. The loosely contracted IGLO-

III66 basis sets (5111111/211111/11) for carbon and fluorine and (3111/11) for hydrogen 

were employed in conjunction with the auxiliary bases (5,2;5,2) for carbons and fluorines 

and (5,1;5,1) for hydrogens (IGLO = individual gauge of legalized orbitals).66* A 

routine by Malkin et al.61 was employed for the DFT-ESR calculations. Two 

functionals were used: a local density approximation (LDA) due to Vosko, Wilk and 

Nusair,68 and a non-local functional with gradient corrections due to Perdew and 

Wang69 for the exchange functional and to Perdew70 for the correlation part (PWP). 
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For some cases, where good agreement with experiment was not obtained, ESR 

parameters were also calculated from DFT optimized structures, using the PWP 

functional and the same basis sets as above. 

The topological analysis calculations were performed using a vectorized version 

of the PROAIM71 program package. Wavefunceion files from the highest common level 

of theory employed in this study (MP2/6-311G(d,p)//HF-6-31G(d)) were used as input. 

For each bond a (3,-1) critical point was located. Integration of atomic charges was 

performed for each atom, using 96 4> and 64 6 planes outside of the @ sphere, and the 

maximum values of 140 points per surface path and 80 basic gradient paths. Threshold 

values of 0.001 and 0.002 were used for the volume calculation, and the primitive cutoff 

algorithm was employed. 



Chapter 3. Structural and Energetic Properties of the Series C2HnF5_„, n = 0-5, 

and CHnF3_n, n = 0-3 

3.1 Introduction 

Many of the radicals in the two title series have been studied extensively, by a 

variety of theoretical and experimental methods. The short lifetimes of these and other 

free radicals limit the availability of experimental methods for determination of electron 

distributions and structure, with electron spin resonance (ESR) spectroscopy being the 

most useful technique. Theoretical studies can complement experimental ones even more 

so than is the case with closed-shell species. 

Ab initio studies of the structures of the series of fluoromethyl radicals have been 

reported by Bernardi et al.,12 Leroy and Peeters,73 Baird,74 Luke et a/.,75 and Pasto 

et al.16 The latter authors also calculated radical stabilization energies, and their study 

also included some radicals in the ethyl series (CH2F-CH2, CHF2-CH2, and 

CF3-CH2). Radical stabilization energies for this series, as well as C2H5, have also been 

published by Leroy et al.11 Dearden et al.n recently published a spectroscopic and 

ab initio study of CHF2, including the optimized geometry and vibrational frequencies. 

In the series of ethyl radicals, the parent, C2H5 has been the most extensively 

studied, both by experiment and theory. The structure of this and other alkyl radicals 

has been studied at several levels of theory by Pacansky and co-workers,79 with their 

latest work on this subject also including infrared and Raman spectra.80 The structure 

and vibrational frequencies of C2H5, as well as CH2F-CH2, was also reported by 

28 
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Schlegel.81 Paddon-Row and Houk82 examined the ethyl radical in their study of the 

conformational dependence of alkyl radicals. 

Paddon-Row et al. also reported structures and conformational analysis,83 and 

vibrational frequencies,84 of CF3-CH2, CH3-CF2, and CF3-CF2. A conformational 

analysis of CH2F-CH2 was reported by Pross and Radom.85 Brum et a/.86 

complemented a spectroscopic study with ab initio calculations of the structures, 

vibrational frequencies, and relative energies of CH3-CF2 and CHF2-CH2 radicals and 

cations. 

The most comprehensive study of the full series C2HnF5_n, n = 0-5 has been 

reported by Chen et a/.,87""91 who calculated optimized geometries, vibrational 

frequencies, ideal gas thermodynamic functions, and barriers for rotation and inversion. 

The highest levels of theory used were HF/6-31G(d) for geometries and frequencies, and 

MP2/6-311G(d,p)//HF/6-31G(d) for energies. 

In the present study, geometries were optimized at the HF/6-31G(d) level for the 

radicals in the methyl series, and at the MP2/6-31G(d,p) level for both the methyl and 

ethyl series. In the latter case all the minima determined by Chen et al., who optimized 

the structures at the HF/6-31G(d) level, were reoptimized. Frequency analyses were 

performed for all species, and energy minima were confirmed. In particular, Chen et 

al90 had speculated that one of the minima for CH2F-CHF (their structure lb, the 

present If) might not be a local minimum at a higher level of theory, but the MP2 

frequency analysis has verified this as a minimum. 
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3.2 Optimized Geometries 

Optimized geometries for the radicals produced by C-H bond dissociation 

(hereafter denoted as ethyl radicals) are presented in Figure la- t . Extensive discussions 

of the HF/6-31G(d) optimized geometries for each radical are given in the series of 

papers by Chen et a/.88-91 Here the general trends and differences between the two 

levels of optimization are discussed. For ease of comparison with the previous results, 

the authors' naming convention (a, b, and c) for the CH2F-CHF and CHF?-CHF 

radicals, where all the conformers have the same (C,) symmetry, has been adopted. The 

C-C bond lengths vary from 1.473-1.505 A, with a tendency towards longer lengths 

when there are two fluorines on the a-carbon. In other cases, there is a tendency 

towards shorter bond lengths when the number of fluorines on the j8-carbon is greater 

than or equal to the number on the a-carbon. 

There are three distinct trends in the C—F bond lengths, which have a large range 

(1.330-1.409 A). They decrease with increasing substitution, both at the individual 

carbons and in the radical as a whole. For each radical, the shorter lengths are always 

at the a-carbon, as expected from the simple argument of increased s character in going 

from an sp3 to sp2 hybridized carbon. For the different positions at the /3-carbon, the 

longer lengths are always for the C-F bond eclipsing the SOMO (i.e. the bond bisecting 

the radical centre as seen in Figure 1). This may be attributed to a weak three-electron 

hyperconjugative interaction as discussed by Paddon-Row and Houk82 for alkyl radicals. 

For the C-H bond h ngths, there is no discernible trend with substitution patterns, but 

the other two trends observed for the C-F bond lengths are seen. 
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1.080 
1.355 

Figure 1. MP2/6-31G(d,p) optimized geometries for radicals: la, ethyl (Ca); lb, /?-
fluoroethyl (C.); lc, /3-fluoroemyl (Ca); Id, a-fluoroethyl (C,); le, or,j8-difluoroethyl (a) 
(C,); If, a,|8-difluoroethyl (b) (C,); lg, a,j3-difluoroethyl (c) (C,); lh, j3,0-difluoroethyl 
(C,). Bond lengths are in angstroms, bond angles in degrees. Drawings are in 
perspective, with relative radii of 1 : 1.667 : 2 for H, F, and C atoms, respectively. For 
curved arrows, the corresponding bond angle is that written closest to the arrow. 
Unlabelled atoms are hydrogens. 
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l l 1.372 

120.2 

1.075 

.346 

115.2 

1.345 

1.367 1.078 

Figure 1 (cont.) MP2/6-31G(d,p) optimized geometries for radicals: li, /?,/?-
difluoroethyl (C,); l j , a.a-difluoroethyl (C.) Ik, a,0,j3-trifluoroethyl (a) (C,); II, afp\0-
trifluoroethyl (b) (C,); lm, a,/3,j8-trifluoroethyl (c) (C,); In, a,a,/3-trifluoroethyl (C,). 
Bond lengths are in angstroms, bond angles in degrees. Drawings are in perspective, 
with relative radii of 1 : 1.667 : 2 for H, F, and C atoms, respectively. For curved 
arrows, the corresponding bond angle is that written closest to the arrow. Uniabelled 
atoms are hydrogens. 
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1.335 1.337 

Figure 1 (cont.) MP2/6-31G(d,p) optimized geometries for radicals: lo, a,a,j8-
trifluoroethyl (C,); lp, |3,j3,|3-trifluoroethyl (Cs); lq, a,a,|8,j8-tetrafluoroethyl (Cs); lr, 
a,a,j8,|8-tetrafluoroethyl(C,); Is, a^/S^tetrafluoroethylCC,); It, pentafluoroethyl(C,). 
Bond lengths are in angstroms, bond angles in degrees. Drawings are in perspective, 
with relative radii of 1 : 1.667 : 2 for H, F, and C atoms, respectively. For curved 
arrows, the corresponding bond angle is that written closest to the arrow. Uniabelled 
atoms are hydrogens. 
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On the a-carbon, HCH angles are greater than HCF, as expected because of the 

increased s character in the C-H bonds in the presence of an electronegative 

substituent.92 The latter angles are greater than FCF, consistent with FCF angles being 

small because of the relatively small radii of the F atoms.93 The HCC angles are 

greater than FCC, which can be rationalized by the different atomic sizes when the 

difference in the C-H and C-F bond lengths is taken into account.93 The latter trend 

is also observed for substituents on the /3-carbon. For angles between substituents at this 

centre, the greatest value in a species is always for those substituents pointing away from 

the a-substituents (this angle is denoted with a curved arrow in Figure 1), as these 

substituents have more space in which to avoid steric repulsions. 

As compared to the HF/6-31G(d) optimized structures, the present structures have 

C-C bonds shorter by up to 0.01 A, C - F bonds longer by about 0.02-0.03 A, and 

slightly longer C-H bonds. Differences in interatomic angles are for the most part 

slight, particularly for conformers with Cs symmetry, but the variance is greater than that 

observed for the closed-shell structures (see Chapter 5). 

An interesting structural feature of the ethyl radicals is the out-of-plane angle 7, 

defined by the C-C axis and the plane formed by the radical site group. Chen et al.u~91 

have discussed this topic previously. All alkyl radicals except for CH3) and all haloalky-

and halo-substituted radicals, are predicted to be pyramidal from a a inductive effect 

when attached substituents are at least as electronegative as the atom at the trigonal 

centre.94 The degree of nonplanarity is determined by three types of 7r-type conjugative 

interactions superimposed on the inductive effect.88 The effect of fluorine substitution 
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Table 3.1: Out-of-Plane Angles for Ethyl Radicals 

Structure 

la 

lb 

lc 

Id 

le 

If 

lg 

lh 

li 

lj 

Ik 

11 

1m 

In 

lo 

lp 

lq 

l r 

Is 

It 

HF/6-31G(d) 

13.6* 

14.6" 

13.8" 

32.6* 

29.8C 

32.0C 

34. lc 

13.9" 

11.7" 

43.6° 

31.7C 

31.4C 

32.8C 

43.6" 

47.1d 

13.1b 

47.0d 

45.4" 

32.3C 

45.7" 

MP2/6-31G(d,p) 

12.4 

13.9 

13.3 

31.8 

26.8 

30.5 

33.3 

13.7 

11.6 

44.2 

30.0 

29.4 

31.9 

42.1 

45.8 

13.2 

46.3 

44.8 

30.8 

45.6 

» Reference 88. b Reference 89. c Reference 90. d Reference 91. 
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is much greater at the a position. 

In Table 3.1 the MP2/6-31G(d,p) out-of-plane angles are compared with those 

previously calculated at the HF/6-31G(d) level.88"91 Except for structures lj and 

lp,which have slightly higher values, inclusion of electron correlation has lowered the 

7 values by 0.1 to 3.0°. The trends in the relative magnitudes of y remain essentially 

the same. The exceptions are two interchanges of relative magnitudes (la *» lp, lq *» 

lo) and a divergence of values for lj and In, which were equal at the HF/6-31G(d) 

level. 

Geometrical parameters for the methyl radicals are given in Table 3.2. Trends 

in these parameters are similar to those discussed above for the ethyl radicals, and to 

those noted in fluorochloromethanes by Ignacio and Schlegel.95 These authors explained 

the trends as a balance between electrostatic and negative hyperconjugation effects. 

Table 3.2: Geometrical Parameters for the Radicals CHnF3_n, n = 0 - 3 " 

Parameter CH3 (D3h) CH2F ( Q CHF2 (C8) CF3 (C3v) 

C-H 1.073(1.073) 1.078(1.074) 1.084(1.075) 

C-F 1.347(1.330) 1.336(1.314) 1.327(1.300) 

ZHCH 120.0(120.0) 

ZHCF 114.7(114.2) 113.7(113.8) 

/FCF 115.5(111.1) 111.2(111.3) 

* Bond lengths in angstroms, bond angles in degrees. First value is for the MP2/6-
31G(d,p) optimized geometry, second value (in parentheses) is for the HF/6-31G(d) 
optimized geometry. 
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3.3 Vibrational Frequencies 

Values of vibrational frequencies at theMP2/6-31G(d,p) level of theory (and from 

experiment where available80'96-99), along with their reduced masses, symmetry, and 

approximate type, are given in Table 3.3. The assignment of modes was made by 

examining the normal coordinate vectors. The descriptions of modes follow the naming 

conventions used by Shimanouchi.100 In this context "symmetric" and "degenerate" 

should be interpreted loosely, especially for C( species, where such a designation 

indicates a motion essentially equivalent to that occuring in a symmetrical species. For 

cases where equivalent groups are at both carbons, a- and (3- designations, v here a- is 

the radical centre, are used to distinguish the motions. If no designations appear in these 

cases, the motion occurs in both groups. There is a high degree of modal coupling in 

the asymmetrical radicals, but coupling also occurs in those with Cs symmetry, 

particularly for low frequency modes. 

For the ethyl radicals, there is a tendency for stretching frequencies to be higher 

at the radical (a-) centre, as expected since the bond lengths are shorter. The same 

reason (but in the opposite direction) can be used to explain why C - H stretching 

frequencies decrease with increasing fluorine substitution, with the effect being more 

pronounced in the methyl radicals. In contrast to the stretches, bending modes tend to 

have lower frequencies at the radical centre. Again, this is as expected since the 

substituents are more tightly held to the central carbon atom, rendering bending more 

difficult. 



Table 3.3: Vibrational Frequencies of Radicals at MP2/6-31G(d,p) Level 
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Frequency (cm ') 
MP2 Expf 

CH3
b 

395 

1491 

3243 

3441 

CH2F 

830 

1216 

1217 

1561 

3239 

3387 

CHF2
C 

542 

1094 

1206 

1235 

1412 

3239 

CF3 

504 

704 

1126 

1318 

CH 3 -CH 2
b 

169 

617 

1396 

3162 

949 

1164 

1173 

1317 

Reduced 
mass (amu) 

1.236 

1.102 

1.008 

1.119 

1.292 

5.898 

1.218 

1.151 

1.043 

1.126 

15.063 

1.402 

10.313 

3.026 

1.479 

1.088 

18.255 

16.460 

14.311 

13.336 

1.008 

Sym 

a2" 

e' 

a,' 

e' 

a' 

a' 

a" 

a' 

a' 

a" 

a' 

a' 

a' 

a" 

a" 

a' 

e 

a, 

a! 

e 

a" 

Approximate type of mode 

CH3 symmU-'iv deformation 

CH3 degenerate deformation 

CH3 symmetric stretch 

CH3 degenerate stretch 

CH2 rock 

C-F stretch 

CH2 twist 

CH2 scissor 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CF2 scissor 

C-H bend + CF2 wag 

CF2 symmetric stretch 

CF2 asymmetric stretch 

C-H bend + CF2 twist 

C-H stretch 

CF3 degenerate deformation 

CF3 symmetric deformation 

CF3 symmetric stretch 

CF3 degenerate stretch 

CH3-CH2 torsion 
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Frequency (cm"1) Reduced Sym Approximate type of mode 

MP2 Expt* mass (amu) 

CH2 wag 

CH3 rock + CH2 twist 

CH3 rock 

C-C stretch 

CH3 rock + CH2 twist 

CH3 symmetric deformation 

CH3 degenerate deformation 

CH3 degenerate deformation 

CH2 scissors 

CH3 symmetric stretch 

CH3 degenerate stretch 

CH3 degenerate stretch 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CH2F-CH2 torsion 

C-F bend + a-CH2 rock 

a-CH2 rock + C-F bend 

j8-CH2 rock + C - F stretch 

C-C stretch + a-CH2 wag 

C-F stretch + /3-CH2 rock 

C-C stretch + a-CH2 twist 

/3-CH2 twist 

18-CH2 wag 

a-CH2 scissors 

j3-CH2 scissors 

469 

837 

1025 

1109 

1247 

1463 

1540 

1553 

1554 

3096 

3184 

3230 

3270 

3385 

C H 2 F - C H 2 

189 

419 

496 

882 

1020 

1145 

1168 

1281 

1460 

1525 

1567 

540 

1138 

1175 

1366 

1440 

2842 

2920 

2987 

3033 

3112 

(C.)-

427 

1047 

1.214 

1.049 

1.327 

3.100 

1.460 

1.213 

1.079 

1.037 

1.154 

1.046 

1.088 

1.103 

1.052 

1.119 

1.074 

2.002 

1.510 

1.547 

2.280 

3.202 

2.047 

1.076 

1.292 

1.255 

1.087 

a' 

a" 

a' 

a' 

a" 

a' 

a' 

a" 

a' 

a' 

a' 

a" 

a' 

a" 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 
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Frequency (cm-1) Reduced 
MP2 Expt* mass (amu) 

3089 2879 1.063 

3163 1.100 

3279 1.052 

3403 1.120 

CH2F-CH2 (Cs) 

94 

382 

640 

824 

1033 

1129 

1223 

1329 

1442 

1546 

1584 

3150 

3215 

3274 

3395 

CH3-CHF 

212 

414 

669 

948 

1082 

1.079 

2.018 

2.087 

1.073 

8.559 

3.021 

1.528 

1.095 

1.233 

1.167 

1.130 

1.057 

1.110 

1.050 

1.120 

1.182 

2.948 

1.195 

2.103 

1.467 

Sym Approximate type of mode 

a /3-CH2 symmetric stretch 

a /3-CH2 asymmetric stretch 

a a-CH2 symmetric stretch 

a a-CH2 asymmetric stretch 

a" CH2F-CH2 torsion 

a' a-CH2 wag + C-F bend 

a' a-CH2 wag + C-F bend 

a" a- n- |8-CH2 rock 

a' C -F stretch 

a' C-C stretch 

a" a- + j8-CH2 rock 

a" j8-CH2 twist 

a' 0-CH2 wag 

a' a-CH2 scissors 

a' /3-CH2 scissors 

a' j8-CH2 symmetric stretch 

a" j3-CH2 asymmetric stretch 

a' a-CH2 symmetric stretch 

a" a-CH2 asymmetric stretch 

a CH3-CHF torsion 

a CH3 rock + C-F bend 

a CH3 rock-I-C-F bend 

a C - C - F bend 

a CH3 rock 
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Frequency (cm-1) 
MP2 Expt* 

1175 

1226 

1423 

1482 

1531 

1553 

3109 

3203 

3247 

3279 

Reduced 
mass (amu) 

2.229 

2.645 

1.287 

1.494 

1.047 

1.053 

1.043 

1.093 

1.102 

1.090 

CH2F-CHF (a) 

121 

321 

475 

691 

943 

1044 

1156 

1250 

1308 

1423 

1498 

1556 

3157 

3229 

3308 

5.448 

2.162 

2.080 

2.620 

2.281 

8.255 

2.394 

2.210 

1.106 

1.256 

1.691 

1.133 

1.058 

1.110 

1.090 

Sym Approximate type of mode 

a C-C stretch 

a C—F stretch 

a C-H bend 

a CH3 symmetric deformation 

a CH3 degenerate deformation 

a CH3 degenerate deformation 

a CH3 symmetric stretch 

a CH3 degenerate stretch 

a CH3 degenerate stretch 

a C-H stretch 

a CH2F-CHF torsion 

a a- + 0-C-F bend 

a a- + j8-C-F bend 

a C-C-F«bend 

a C-C-F^bend 

a j8-C-F stretch 

a C-C stretch 

a a-C-F stretch 

a CH2 twist 

a CH2 wag + C-H bend 

a CH2 wag + C-H bend 

a CH2 scissor 

a CH2 symmetric stretch 

a CH2 asymmetric stretch 

a C-H stretch 
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Frequency (cm-1) Reduced 
MP2 Expt* mass (amu 

CH2F-CHF (b) 

110 

322 

467 

684 

942 

1058 

1133 

1240 

1316 

1443 

1480 

1557 

3120 

3199 

3302 

3.988 

2.765 

1.767 

3.096 

2.529 

3.239 

2.919 

2.044 

1.154 

1.335 

1.799 

1.114 

1.060 

1.104 

1.091 

CH2F-CHF (c) 

103 

284 

478 

677 

1059 

1124 

1154 

1211 

1261 

4.153 

5.221 

10.397 

1.165 

1.939 

5.208 

3.353 

2.586 

1.109 

42 

Sym Approximate type of mode 

a CH2F-CHF torsion 

a a- + /3-C-F bend 

a a- + j8-C-F bend + CH2 rock 

a C-C-Fpbend 

a C-C-Fabend 

a /3-C-F stretch 

a C-C stretch 

a CK-C—F stretch 

a CH2 twist 

a CH2 wag + C-H bend 

a CH2 wag + C-H bend 

a CH2 scissor 

a CH2 symmetric stretch 

a CH2 asymmetric stretch 

a C-H stretch 

a CH2F-CHF torsion 

a a- 4- /3-C-F bend 

a a- + /3-C-F bend 

a CH2 rock + C-H bend 

a C-C stretch + CH2 rock 

a /3-C-F stretch 

a C-C stretch -I- a-C-F bend 

a a-C-F stretch 

a CH2 twist 
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Frequency (cm-1) Reduced 
MP2 Expt* mass (ami 

1367 1.288 

1501 1.722 

1575 1.088 

3107 1.062 

3185 1.102 

3295 1.090 

CHF2-CH2 (C.) 

157 

361 

465 

538 

638 

921 

1094 

1187 

1195 

1425 

1458 

1532 

3182 

3287 

3417 

1.043 

2.014 

3.658 

3.041 

2.902 

2.175 

6.784 

2.471 

2.870 

1.161 

1.309 

1.361 

1.088 

1.051 

1.121 

CHF2-CH2 (C8) 

153 1.041 

397 2.928 

432 1.535 

Sym Approximate type of mode 

a CH2 wag + C-H bend 

a CH2 wag 4-C-H bend 

a CH2 scissor 

a CH2 symmetric stretch 

a CH2 asymmetric stretch 

a C-H stretch 

a CHF2-CH2 torsion 

a CF2 twist + CH2 wag 

a CF2 + CH2 rock 

a CF2 twist + CH2 wag 

a CF2 scissor 

a CH2 twist + CF2 rock 

a CF2 asymmetric stretch 

a C-C stretch 

a CF2 symmetric stretch 

a C-H bend 

a C-H bend 

a CH2 scissor 

a C-H stretch 

a CH2 symmetric stretch 

a CH2 asymmetric stretch 

a" CH2 twist 

a" CH2F-CH2 torsion 

a' CH2 wag 
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Frequency (cm-1) 
MP2 Expt* 

493 

655 

955 

1025 

1198 

1201 

1434 

1448 

1522 

3134 

3294 

3425 

CH3-CF2 

196 

374 

466 

541 

896 

1018 

1143 

1306 

1321 

1472 

1536 

1539 

3142 

Reduced 
mass (amu) 

4.129 

6.333 

1.737 

4.684 

3.122 

2.692 

1.389 

1.226 

1.332 

1.084 

1.051 

1.121 

1.072 

3.080 

3.923 

5.997 

3.550 

1.712 

1.938 

4.866 

3.740 

1.538 

1.048 

1.054 

1.041 

Sym Approximate type of mode 

a' CF2 scissors 

a' CF2 rock 

a" CH2 4- CF2 twist 

a' C-C 4- CF2 symmetric stretch 

a" CF2 asymmetric stretch 

a' C-C 4- CF2 symmetric stretch 

a' C-H bend 

a" C-H bend 

a' CH2 scissors 

a' C-H stretch 

a' CH2 symmetric stretch 

a" CH2 asymmetric stretch 

a" CH3-CF2 torsion 

a" CF2 twist 4- CH3 rock 

a' CF2 wag 4- CH3 rock 

a' CF2 scissors 

a' CF2 wag 4- CH3 rock 

a" CH3 rock 4- CF2 twist 

a' C-C stretch 

a" CF2 asymmetric stretch 

a' CF2 symmetric stretch 

a' CH3 symmetric deformation 

a' CH3 degenerate deformation 

a" CH3 degenerate deformation 

a' CH3 symmetric stretch 
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Frequency (cm-1) 
MP2 Expt* 

3246 

3284 

CHF2-CHF (a) 

95 

245 

433 

450 

574 

728 

1100 

1158 

Reduced 
mass (amu) 

1.095 

1.104 

5.776 

4.804 

4.167 

3.033 

8.016 

2.798 

7.776 

5.912 

Sym 

a' 

a" 

a 

a 

a 

a 

a 

a 

a 

a 

Approximate type of mode 

CH3 degenerate stretch 

CH3 degenerate stretch 

CHF2-CHF torsion 

C - C - F bend 

CF2 wag 

CF2 rock 4- C - F bend 

CF2 twist 

CF2 scissors 

j3-C-F stretch 

CF2 asymmetric stretch 4- C - F 
bend 

1176 3.802 a CF2 asymmetric stretch 4-C-F 
bend 

1239 

1348 

1429 

1525 

3199 

3315 

CHF2-CHF (b) 

90 

231 

365 

517 

703 

2.100 

1.337 

1.167 

2.093 

1.088 

1.090 

6.952 

13.080 

2.083 

11.909 

2.345 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

C-F stretch 

a- 4- /3-C-H bend 

/3-C-H bend 

C-C stretch 

/3-C-H stretch 

a-C—H stretch 

CHF2-CHF torsion 

C-F bend 4- CF2 wag 

CF2 twist 4- a-C-Hbend 

CF2 rock 

CF2 twist 4- a-C-H bend 
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Frequency (cm-1) Reduced Sym Approximate type of mode 
MP2 Expt* mass (amu) 

792 7.624 a CF2 symmetric stretch 4 -C-F 
bend 

950 3.337 a CF2 symmetric stretch 4- C-F 
bend 

1115 

1168 

1271 

1422 

1460 

1500 

3188 

3310 

CHF2-CHF (c) 

96 

247 

430 

478 

577 

729 

1053 

1167 

1191 

1241 

1367 

1447 

6.906 

3.981 

1.936 

1.167 

1.442 

2.405 

1.088 

1.091 

4.909 

7.119 

8.837 

2.140 

7.685 

2.650 

4.940 

4.267 

4.839 

2.416 

1.251 

1.226 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

CF2 asymmetric stretch 

C - C - F bend 

C-F stretch 

/3-C-H bend 

a- 4- /3-C-H bend 

C-C stretch 

/3-C-H stretch 

a-C-H stretch 

CHF2-CHF torsion 

C - F bend 4- CF2 rock 

C-F bend 4- CF2 rock 

CF2 twist 

CF2 scissors 

CF2 wag 

CF2 symmetric stretch 4- C-F 
bend 

CF2 asymmetric stretch 

CF2 symmetric stretch 4- C-F 
bend 

C-F stretch 

a- + /3-C-H bend 

/3-C-H bend 
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Frequency (cm"1) 
MP2 Expt* 

1506 

3151 

3319 

CH2F-CF2 

97 

208 

371 

523 

755 

880 

1019 

1080 

1257 

1361 

1375 

1480 

1557 

3174 

3248 

CH2F-CF2 

106 

236 

433 

465 

581 

(CJ 

(C.) 

Reduced 
mass (amu) 

2.307 

1.085 

1.091 

6.056 

16.973 

2.673 

11.500 

10.219 

5.772 

1.868 

7.644 

1.736 

3.195 

1.964 

1.703 

1.103 

1.058 

1.111 

4.338 

7.466 

8.848 

3.403 

12.912 

Sym 

a 

a 

a 

a" 

a' 

a" 

a' 

a' 

a' 

a" 

a' 

a" 

a' 

a" 

a' 

a' 

a' 

a" 

a 

a 

a 

a 

a 

Approximate type of mode 

C-C stretch 

0-C-H stretch 

a-C-H stretch 

CH2F-CF2 torsion 

CF2 wag 4- C-F bend 

CF2 twist 4- CH2 rock 

CF2 scissors 4- CH2 wag 

CF2 rock 4- C-F bend 

CF2 scissors 4- CH2 wag 

CH2 rock 4- CF2 twist 

C-F stretch 

CH2 twist 4- CF2 asymmetric 
stretch 

CF2 symmetric stretch 

CH2 twist 4- CF2 asymmetric 
stretch 

C-C stretch 

CH2 scissors 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CH2F-CF2 torsion 

CF2 twist 4- C-F bend 

CF2 rock + C-F bend 

CF2 4- CH2 rock 

CF, twist 4- C-F bend 
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Frequency (cm l) 
MP2 Expt* 

934 

1101 

1144 

1258 

1293 

1352 

1484 

1563 

3130 

3223 

CF3—CH2 

153 

342 

378 

504 

536 

610 

Reduced 
mass (amu) 

3.531 

2.450 

5.365 

2.828 

1.533 

3.207 

1.786 

1.090 

1.062 

1.103 

1.033 

2.355 

3.863 

3.052 

6.607 

5.824 

Sym 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a" 

a' 

a" 

a' 

a" 

a' 

Approximate type of mode 

CF2 symmetric stretch 

C-C stretch 

/3-C-F stretch 

a-C-F stretch 4- CH2 twist 

CH2 4- CF2 wag 

a-C-F stretch 4- CH2 twist 

CH2 4- CF2 wag 

CH2 scissors 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CF3-CH2 torsion 

CF3 rock 

CF3 rock 

CF3 degenerate deformation 

CF3 degenerate deformation 

CF3 symmetric deformation 4-
CH2 rock 

622 5.030 a' CF3 symmetric deformation 4-

CH2 rock 

874 8.243 a' CF3 symmetric stretch 

978 1.732 a" CF3 degenerate stretch 4- CH2 

twist 

1200 12.383 a' CF3 degenerate stretch 

1307 5.341 a" CF3 degenerate stretch 4- CH2 

twist 
1359 3.698 a' C-C stretch 4- CH2 scissors 
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Frequency (cm •) Reduced 
MP2 Expt* mass (ami 

1526 1.414 

3301 1.051 

3436 1.123 

CHF2-CF2 (C9) 

74 

202 

360 

405 

496 

538 

644 

1048 

1171 

1202 

1299 

1308 

1436 

1488 

3161 

13.617 

18.588 

17.393 

5.466 

13.813 

15.146 

14.389 

8.610 

6.855 

5.048 

2.066 

12.770 

1.249 

2.619 

1.086 

CHF2-CF2 (C,) 

68 14.681 

216 17.102 

233 14.021 

413 15.460 

530 12.074 

607 14.604 

Sym Approximate type of mode 

a' C-C stretch 4- CH2 scissors 

a' CH2 symmetric stretch 

a" CH2 asymmetric stretch 

a" CHF2-CF2 torsion 

a" CF2 twist 

a' CF2 rock 

a' CF2 wag 

?" CF2 twist 

a' CF2 scissors 

a' CF2 scissors 

a' CF2 rock 

a' /3-CF2 symmetric stretch 

a" j3-CF2 asymmetric stretch 

a' ce-CF2 symmetric stretch 

a" a-CF2 asymmetric stretch 

a" C-H bend 

a' C-C stretch 

a' C-H stretch 

a CHF2-CF2 torsion 

a /3-CF2 twist 4- a-CF2 wag 

a /3-CF2 wag 4- a-CF2 twist 

a CF2 rock 

a CF2 scissors 

a CF, scissors 
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Frequency (cm •) 
MP2 Expt* 

785 

921 

1136 

1185 

1281 

1377 

1435 

1497 

3214 

CF3-CHF 

86 

213 

352 

420 

517 

557 

674 

721 

886 

1213 

1231 

1256 

1341 

1507 

3332 

Reduced 
mass (amu) 

10.635 

5.295 

7.102 

5.147 

4.905 

3.773 

1.198 

2.283 

1.089 

6.458 

14.421 

2.638 

14.662 

5.532 

12.607 

10.284 

2.263 

7.416 

11.682 

3.018 

8.500 

2.478 

3.363 

1.091 

Sym 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Approximate type of mode 

/3-CF2 rock 4- a-CF2 wag 

CK-CF2 rock 

j3-CF2 symmetric stretch 

/3-CF2 asymmetric stretch 

a-CF2 asymmetric stretch 

a-CF2 symmetric stretch 

C - H bend 

C - C stretch 

C - H stretch 

CF3-CHF torsion 

CF3 rock 4- C - F bend 

CF3rock 4- C - H bend 

CF3 rock 4- C - F bend 

CF3rock 4- C - H bend 

CF3 degenerate deformation 

CF3 symmetric deformation 

CF3 degenerate deformation 

CF3 symmetric stretch 

C - F 4- CF3 degenerate stretch 

C - H bend 4- C - F stretch 

CF3 degenerate stretch 

C - H bend 4- CF3 degenerate 
stretch 

C - C stretch 

C - H stretch 
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Frequency (cm J) 
MP2 Expt* 

CF3-CF2
e 

62 

206 

222 

366 

420 

515 

591 

604 

721 

860 

1175 

1258 

1297 

1331 

1475 

211 

227 

366 

419 

514 

604 

694 
(604)f 

703 

956 
(820)f 

1117 

1184 

1227 

1273 

1398 

Reduced 
mass (amu) 

18.888 

18.570 

18.258 

18.716 

18.250 

17.620 

17.835 

17.156 

15.536 

14.991 

13.804 

13.199 

13.026 

13.408 

12.596 

Sym 

a" 

a" 

a' 

a' 

a" 

a' 

a" 

a' 

a' 

a' 

a' 

a' 

a" 

a" 

a' 

Approximate type of mode 

CF3-CF2 torsion 

CF3 rock 4- CF2 twist 

CF3 rock 4- CF2 wag 

CF3 4- CF2 rock 

CF3 rock 4- CF2 twist 

CF3 degenerate deformation 

CF3 degenerate deformation 

CF3 symmetric deformation 4-
CF2 scissors 

CF3 symmetric deformation 4-
CF2 scissors 

CF3 4- CF2 symmetric stretch 

CF3 4- CF2 symmetric stretch 

CF3 degenerate stretch 

CF3 degenerate stretch 

CF2 asymmetric stretch 

C-C stretch 

* References to experimental determinations given at headings for individual radicals. 
b Reference 80. c Reference 96. d Reference 97. e Reference 98, except where 
indicated. f Reference 99. 
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Where comparison with experiment is possible, the deviation is well within 10 %, 

with a systematic overestimation, as expected, except for a few of the low frequency 

bends where the calculated value is lower. The agreement is particularly good for 

CF3-CF2 , with the exception of two modes where the calculated values are much lower 

than those measured by Jacox.98 However, excellent agreement is obtained with the 

assignments of Snelson et al." (which are shown in parentheses), suggesting that the 

latter assignments are correct. 

3.4 Total Energies and Zero-Point Energies 

Symmetry point groups, total energies at the MP2/6-31 lG(d,p)//MP2/6-3lG(d,p) 

level for all radicals, and at the MP4/6-311G(d,p)//MP2/6-31G(d,p) level for the methyl 

radicals, and those ethyl radicals with two or fewer fluorines, unsealed ZPEs at the 

MP2/6-31G(d,p) level, and experimental AHf values90'91101" "3 used to calculate 

the experimental BDEs are given in Table 3.4. It should be noted that, due to lack of 

data, some of the experimental AHf values are calculated by means of the triatomic 

additivity method114, and some others are estimated or derived values, some with large 

uncertainties. Where data is available from several sources, there is often a wide range 

of values. Leroy et al.m have recently published recommended experimental AHf 

values for some radicals based on the best agreement with their calculated values. 

(Unfortunately, they only worked on two of the radicals in this study.) The most recent 

values given in standard references have been used, where possible (not necessarily those 

which would give the best agreement with the calculated results). 



Table 3.4: Symmetry Point Groups, Total Energies, Zero-Point Energies, and Experimental Heats of Formation of Radicals 

Radical 

CH3 

CH2F 

CHF2 

CF3 

CH3-CH2 

CH2F~CH2 

CH2F-CH2 

CH 3 -CHF 

CH2F-CHF (a) 

CH2F-CHF (b) 

CH2F~CHF (c) 

CHF2-CH2 

CHF2—CH2 

CH 3-CF 2 

CHF 2 -CHFa 

CHF2-CHF b 

sym 

D3b 

cs 

cs 

V-3v 

cs 

c, 
cs 

c, 
c, 
c. 
c, 
c, 
C5 

cs 

c, 
c, 

MP2/6-311G(d,p)a 

-39.707172 

-138.772821 

-237.855372 

-336.942272 

-78.902838 

-177.968344 

-177.968009 

-177.975770 

-277.039136 

-277.037264 

-277.036451 

-277.052965 

-277.052807 

-277.061373 

-376.119666 

-376.117926 

MP4/6-311G(d,p)8 

-39.730634 

-138.798591 

-237.882487 

-336.970361 

-78.944350 

-178.012454 

-178.012252 

-178.019678 

-277.085944 

-277.084013 

-277.083189 

-277.099007 

-277.098761 

ZPEb 

30.762 

26.085 

19,883 

12.472 

61.816 

54.869 

55.270 

55.938 

48.935 

48.692 

48.711 

47.515 

47.311 

48.937 

41.044 

41.193 

^Hfj298
c 

145.7 ± 0.8 

-29.0 r 

-238.9 ± 4.2 

-468.6 ± 4.2 

117.2 

-71.5 ± 4.6s 

-302.5 ± 7.5 

ref 

104 

105 

106 

107 

108 

109 

110 



Table 3.4 (continued) 

Radical sym MP2/6-311G(d,p)» MP4/6-311G(d,p)* ZPEb AHf,298
c ref 

CHF2-CHF c 

CH2F-CF2 

CH2F-CF2 

CF3-CH2 

CHF2-CF2 

CHF2-CF2 

CF3-CHF 

CF 3-CF 2 

H 

c, 
c. 
c, 
cs 

cs 

c, 
c, 
cs 

-376.118731 

-376.119797 

-376.119124 

-376.146393 

-475.198160 

-475.197611 

-475.210073 

-574.286901 

-0.499810 

41.003 

41.884 

41.702 

39.016 

33.789 

33.939 

32.597 

25.298 

0.0 

-517.1 + 5.0 

-680.7 

-891.2 ± 5.4s 

217.965 

111 

112 

113 

104 

* Single-point energy, in hartrees, at MP2/6-31G(d,p) geometry. b Unsealed, in millihartrees, at MP2/6-31G(d,p) level. c In kJ 
mol - 1 . d Derived from correlative procedures. e Calculated by the triatomic additivity method of Reference 114. f Estimated from 
the reaction Br 4- CH3F ^ HBr 4- CH2F g Estimated from kinetic parameters. 



Table 3.5: Total Energies of Radicals at the Additional Levels of Theory Required for G2 Method* 

Species/ 
G2 energyb 

MP2/6- MP2/6- MP2/6- MP4/6- MP4/6- QCISD(T)/6-
311+G(d,p) 311G(2df,p) 3114-G(3df,2p) 3114-G(d,p) 311G(2df,p) 311G(d,p) 

CH3 

-39.742997 

CH2F 
-138.891534 

CHF2 

-238.055633 

CH3—CH2 

-78.967355 

CH 3 -CHF 
-178.124225 

CH2F—CH2 Cj 
-178.118806 

CH2F-CHF 
-277.274298 

CHF2—CH2 Cj 
-277.286952 

CH 3 -CF 2 

-277.292801 

-39.708454 

-138.78' 

-277.067720 

-277.074986 

-39.724093 -39.731398 -39.731911 -39.748742 -39.73207 

-138.838734 -138.856246 -138.807492 -138.867984 -138.799130 

-237.868460 -237.971032 -237.996532 -237.896587 -238.004152 -237.881445 

-78.904436 -78.938601 -78.950852 -78.946021 -78.982086 -78.946362 

-177.984552 -178.060864 -178.083417 -178.029031 -178.109094 -178.020453 

-177.978043 -178.053161 -178.076799 -178.022744 -178.101577 -178.013192 

-277.055820 -277.173478 -277.207177 -277.103728 -277.226944 -277.085512 

-277.187499 -277.219477 -277.114942 -277.240391 -277.098054 

-277.196458 -277.227268 -277.121591 -277.248812 -277.105922 



* All values given are single-point energies, in hartrees at the MP2/6-31G(d,p) geometries given above. The MP4/6-311G(d,p) and 
MP2/6-311G(d,p) single-point energies and ZPEs are given in Table 3.4. b Scaled ZPEs included. To obtain the energy without 
the ZPE correction subtract the MP2/6-31G(d,p) ZPE listed in Table 3.4 multiplied by the scaling factor of 0,9646. 

o> 
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The total energies given in Table 3.4 are universally lower than those calculated 

previously with the same basis set using HF/6-31G(d) optimized geometries, while the 

relative stabilities remain qualitatively the same. As with the fluorinated ethanes and 

methyl radicals, the ethyl radicals decrease in energy with increasing fluorine 

substitution, and when there is an equal number of fluorines the lowest energy occurs 

when as many as possible are on one carbon, consistent with the geminal effect.116 

There is also a secondary preference for having as many fluorines as possible on the a-

carbon, which will lower the energy of the SOMO. 

Total energies at the additional levels of theory required for the G2 method, and 

the resultant G2 extrapolated energies (using the modified G2 method as described in 

section 2.10), for the most stable conformer of each radical with two or fewer fluorines, 

are given in Table 3.5. Once again, energies decrease with increasing level of theory, 

both in terms of electron correlation and basis-set size, with the MP4/6-311G(2df,p) level 

of theory giving the lowest energy in every case. 

The present results for the ethyl radicals suggest that the gauche effect117 also 

operates in radicals. For CH2F-CHF the two gauche conformers le and If are more 

stable than the anti conformer lg. Furthermore, the gauche conformer which has the 

fluorine on the /3-carbon (rc_F = 1.404 A) eclipsed with the SOMO (le) is the most 

stable one. For CH2F-CF2 the conformer (In) which has the fluorine on the /3-carbon 

(rc_F = 1.395 A) gauche to the two fluorines on the a-carbon and eclipsed with the 

SOMO is the more stable one. Conversely, a saturated species with one fluorine gauche 

to two fluorines is relatively unstable (see Chapter 5). This can be explained by reduced 
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repulsions in the radicals due to the large FCCF dihedral angles and long C^-F^ bond 

lengths. Having the fluorine on the /3-carbon eclipsed with the SOMO also makes the 

radical more stable, possibly due to an attractive two-centre three-electron 

hyperconjugative interaction.9091 

As in the saturated case, it is unfavorable to have the two fluorines on the 0-

carbon gauche to a fluorine on the a-carbon. Thus, for CHF2-CHF 11 is less stable 

than Ik and lm. Since Ik has a fluorine on the /3-carbon eclipsed with the SOMO, it 

is more stable than lm. Also, for CHF2-CF2 l r is less stable than lq. 

3.5 Conclusions 

The inclusion of electron correlation in geometry optimizations gives shorter 

C-C, longer C—F and slightly longer C-H bond lengths, and minor differences in 

interatomic bond angles, as compared to structures optimized with HF theory. The 

observed trends in geometrical parameters through the series can be rationalized in terms 

of simple bonding arguments. 

The calculated vibrational frequencies show that many modes are coupled, 

particularly in the asymmetrical radicals. Trends in the term values are also consistent 

with simple bonding arguments. 

The calculated total energies are lowered as increasingly higher levels of theory 

are used, but the lelative stabilities remain the same. The geminal effect and the gauche 

effect, which have been noted previously in the literature for many closed-shell species, 

are also operative in the ethyl radicals. 



Chapter 4. Hyperfine Structures of the Series C2HnFs_n, n = 0 - 5 

4.1 Introduction 

The coupling of nuclear and electronic magnetic moments produces hyperfine 

splitting in ESR spectra. The hyperfine coupling constant can be factored into an 

isotropic part (Aiso, Fermi contact term), which provides a measure of the spin density 

at the various nuclei in the molecule, and an anisotropic part ( T ^ J , which provides a 

measure of the asymmetry of the spin density. Because of the global nature of the 

operator, ab initio predictions of T^,,,, are comparatively accurate (although good 

agreement with experiment is not always obtained), whereas predictions of Aiso are highly 

dependent on the geometry and the "local" quality of the wavefunction at the nuclei 

(which is often poor, as in the case of Gaussian-type basis sets), and can be complicated 

by contributions from such effects as spin polarization. Fermi contact spin densities are 

thus highly sensitive to both the quality of the one-particle basis and the level of theory 

employed to account for electron correlation. Despite this, theoretical determinations of 

Ai80 are more common, since the integrals are far easier to evaluate than those for T^,,. 

Both ease and accuracy favour A1S0 in experimental determinations, as 

demonstrated by the volume of ESR reports in the literature. Isotropic spectra have been 

reported for most of the radicals118- m in the title series, but anisotropic spectra 

have been limited to the parent ethyl radical,125,126,127 CH3-CF2,128 and 

CF3-CH2.123 Some of the experimental studies also included semiempirical INDO 

calculations, specifically on CH3-CH2,122 CH3-CHF,121122 CH3-CF2,121122128 and 

59 
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CF3-CF2.121 Recently there have been some extensive ab initio investigations of the 

hyperfine structure (hfs) of the ethyl radical, including isotropic129130131 and 

anisotropic129 values. For the fluorinated radicals, ab initio studies have been limited to 

the /3-proton in CH2F-CH2.132 

Below are presented results of hfs calculations using density functional theory 

(DFT) on the most stable conformer for each radical in the series C2HnF5_n (n = 0-5) . 

The DFT calculations were performed on the MP2/6-31G(d,p) optimized structures 

presented in Chapter 3. This level of theory has been shown to give sufficiently accurate 

geometries,23 which are essential for obtaining accurate hfs parameters.133 Both 

isotropic and anisotropic coupling constants were calculated. 

The numbering system used for the nuclei in the data tables below is shown in 

Figure 2, along with the directions for the principal axes. The* axis lies along the C - C 

bond; the y axis approximately bisects the plane of the radical site, and is in the 

Ca-C^—X^o plane; the z axis is perpendicular to this plane. The designations LDA and 

PWP refer to results from these functionals (see section 2.10) on the MP2 optimized 

geometries, and PWP' refers to results from DFT optimizations with the PWP functional 

(the latter calculations were performed by Leif Eriksson, who also co-supervised the 

work described in this chapter). Where there is more than one experimental 

determination, solution spectra were used where possible, to avoid matrix effects, and 

the one done at the lowest temperature chosen, since the calculations are done at 0 K and 

the experimental hfs of many of these radicals are known to be affected by 

temperature,121 due to increased vibrational and/or rotational motion in the sample. 



X ISO 

——C 6 
AB2 yf 

X B l 

C a 

Xa2 

Xal 

Figure 2. Atom numbering and principal axes labelling systems for the radicals under study. X can be a F or H atom. 
o> 
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4.2 Isotropic Hyperfine Coupling Constants 

The isotropic hyperfine coupling constants (in gauss) for all nuclei in each radical 

are presented in Table 4.1. The PWP functional gives better agreement with experiment 

than LDA in almost all cases where comparison is possible. This has also been shown 

in great detail in previous work67b,c134 and is related to the build-up of spin density at 

the core and outer valence parts, obtained with the gradient corrected functionals. Large 

relative errors still remain in some cases, such as for H^ in CHF2-CH2 (45%) and H<¥ 

in CF3-CHF (51%). For couplings at the radical (a) centre, PWP invariably gives 

values with larger magnitudes, and where comparison with experiment is possible, this 

always gives better agreement than does LDA (assuming that in cas^s of dispute the 

calculated sign is correct rather than the experimental assignment; this assumption is 

valid as all the disputes are for a-protons, which are expected to have negative isotropic 

coupling constants,135 as all the present ones do). The situation is not as clearcut for 

couplings to atoms at the j8-centre. Better agreement with experiment is usually obtained 

with PWP, but the two methods give results close in magnitude. 

For the carbon couplings, the larger magnitude is always at the radical centre. 

This can be taken as an indication of the localization of the SOMO; in the simplest 

possible picture, the unpaired electron may be thought of as residing in a non-bonding 

py or (with increasing pyramidal angle) sp3 orbital on the a-carbon. Couplings to 

hydrogen are always positive at the /3-centre (except for a small negative coupling in 

CH2F-CF2), and negative at the a-centre. The value of the coupling for the hydrogens 

in the CH3 group of CH3-CF2 (12.34 by PWP cf 13.99 from experiment) is strikingly 



Table 4.1: Isotropic Hyperfine Coupling Constants in gauss* 

Radical 
(sym) 

CH3—CH2 

(C.) 

CH2F — CH2 

(C.) 

CH3-CHF 

(C.) 

CH3-CF2 

(Cs) 

CH2F-CHF 

(C.) 

CHF2—CH2 

(A) 

CH2F-CF2 

(Cs) 

CF3-CH2 

(C.) 

Method 

LDA 

PWP 

Exptb 

LDA 

PWP 

PWP' 

Exptc 

LDA 

PWP 

PWP' 

Exptd 

LDA 

PWP 

Expt" 

LDA 

PWP 

LDA 

PWP 

Exptf 

LDA 

PWP 

LDA 

PWP 

PWP' 

Expt.8 

c* 

15.17 

39.19 

39.07 

17.25 

40.74 

32.98 

55.45 

79.35 

35.57 

132.88 

157.19 

37.41 

61.21 

16.12 

38.56 

113.30 

140.33 

16.02 

39.39 

34.36 

c, 

-10.08 

-10.63 

-13.57 

-11.46 

-12.54 

-10.13 

-4.23 

-4.18 

-11.88 

15.28 

17.07 

10.31 

9.26 

-6.50 

-6.55 

34.41 

35.78 

-13.43 

-13.85 

-15.02 

Hj 

-15.33 

-19.34 

(-)22.38 

-14.59 

-18.38 

-19.78 

(-)22.15 

-4.50 

-6.20 

-22.85 

(-)17.31 

-9.78 

-12.48 

-15.83 

-19.18 

(-)23.16 

-16.36 

-19.59 

-21.05 

(-)23.77 

F„ 

22.30 

51.49 

37.19 

59.21 

64.96 

87.35 

94.01 

15.32 

45.37 

46.49 

70.62 

H, 

25.82 

26.48 

26.87 

34.70 

34.47 

27.43 

27.35 

20.98 

21.94 

26.35 

24.48 

11.95 

12.34 

13.99 

1.79 

2.13 

6.83 

6.60 

12.05 

-0.16 

-0.32 

F* 

23.55 

19.80 

53.76 

47.59 

117.17 

115.35 

46.34 

49.88 

49.28 

8.08 

7.68 

21.71 

23.98 

26.30 

29.61 
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Radical 
(sym) 

CHF2-CHF 

(A) 
CHF2-CF2 

(C.) 

CF3-CHF 

(C,) 

CF3-CF2 

(Cs) 

Method 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

PWP' 

Expt.h 

LDA 

PWP 

Expt.' 

ca 

47.38 

71.63 

132.17 

159.77 

49.68 

73.89 

52.48 

133.47 

160.13 

c, 

2.40 

1.47 

0.13 

2.62 

-7.26 

-7.26 

-11.69 

15.26 

19.34 

H j 

-7.90 

-9.98 

-8.55 

-10.57 

-17.46 

(-)21.47 

F„ 

17.17 

47.88 

55.88 

80.53 

18.06 

47.25 

39.48 

66.18 

51.81 

76.40 

87.64 

H* 

4.44 

4.32 

18.31 

19.08 

F* 

41.03 

40.77 

15.27 

11.23 

17.90 

19.10 

20.56 

25.25 

7.93 

8.30 

11.35 

" Values averaged where applicable for comparison to experiment. All experimental 
values are taken from solution spectra. b Carbon couplings from ref 118; 95 K. 
Hydrogen couplings from ref 119; 93 K. c Reference 121; 179 K. d Reference 121; 167 
K. e Reference 121; 195 K. f Reference 121; 181 K. 8 Reference 121; 160 K. h 

Reference 121; 167 K. ' Reference 124; 179 K. j ( -) indicates value was reported as 
positive. 
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small in comparison to those of other alkyl radicals, which are in the range 23-26 G.119 

The large out-of-plane angle (44.2° in the MP2 structure) confirms the suspicion of 

earlier workers122 that the most important factor in causing this unusually small value is 

the degree of pyramidalization at the a-carbon. The electron withdrawing properties of 

the Fluorine atoms relative to the alkyl hydrogens gives a polarization of the SOMO 

towards the CF2 moiety, whereby there is very little unpaired spin density at the 

hydrogens. All couplings to fluorine are positive, a well-known trend which has been 

seen in both planar and non-planar radicals.136 

Experimental carbon couplings are only available for the ethyl radical; the PWP 

results give excellent agreement, particularly for C„, but this is somewhat fortuitous All 

the R—CH2 radicals in this series have very low barriers to inversion at the radical 

centre, allowing rapid inversion to occur, which creates a vibrational averaging effect. 

Chipman129 has calculated this effect to be about 8 G for CH3CH2. To investigate the 

effect at the level of theory used here, the hfs was calculated using the PWP method at 

61 additional points, in which the pyramidal angle was varied up to ±39.4° (the 

equilibrium value is 12.4°). It was assumed that all other geometrical parameters did not 

vary ' ' the equilibrium values at the MP2/6-31G(d,p) level. This assumption was 

checked by optimizing the geometry for the structure at —12.4°, which showed that these 

parameters were indeed almost unchanged. In agreement with Chipman129 it was found 

that the vibrational averaging effect is important only for the Ca coupling. A plot of this 

coupling versus pyramidal angle is given in Figure 3. 
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To investigate the effect of j3-fluorine substitution on the vibrational averaging 

effect, a similar study on CF3-CH2 was performed, using 28 additional points spanning 

pyramidal angles to +39.2° (equilibriurr :.lue is 13.2°). The effect on the other species 

is expected to be between these two extremes. As seen in Figure 4, the distribution of 

couplings about the inversion centre is more nearly symmetrical than in Figure 3, thus 

it can be expected that the vibrational averaging effect is smaller here, perhaps on the 

order of 2 G. 

The relatively large couplings seen for all atoms at the radical centre are 

indicative of a pyramidal centre. This is illustrated in Figure 5, which shows a fair 

correlation between the hyperfine couplings constants and the out-of-plane angle at the 

radical centre. This correlation has been noted previously experimentally for H„ and F„ 

couplings,121 and in general for substituted alkyl radicals,118137 where all coupling 

constants increase in magnitude with the pyramidality at the radical centre, the effect 

being much more pronounced at the radical centre than at surrounding atoms. This is 

seen in Figure 5, where the degree of dependence of the couplings with the out-of-plane 

angle decreases in the order C > F > H. This can be explained in terms of an 

increased sp3 hybridization of the radical centre, whereby there is more s mixing in the 

orbital of the unpaired electron, an argument originally postulated by Pauling94 in terms 

of electronegativity arguments. In the case of a planar radical centre (sp2 hybridized), 

the unpaired electron instead resides in a py orbital, with a nodal plane through the 

carbon atom. Bingham et al.m argue that conjugative destabilization associated with 

the presenc? of two or three donor dominant substituents is the primary electronic factor 
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giving rise to nonplanar radical structures. They cite support from studies139 showing 

"that two donor substituents induce pyramidality to a far greater extent than would be 

expected on the basis of the effect of one alone".138b However, the calculated out-of-

plane angles for these radicals shows that the first fluorine substituent has a slightly 

greater effect than the second in increasing pyramidality. 

4.3 Anisotropic Hyperfine Coupling Constants 

Anisotropic hyperfine coupling constants (in gauss) computed along the principal 

axes are presented in Table 4.2. These constants are remarkably similar throughout the 

series, suggesting that substituent effects are unimportant to the asymmetry of the spin 

density for these radicals. The Ca couplings are nearly constant, with lower magnitudes 

in the case of a CF2 group. The C0 couplings are all near zero, with slightly larger 

magnitudes for the R-CF2 radicals. There is very little change in the H„ and H„ 

couplings, with the latter all being very small, as expected since they are much farther 

away from the radical centre. In contrast the F„ couplings are large (an effect also noted 

but not quantified experimentally by Chen et al.121), particularly for CHF groups, with 

more variability than for the other centres. The F„ couplings also show a high degree 

of variability, with larger magnitudes for F0O (the position eclipsing the SOMO), and 

smaller magnitudes for cases where the a-group is CF2. This is again due to the form of 

the SOMO, leading to large couplings for the j3-atoms in the same plane as the orbital 

with the main unpaired spin component. 
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Table 4.2: Anisotropic Hyperfine Tensor in Principal Axes in gauss* 

Nucleus 

CH3—CH2 

ca 

c, 

H„i, Ha2 

H#> 

H(31> H ^ 

H0 ave. 

CH2F-CH2 

ca 

ce 

H<u 

H„7 

Method 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

Expt.b 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

Expt.b 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

T, 

-26.82 

-28.04 

-1.34 

-1.04 

-13.50 

-13.98 

-6 .8 

-2.28 

-2.08 

-1.75 

-1.67 

-1.93 

-1.80 

1.9 

-26.67 

-27.97 

-28.03 

-1.22 

-1.03 

-1.21 

-13.35 

-13.89 

-13.64 

-13.37 

T 

-26.55 

-27.67 

0.07 

0.07 

0.02 

0.29 

-1.07 

-1.03 

-1.49 

-1.54 

-1.35 

-1.37 

-26.52 

-27.81 

-27.66 

-0.47 

-0.57 

-0.34 

-0.19 

0.08 

-0.13 

-0.23 

T 

53.37 

55.71 

1.27 

0.97 

13.48 

13.70 

3.35 

3.10 

3.24 

3.21 

3.28 

3.18 

53.19 

55.78 

55.69 

1.69 

1.60 

1.56 

13.54 

13.81 

13.77 

13.59 
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Table 4.2 (continued) 

Nucleus 

H ô 

F*i 

H^2 

CH3-CHF 

ca 

c, 

F-i 

H„2 

H ô 

Method 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

T 

-13.80 

-13.69 

-2.61 

-2.43 

-2.61 

-9.08 

-9.02 

-21.06 

-2.12 

-2.11 

-2.08 

-26.86 

-28.00 

-30.20 

-1.23 

-1.02 

-0.81 

-90.88 

-87.32 

-89.22 

-12.50 

-12.77 

-14.25 

-1.94 

-1.77 

-1.85 

T 
y 

0.15 

0.07 

-0.51 

-0.51 

-0.49 

-7.78 

-5.48 

-17.88 

-1.71 

-1.61 

-1.57 

-25.85 

-27.14 

-29.30 

-0.41 

-0.53 

0.01 

-76.22 

-74.25 

-73.05 

-1.07 

-0.78 

0.46 

-0.96 

-1.04 

-1.37 

T. 

13.64 

13.61 

3.12 

2.94 

3.11 

16.86 

14.50 

38.94 

3.83 

3.72 

3.65 

52.71 

55.14 

59.51 

1.64 

1.55 

0.80 

167.10 

161.57 

162.27 

13.58 

13.55 

13.79 

2,91 

2.81 

3.22 
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Nucleus 

H,3i 

HjK 

CH3-CF2 

ca 

cP 

Fal> ! 'a2 

H/JO 

H/si, H^ 

CH2F-CHF 

c„ 

c, 

H„i 

F„2 

Method 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

Expt.c 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

T 

-1.96 

-1.97 

-1.65 

-1.95 

-2.00 

-1.74 

-25.22 

-26.02 

-1.85 

-1.88 

-74.28 

-71.42 

-59.11 

-2.02 

-1.89 

-2.42 

-2.48 

-26.31 

-27.64 

-0.91 

-0.68 

-12.22 

-12.60 

-102.92 

-97.69 

T ly 

-1.81 

-1.77 

-1.47 

-1.59 

-1.57 

-1.62 

-24.50 

-25.81 

-1.65 

-1.66 

-66.44 

-64.97 

-59.11 

-0.87 

-0.96 

-1.81 

-1.75 

-25.28 

-26.58 

0.04 

-0.17 

-1.13 

-0.73 

-89.37 

-85.58 

T, 

3.78 

3.74 

3.12 

3.54 

3.57 

3.36 

49.73 

51.83 

3.50 

3.53 

140.72 

136.38 

118.1 

2.89 

2.86 

4.24 

4.23 

51.60 

54.22 

0.87 

0.85 

13.36 

13.33 

192.29 

183.28 
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Nucleus 

F/30 

Hpi 

H,32 

CHF2 -CH2 

c„ 

c, 

H„i 

H„2 

F̂ o 

H/31 

F*2 

CH2F-CF2 

ca 

c, 

F „ t , F„-> 

Method 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

T 

-43.77 

-43.34 

-2.70 

-2.69 

-2.50 

-2.51 

-27.16 

-28.30 

-0.96 

-0.91 

-13.51 

-13.89 

-13.44 

-13.86 

-39.13 

-36.64 

-2.53 

-2.49 

-13.26 

-15.01 

-25.42 

-26.31 

-1.47 

-1.45 

-83.15 

T 
y 

-41.09 

-40.13 

-1.21 

-1.21 

-1.30 

-1.31 

-27.07 

-28.06 

0.29 

0.28 

-0.48 

-0.04 

-0.56 

-0.23 

-36.41 

-35.45 

-1.16 

-1.19 

-10.56 

-11.50 

-24.63 

-25.73 

-1.24 

-1.44 

-73.38 

T2 

84.86 

83.47 

3.91 

3.89 

3.81 

3.82 

54.24 

56.36 

0.67 

0.63 

13.99 

13.93 

14.00 

14.09 

75.54 

72.09 

3.69 

3.68 

23.83 

26.51 

50.05 

52.04 

2.71 

2.89 

156.53 



Table 4.2 (continued) 

75 

Nucleus 

F̂ o 

H#> H^ 

CF3-CH2 

c« 

c* 

H a l , **dl 

F̂ o 

F/3i, F ^ 

Fp ave. 

CHFj-CHF 

Method 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

Expt." 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

Expt.d 

T 

-81.82 

-6.77 

-6.23 

-2.74 

-2.74 

-27.66 

-28.72 

-28.87 

-1.23 

-1.18 

-1.30 

-13.69 

-14.09 

-13.86 

-5 .3 

-34.14 

-33.23 

-35.91 

-12.50 

-12.47 

-13.83 

-19.72 

-19.39 

-21.19 

19.3 

T 
ky 

-70.20 

-6.46 

-6.15 

-1.62 

-1.63 

-27.64 

-28.63 

-28.73 

0.43 

0.41 

0.59 

-0.60 

-0.17 

-0.30 

3.3 

-33.15 

-31.54 

-33.82 

-11.42 

-11.51 

-11.96 

-18.66 

-18.18 

-19.25 

-8 .3 

Tz 

152.02 

13.23 

12.38 

4.36 

4.37 

55.30 

57.35 

57.61 

0.80 

0.77 

0.71 

14.29 

14.26 

14.15 

1.9 

67.30 

64.77 

69.73 

23.92 

23.97 

25.79 

38.38 

37.57 

40.44 

-11.0 
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Nucleus 

ca 

c, 

Hai 

Fa2 

F̂ o 

F* 

HJK 

CHF2-CF2 

ca 

c, 

F«i, F ^ 

Ĥ o 

F/ji, F^ 

CF, -CHF 

Method 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

T 
xx 

-26.85 

-28.00 

-0.95 

-0.86 

-12.41 

-12.68 

-103.78 

-98.90 

. -34.55 

-33.22 

-9.04 

-9.95 

-2.50 

-2.50 

-24.55 

-25.32 

-2.76 

-2.96 

-80.52 

-79.97 

-2.39 

-2.29 

-3.50 

-3.30 

T 

-25.82 

-27.08 

-0.19 

-0.36 

-1.31 

-0.92 

-88.69 

-84.79 

-31.88 

-30.20 

-7.74 

-7.91 

-1.30 

-1.3.) 

-23.78 

-24.88 

-2.68 

-2.62 

-71.66 

-69.23 

-0.57 

-0.69 

-1.28 

-0.70 

T, 

52.66 

55.09 

1.14 

1.23 

13.72 

13.60 

192.47 

183.69 

66.43 

63.42 

16.78 

17.86 

3.80 

3.80 

48.33 

50.20 

5.43 

5.58 

152.18 

148.20 

2.96 

2.98 

4.78 

3.90 

LDA -26.92 -25.93 52.85 
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Nucleus 

c, 

F-i 

H«2 

F̂ o 

F* 

F/J2 

CF 3-CF 2 

ca 

c, 

F„i, F„2 

Method 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

PWP' 

LDA 

PWP 

LDA 

PWP 

LDA 

PWP 

T 

-28.19 

-28.87 

-1.41 

-1.32 

-1.48 

-106.16 

-102.39 

-99.11 

-12.51 

-12.85 

-13.14 

-28.53 

-27.57 

-25.50 

-10.21 

-10.00 

-17.35 

-7.82 

-7.67 

-8.68 

-24.71 

-25.54 

-2.26 

-2.54 

-82.70 

-78.84 

T 
*-y 

-27.09 

-27.67 

-0.52 

-0.68 

-0.42 

-90.44 

-86.09 

-87.27 

-1.31 

-1.00 

-0.58 

-27.92 

-25.85 

-24.10 

-10.04 

-9.40 

-16.59 

-6.28 

-6.94 

-7.00 

-23.88 

-24.96 

-2.22 

-2.20 

-75.24 

-73.64 

Tz 

55.29 

56.54 

1.93 

2.00 

1.89 

196.60 

188.48 

186.38 

13.82 

13.85 

13.72 

56.45 

53.42 

49.60 

20.25 

19.39 

33.94 

14.10 

14.62 

15.68 

48.59 

50.50 

4.48 

4.74 

157.94 

152.48 
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Table 4.2 (continued) 

Nucleus Method 1\ J„ T, 

24.25 -23.17 47.42 

23.76 -21.65 45.41 

-3.14 -3.03 6.17 

-4.02 -2.59 6.62 

* direction of principal axes given in Figure 2. b argon matrix at 4.2 K.; Ref. 125; 
determined to be axially symmetric about the C - C bond. c solution spectra, 77 K; Ref. 
128; given as Ax = 34.9, A| = 212.1, 2B = 118.1; calculated from the relations Ax 

= Aiao + 1/2 (T, + Ty), A,, = Aiao + T., 2B = T,. d in argon matrix at 4.2 K.; Ref. 
123. Their Aiso values subtracted from Ac/y/. to get Tx/y/z. 

F̂ o LDA 

PWP 

F^„ F^j LDA 

PWP 
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Due to decreasing overlap with increasing out-of-plane angle, the hfs of the out-

of-plane /3-atoms (with respect to the C„ py orbital) decreases in magnitude. This has 

also been observed in the case of, e.g., the couplings on j8-hydrogens in alkene radical 

cations.133" Furthermore, note that the functional dependence is much smaller for the 

anisotropic couplings than for the isotropic ones, in agreement with the results reported 

in, e.g., ref. 67b, 134a and 134b. 

Experimental anisotropic spectra have been reported for only three radicals in the 

series, and none of these assigned tensors to all nuclei. The agreement of the present 

results to experiment is mixed. For CH3—CH2 the experimental hfs has been analyzed 

as being axially symmetric about the C-C bond (x direction). The H„ results are several 

gauss higher than experiment, while the H0 results agree almost exactly in magnitude; 

the signs are opposite, but it could be that, as for the isotropic spectra, the experimental 

assignment is incorrect. For CH3-CF2 the agreement is fairly good, with relative errors 

ranging from 10% to 21% for the PWP results. The worst agreement is for CF3-CH2; 

this case is discussed in more detail below. 

4.4 Hyperfine Coupling Constants from DFT Optimized Geometries 

For cases where calculations on the MP2 geometries gave poor agreement with 

experiment the geometries were also optimized by Leif Eriksson140 at the DFT/PWP 

level (see Table 4.3 for geometrical parameters; numbering system as shown in Figure 

2). In general, DFT gives slightly shorter C-C bond lengths, slightly longer C-H bond 

lengths, sometimes significantly longer C-F bond lengths, and deviations of up to a few 
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degrees in interatomic angles in comparison to the MP2 structures. Since there are no 

accurate experimental geometries to compare to, it is difficult to say which method is 

more accurate, although the MP2 method gave satisfactory agreement with experiment 

for the parent ethanes (see Chapter 5), and previous work on fluorine species67bc'141 

shows that DFT has a tendency to overestimate bond lengths to fluorine. The hyperfine 

coupling constants as calculated by Leif Eriksson are listed in Tables 4.1 and 4.2 as the 

PWP' method. As a whole the results are very similar to those obtained from the MP2 

geometries (see PWP method), with some minor improvements. 

For CH3-CHF coupling constants were calculated for both C, and Cs conformers 

with the PWP' method. While the latter conformer is unlikely to be the most stable 

(only a C, conformer was found to be a minimum in a search of the potential energy 

surface using the HF/6-31G(d) method142) as it has an artificial constraint of a 180° 

FCCH dihedral angle, the results are nevertheless almost identical for both conformers. 

This suggests that rotation about the C-C bond is unimportant to the hyperfine structure, 

in agreement with the results of Chen et al.m who found no evidence for restricted 

rotation of the CH3 group. 

For CH2F-CH2, the main difference between the hfs of the DFT and MP2 

optimized geometries is in the fluorine couplings. The DFT geometry gave better 

agreement with experiment for the isotropic fluorine, as well as H ,̂ couplings. The Cs 

conformer was also optimized, but the resultant couplings gave very poor agreement with 

experiment, suggesting that the most stable conformer is asymmetric, in agreement with 

the ab initio energy results (see Chapter 3). 
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Table 4.3: Selected Geometrical Parameters for CH2F-CH2, CH3-CHF, CF3-CH2, 

and CF3-CHF Using DFT and MP2 Theory* 

Parameter DFT" MP2C 

CH2F-CH2 

C„-C^ 1.472 1.479 

C^-F^ 1.433 1.396 

C^-H^o 1.102 1.095 

C0-H32 1.096 1.091 

F^-C^-C,, 110.2 110.1 

H a -C a -H„ 119.4 119.0 

H^-C^-H^ 108.4 107.7 

CH3-CHF 

C„-C,3 1.473 1.481 

Ca-F„ 1.375 1.360 

C„-H„ 1.082 1.081 

C^-H^o 1.104 1.093 

F a -C a -C^ 117.5 114.4 

Ha-C„-C^ 128.8 122.2 

H„o-C0-Ca 113.2 111.6 

CF3-CH2 

C^C^ 1.471 1.477 

C^-F^o 1.389 1.357 

Cp-Fpu 1.370 1.351 

C a-H a 1.082 1.074 

F0O-C„-Ca 111.8 112.1 

F„ , 2 -C,-C a 112.1 111.7 

H - C -H„ 121.7 120.9 
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Table 4.3 (continued) 

Parameter DFTb MP2C 

1.485 

1.077 

1.339 

1.353 

112.3 

108.9 

115.7 

120.6 

* Bond lengths in angstroms, bond angles in degrees. b This chapter; see text for details. 
c Chapter 3, which gives a more complete geometry description. 

A problem case is CF3-CH2, for which the DFT and MP2 optimized structures 

gave similar results. After subtracting the isotropic couplings to get "experimental" TJ/yz 

values, and interchanging the x and z axes to obtain correspondence, the agreement is 

poor, except that the T, values are close in magnitude. It could be that DFT does not 

work in this case, but there is also the possibility that the experimental interpretation is 

wrong, given the logical consistencies noted in the genera' trends of the present results, 

the good agreement obtained for isotropic couplings for the other radicals, and the well-

documented trend for DFT to give more accurate results for anisotropic versus isotropic 

couplings.67b,134a'b143 Note that the authors123 were not completely confident in their 

interpretation of their spectra. There were strong singularities that were not completely 

accounted for, and they concluded that "... features of the spectra can be explained at 

CF3--CHF 

C„—Cp 

C „ - H „ 

C —F 

Cjj~F^o 

F/3o~C0—C, 

F^ i -C^ -F^ 02 

H„-C«-F„ 

H — C — Ca 

1.481 

1.084 

1.348 

1.375 

112.7 

108.2 

117.0 

122.9 



83 

least qualitatively". If it is the theoretical results that are incorrect, one explanation can 

be sought in an insufficiency to describe the very strongly electron withdrawing CF, 

group properly, i.e., that the unpaired electron becomes too strongly associated with the 

radical centre. However, since the isotropic couplings (cf. Table 4.1) are in excellent 

agreement with experiment, such an explanation seems less likely. Also, since both the 

MP2 and DFT geometries give very similar results, a faully geometry also seems 

improbable. 

For CF3—CHF, better agreement with experiment was obtained for the hydrogen 

Aiso value, but somewhat worse agreement for the F„ coupling. The anisotropic PWP' 

results are in good agreement with those obtained by the PWP method using the MP2 

geometries. These results are consistent with a very simplistic picture, that at first 

approximation (due to the nature of the integrals) the bond lengths strongly affect the 

isotropic couplings, while the anisotropic part is more sensitive to changes in bond 

angles. Thus a too long C-F bond leads to an inaccurate fluorine isotropic coupling, 

while minor variations in bond angles (see Table 4.3) have minor effects on the 

anisotropic hyperfine structure. 

4.5 Conclusions 

For most of the radicals in the series satisfactory agreement with experiment is 

obtained with the gradient corrected method (PWP). While the LDA method is less 

satisfactory the same qualitative trends can be seen in the results. When the hyperfine 

structures are calculated from DFT optimized geometries, the results are very similar to 
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those from the MP2 optimized geometries. The high level of agreement obtained for the 

radicals for which there are experimental determinations, and the logical consistencies 

in the noted trends, suggest that these results will be useful as a guide in completing the 

remaining experiments in the series. 



Chapter 5. Structural and Energetic Properties of the Series CjH„F6_n, n = 0 - 6 

5.1 Introduction 

There have been many ab initio studies of the HFCs noted in Chapter 1, and other 

fluorinated ethanes. One of the earliest presented maps of the electrostatic potential 

around halogenated anaesthetics, including CHF2-CH3, CF3-CH3, and CF3-CHF2.144 

Sana et a/.145 calculated heats of formation of several organic compounds, including 

CHF2-CH3, CF3-CH3, and CF3-CH2F. Challocombe and Cioslowski146 calculated 

the harmonic and anharmonic force constants for C2H6, CHF2-CH3, CF3-CH3, 

CHF2-CHF2, and C2F6. For CHF2-CH3 there has also been an evaluation of the strain 

energy,147 and a study of basis set and correlation energy dependence of geometry and 

harmonic frequencies.148 Cooper and co-workers have reported ab initio SCF geometry 

optimizations, using various basis sets, of perfluoroalkane molecules, including 

perfluoroethane,149 and a similar study (also including semi-empirical results) on 

several fluorine and chlorine substituted alkanes, including CF3-CH3, CF3-CH2F, and 

CF3-CHF2.150 Perfluoroethane was also included in a study of structural changes as 

a function of torsional motion, by Mastryukov et al.x5i Magnusson has published two 

systematic studies which included CF3-CH3, one on conformational preference,152 the 

other on the structural and energetic consequences of hyperconjugation.153 A study of 

substituent effects in methyl derivatives, including CF3-CH3, reported geometries, bond 

path angles, and electron populations.154 Other studies on this molecule include one 

on the chirality of the electron distribution in the methyl group,155 and a scale of direct 

85 
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substituent polarizability parameters from polarization potentials.156 Esseffar et al.151 

performed a topological analysis of bond activations by protonation on several alcohols 

and fluoroalkanes, including fluoroethane. A study of the structures, barriers for internal 

rotation, vibrational frequencies, and thermodynamic functions of CHF2-CH2F and 

CHF2-CHF2 was recently reported by Chen et al.m Another recent report was the 

calculation of vibrational frequencies and infrared intensities for the global warming 

potential of CF3-CH2F, by Papasavva et al.159 

The most extensively studied molecule in the series is 1,2-difluoroethane, which 

is of structural interest because it exhibits the gauche effect.160 The energy differences 

and rotational barrier between the gauche and ami forms have been the subject of several 

ab initio investigations.161" l68 Geometry optimizations have also been performed 

at various levels of theory.169 A recent publication of experimental and ab initio 

results170 included conformational analysis, barriers to internal rotation and vibrational 

assignments. 

While the previous literature on theoretical studies of fluorinated ethanes is fairly 

extensive, the first systematic studies of the full series, C2H„F6_n (n = 0 -6) were 

reported as part of this research.171172 Geometries were optimized at the HF/6-

31G(d) level for all the staggered conformers in the title series. Frequency analyses 

indicated energy minima in all cases. Single-point energy calculations up to the MP2/6-

31G(d,p)//HF/6olG(d) level were performed on all these conformers; further 

calculations were performed (and results are presented) only for the most stable 

conformer of each structural isomer. The relative stabilities determined using HF and 
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MP2 theory were the same except for the case of 1,2-difluoroethane. Results at the 

HF/6-31G(d) level indicated that the anti conformer was more stable; however, 

experimental and theoretical results173 have shown that the gauche form is the most 

stable. The present MP2 energy results have confirmed the latter finding. Geometries 

were optimized at the MP2/6-31G(d,p) level only for the most stable conformer of each 

structural isomer in the title series. 

5.2 Optimized Geometries 

Optimized geometries at the HF/6-31G(d) level are presented in Figure 6. Full 

geometry specification of CHF2-CH2F, which has Ci symmetry, requires a dihedral 

angle, which is given in the figure caption. There are two opposing trends in the C-C 

bond lengths: they decrease as more F atoms are added to one C atom, but increase again 

as more F atoms are added to the second C atom. This is consistent with an increasing 

electronegativity difference between bonded atoms leading to a stronger bond. The C-H 

bond lengths generally decrease slightly with increasing number of F atoms in the 

molecule, with shorter lengths on the more highly substituted carbon. An electronegative 

substituent should lead to increased s character in the C-H bonds, and it is well 

recognized that this leads to shorter bonds.174 The C-F bond lengths are the most 

variable (range = 0.062A). The general trend is similar to that for C-H, but the 

correlation is not as strong. These results lend credence to the simple electrostatic model 

of Cooper et al. ,150 who were unable to reproduce the desired trend in C - F bond lengths 

using semi-empirical methods. 
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Figure 6. HF/6-3iG(d) optimized geometries for molecules: 6a ethane (D3d); 6b 
fluoroethane (Cs); 6c 1,1-difluoroethane ( Q ; 6d gauche-1,2-difluoroethane (C2); 6e 
1,1,1-trifluoroethane (C3v); 6f 1,1,2-trifluoroethane (C,) <£FCCF = 67.3°; 6g 1,1,1,2-
tetrafluoroethane (Cs); 6h trans-l, 1,2,2-tetrafluoroethane (C2h); 6i pentafluoroethane (Cs); 
6j hexafluoroethane (D3d). Bond lengths in angstroms, bond angles in degrees. 
Drawings are in perspective, with relative radii of 1 : 1.667 : 2 for H, F, and C atoms, 
respectively. For curved arrows, the corresponding bond angle is that written closest to 
the arrow. Dashed arrows through an atom indicate the bond angle is behind. 
Uniabelled atoms are hydrogens. 
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Angles between atoms attached to the same carbon show little variance. HCH 

angles vary about ±1° from the tetrahedral angle, with lower values for molecules which 

contain only one or two fluorines, and higher values for more highly substituted 

molecules. HCF angles have a somewhat similar trend, but with a bias towards lower 

values, as expected because of the increased s character in the C-H bonds.92 FCF 

angles are all smaller than tetrahedral, with the effect more pronounced for less 

substituted molecules. The FCC and HCC angles are more variable, with the only easily 

discernible pattern being that FCC angles tend to be smaller than HCC angles within the 

same molecule. 

Optimized geometries at the MP2/6-31G<'d,p) level are presented in Figure 7. 

Most of the trends seen in the HF/6-31G(d) optimized structures are also manifested 

here, so comments will be restricted to differences between the two levels of 

optimization. The most obvious difference is the lengthening of the C—F bonds when 

electron correlation is included, as expected. The C-C bond lengths are slightly 

shorter, with the degree of difference inversely correlated with number of fluorines, 

except for the highly substituted structures 7h - 7j, which have lengths longer by 0.001 

— 0.002 A compared with the HF/6-31G(d) optimized structures. There is almost no 

variability in the C-H bond lengths (1.088 + 0.002 A, except for a minimum of 1.085 

A in 7e, cf. 1.077 - 1.086 A previously). Shorter lengths within a molecule are on the 

less substituted carbon, contrary to the HF/6-31G(d) optimized structures, and the model 

of increased s character leading to shorter bonds,174 but it is risky to call this a trend 

since the bond length differences are almost negligible. The interatomic angles are all 
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Figure 7. MP2/6-31G(d,p) optimized geometries for molecules: 7a, ethane (D3d); 7b, 
fluoroethane (Cs); 7c, 1,1-difluoroethane (Q); 7d, gauche-1,2-difluoroethane (C2); 7e, 
1,1,1-trifluoroethane (C3v); 7f, 1,1,2-trifluoroethane (C,) c/>FCCF = 66.3°; 7g, 1,1,1,2-
tetrafluoroethane (C3v); 7h, /raAw-l,l,2,2-tetrafiuoroethane (C2h) ; 7i, pentafluoroethane 
(C,); 7j, hexafluoroethane (DJd) Bond lengths are in angstroms and bond angles in 
degrees. Drawings are in perspective, with relative radii of 1 : 1.667 : 2 for H, F, and 
C atoms, respectively. For curved arrows, the corresponding bond angle is that written 
closest to the arrow, Dashed arrows through an atom indicate the bond angle is behind. 
Uniabelled atoms are hydrogens. 
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within 0.5 (and usually 0.2) degrees cf those previously optimized. 

A complete comparison of the optimized geometries with experiment is precluded 

by a lack of experimental data for some of the molecules. In any case, the reliability of 

HF/6-31G(d) geometries has already been documented.175 Lengths for single bonds 

have a mean absolute error of 0.02-JA (usually to the low side of experiment), with the 

largest deviations being for polar bonds such as C - F . Bond angles can be expected to 

be accurate to within ±2.0° in most cases, and often within ±1.0°. There is as yet 

insufficient data to accurately quantify the agreement with experiment of MP2 optimized 

structures, but a higher level of theory is expected to give more accurate results. Indeed, 

Schleyer et a/.176177 have recently claimed that structures calculated at this level of 

theory can be more accurate than experimentally determined structures. 

Table 5.1 compares the results obtained at the two levels of theory with 

experiment178'179 for two molecules for which extensive experimental data is 

available, fluoroethane and 1,2-difluoroethane. While the HF/6-31G(d) results give 

satisfactory agreement with experiment for most parameters, a significant improvement 

is observed for all bond lengths with inclusion of electron correlation. For bond angles, 

both methods give about equal agreement with experiment, with some minor 

improvements due to inclusion of electron correlation. 



Table 5.1: Comparison of Geometrical Parameters of Fluoroethane and 1,2-Difluoroethane Using Different Levels of Theory with 

Experimental Results* 

Fluoroethane 

Parameter HF/6-31G(d) MP2/6-31G(d,p) exptlb 

1,2-Difluoroethane 

HF/6-31G(d) MP2/6-31G(d,p) exptlc 

C - C 

C - F 

C - H d 

ZCCF 

ZCCHd 

1.512 

1.373 

1.084 

1.086 

1.083 

109.5 

110.5 

110.4 

1.507 

1.397 

1.086 

1.088 

1.090 

109.4 

110.3 

110.3 

1.505 

1.398 

1.090 

1.091 

1.095 

109.7 

N/A 

109.7 

1.504 

1.366 

1.082 

1.083 

109.9 

110.5 

110.1 

1.500 

1.390 

1.089 

1.090 

109.6 

110.2 

110.0 

1.493 

1.390 

1.099 

1.093 

110.6 

108.4 

111.3 

VO 



Table 5.1 (c-itinued) 

Fluoroethane 1,2-DifIuoroethane 

Parameter HF/6-31G(d) MP2/6-31G(d,p) exptlb HF/6-31G(d) MP2/6-31G(d,p) exptlc 

111.6 111.5 112.9 

ZHCFC 107.7 107.8 106.1 

ZHCHf 108.5 108.7 108.7 

108.4 108.6 108.9 

108.7 108.6 108.8 

* Bond lengths in angstroms, bond angles in degrees. b Reference 178. c Reference 179. d First value is for H gauche to F. Second 
value is for H trans to F. Third value is for H geminal to F. c First value is for H gauche to F. Second value is for H trans to F. 
f First value is for Hs gauche and trans to F. Second value is for Hs gauche and gauche to F. Third value is for Hs geminal to F. 

108.4 

108.4 

109.5 

108.6 

108.7 

109.5 

109.6 

107.8 

109.1 

VO 
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5.3 Vibrational Frequencies 

Values of vibrational frequencies at both levels of theory used for geometry optimizations 

(and from experiment where available100,159), along with their reduced masses, symmetry, and 

approximate type, are given in Table 5.2. All frequencies are lower using MP2 theory, except 

for the torsion mode, which is slightly higher. In general, there is little coupling between 

modes, and the type of mode is the same at both levels of theory. Exceptions occur for 

CH2F-CH3, CHF2-CH3, and CHF2-CH2F, where the C-H stretching modes are coupled at 

HF, but not MP2, theory. For each molecule the mode types are as expected from the 

principles given by Shimanouchi,100 except for CHF2-CHF2, where there is only one CF2 rock, 

but three C-H bends. The reduced masses and eigenvectors of the frequencies leave no doubt 

as to the assignment; there is virtually no motion of the fluorines in any of the three C—H 

bending modes. 

The calculated frequencies are in most cases systematically high in comparison to 

experiment, by ~ 10% at the HF level and ~6% at MP2, although the amount varies within a 

few % for individual frequencies. For some of the low frequency C-F bending modes, the 

MP2 results are equal to or slightly less than experiment, and for some others they are only 

~ 3 % too high. This excellent agreement is encouraging, given the challenges that fluorine 

atoms provide to computational chemists. 



Table 5.2: Vibrational Frequencies for Each Molecule at Two Levels of Theory 

Frequency (cm •) 

HF MP2 Expt* 

CH3-CH3 

326 

889 

1062 

1338 

1548 

337 

847 

1051 

1270 

1460 

289 

822 

995 

1190 

1379 

1580 1489 1388 

1644 1567 1468 

1650 1570 1469 

3200 

3206 

3249 

3274 

CH2F-

273 

440 

877 

971 

1169 

1240 

1309 

3138 

3138 

3221 

3241 

-CH3 

281 

414 

835 

928 

1121 

1169 

1233 

2896 

2954 

2969 

2985 

243 

415 

810 

1048 

1048 

880 

1108 

Reduced mass (amu) Sym 

HF MP2 

1.008 

1.056 

3.132 

1.455 

1.198 

1.008 

1.057 

3.068 

1.460 

1.198 

alu 

eu 
alg 

% 

a2u 

1.274 1.284 a„ 

1.021 1.020 eB 

1.063 1.062 eu 

1.034 1.034 a2u 

1.038 1.039 alg 

1.103 1.103 eg 

1.104 1.103 eu 

1.130 

2.929 

1.078 

2.178 

3.115 

2.296 

1.540 

1.130 

2.894 

1.075 

2.130 

3.429 

2.172 

1.502 

a" 

a' 

a" 

a' 

a' 

a' 

a" 

Approx. type of mode 

CH3-CH3 torsion 

CH3 rock 

C-C stretch 

CH3 rock 

CH3 symmetric 
deformation 

CH3 symmetric 
deformation 

CH3 degenerate 
deformation 

CH3 degenerate 
deformation 

CH3 symmetric stretch 

CH3 symmetric stretch 

CH3 degenerate stretch 

CH3 degenerate stretch 

CH2F-CH3 torsion 

C - C - F bend 

CH2 + CH3 rock 

CH3 rock 

C-C stretch 

C-F stretch 

CH3 + CH2 rock 



Table 5.2 (continued) 

Frequency (cm-1) 

HF 

1587 

1627 

1645 

1683 

3213 

3244 

3276 

3281 

3302 

CH2F-

150 

348 

541 

956 

1002 

1211 

1230 

1251 

1383 

MP2 

1490 

1548 

1564 

1593 

3145 

3141 

3201 

3243 

3256 

CH2F 

152 

331 

508 

915 

938 

1132 

1163 

1179 

1293 

Expt" 

1395 

1449 

1449 

1479 

2915 

2941 

3003 

3003 

3003 

Reduced 

HF 

1.350 

1.042 

1.067 

1.097 

1.037 

1.059 

1.108 

1.101 

1.109 

4.701 

2.641 

2.437 

2.540 

1.979 

3.685 

2.953 

2.195 

1.110 

mass (amu) 

MP2 

1.378 

1.041 

1.057 

1.096 

1.039 

1.055 

1.110 

1.102 

1.105 

5.237 

2.491 

2.407 

2.525 

1.988 

3.676 

3.265 

1.996 

1.110 

Sym 

a' 

a" 

a" 

a' 

a' 

a' 

a 

a" 

a' 

a" 

n 

a 

a 

a 

b 

a 

b 

b 

a 

a 

b 

Approx. type of mode 

CH3 symmetric 
deformation + CH2 wag 

CH3 degenerate 
deformation 

CH3 degenerate 
deformation 

CH2 scissors 

CH3 symmetric stretch 

CH2 symmetric stretch 

CH2 asymmetric + CH3 

degenerate stretch 

CH2 asymmetric stretch 

CH3 degenerate stretch 

CH2 asymmetric + CH3 

degenerate stretch 

CH3 degenerate stretch 

CH2F-CH2F torsion 

C - C - F bend 

C - C - F bend 

CH2 rock 

CH2 rock 

C-F asymmetric stretch 

C - C stretch 

C - F symmetric stretch 

CH2 twist 



Table 5.2 (continued) 

Frequency (cm"1) 

HF 

1606 

1658 

1662 

3242 

3258 

3300 

3314 

CHF2-

258 

408 

503 

614 

948 

1072 

1254 

1283 

1298 

1540 

1558 

1603 

1630 

1633 

MP2 Expt" 

1501 

1563 

1567 

3138 

3147 

3209 

3220 

CH3 

267 

386 

469 

571 

905 

1000 

1190 

1202 

1208 

1443 

1455 

1500 

1550 

1551 

Reduced 

HF 

1.531 

1.094 

1.111 

1.059 

1.060 

1.110 

1.108 

1.065 

3.083 

4.360 

4.238 

2.216 

1.839 

2.305 

2.841 

2.708 

1.235 

1.213 

1.486 

1.084 

1.068 

mass (amu) 

MP2 

1.569 

1.093 

1.102 

1.057 

1.060 

1.109 

1.109 

1.063 

3.033 

4.725 

3.878 

2.2000 

1.937 

2.868 

2.266 

2.554 

1.237 

1.220 

1.576 

1.053 

1.059 

Sym 

a 

b 

a 

b 

a 

a 

b 

a" 

a" 

a' 

a' 

a' 

a" 

a' 

a' 

a" 

a' 

a" 

a' 

a' 

a" 

Approx. type of mode 

CH2 wag 

CH2 scissors 

CH2 scissors 

CH2 symmetric stretch 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CH2 asymmetric stretch 

CH3 rock 

CHF2-CH3 torsion 

CF2 rock 

CF2 scissor 

CF2 wag 

CF2 twist 

CF2 symmetric stretch 

C-C stretch 

CF2 asymmetric stretch 

CH3 rock 

C-H bend 

CH3 symmetric 
deformation 

CH3 degenerate 
deformation 

CH3 degenerate 
deformation 



Table 5.2 (continued) 

Frequency (cm •) 

HF 

3306 

3324 

MP2 Expt* 

3179 

3264 

3269 

CF3-CH3 

251 

392 

585 

646 

908 

1095 

1415 

1430 

1601 

1627 

3246 

3330 

CHF2-

128 

263 

462 

261 

368 

538 

604 

845 

1014 

1301 

1340 

1496 

1548 

3170 

3282 

-CH2F 

128 

243 

431 

Reduced 

HF 

1.104 

1.095 

1.042 

3.898 

7.944 

6.174 

7.808 

1.718 

4.768 

3.366 

1.642 

1.062 

1.036 

1.106 

4.353 

6.121 

8.980 

mass (amu) 

MP2 

1.089 

1.104 

1.104 

1.041 

3.974 

7.471 

6.768 

7.344 

1.840 

4.146 

3.172 

1.677 

1.055 

1.035 

1.105 

4.459 

6.092 

8.860 

Sym 

a' 

a" 
t 

a 

a' 

a2 

e 

e 

aj 

ai 

e 

e 

ai 

a! 

e 

ai 

a 

a 

a 

Approx. type of mode 

C - H stretch 

CH3 degenerate stretch 

C - H + CH3 degenerate 
stretch 

CH3 degenerate stretch 

CF3—CH3 torsion 

CF3 rock 

CF3 degenerate 
deformation 

CF3 symmetric 
deformation 

CF3 symmetric stretch 

CH3 rock 

CF3 degenerate stretch 

CH3 symmetric 
deformation 

C - C stretch 

CH3 degenerate 
deformation 

CH3 symmetric stretch 

CH3 degenerate stretch 

CHF2-CH2F torsion 

CF2 rock 

CF2 wag 



Table 5.2 (continued) 

Frequency (err 

HF 

1003 

1210 

1244 

1259 

1292 

1386 

1492 

1570 

1631 

1664 

3274 

3327 

3344 

MP2 

946 

1132 

1161 

1184 

1206 

1299 

1391 

1466 

1519 

1568 

3163 

3196 

3240 

C F a - C H ^ 

117 

233 

382 

446 

578 

116 

216 

359 

414 

531 

r1) 
Expt* 

110 

225 

358 

408 

540 

Reduced 

HF 

2.263 

5.910 

3.312 

2.949 

2.832 

1.151 

1.229 

1.286 

1.698 

1.118 

1.058 

1.102 

1.010 

5.031 

15.826 

3.271 

13.539 

8.373 

mass (amu) 

MP2 

2.265 

5.685 

5.918 

2.282 

2.765 

1.150 

1.226 

1.270 

1.745 

1.095 

1.058 

1.089 

1.111 

5.243 

15.744 

3.262 

13.804 

7.883 

Sym 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a" 

a' 

a" 

a' 

a 

Approx. type of mode 

CH2rock + C-F 
stretch 

C - C - F bend 

C-F stretch 

C-F stretch + CH2 

rock 

C-F stretch 

CH2 twist 

CH2 wag 

C-H bend 

C-C stretch 

CH2 scissors 

CH2 symmetric stretch 

CH2 asymmetric + 
C-H stretch 

C-H stretch 

C-H + CH2 

asymmetric stretch 

CH2 asymmetric stretch 

CF3-CH2F torsion 

CF3 rock 

CH2 + CF3 rock 

F - C - C bend 

CF3 + CH2 rock 



Table 5.2 (continued) 

Frequency (cm-1) 

HF 

928 

1098 

1234 

1344 

1362 

1460 

1472 

1621 

1663 

3286 

3349 

CHF2-

95 

220 

390 

454 

533 

585 

679 

1226 

1258 

1276 

MP2 

867 

1022 

1149 

1250 

1249 

1362 

1366 

1511 

1566 

3172 

3249 

-CHF2 

91 

204 

364 

418 

496 

537 

629 

1149 

1169 

1174 

Expt* 

843 

973 

1104 

1191 

1185 

1301 

1294 

1428 

1462 

2981 

3010 

Reduced 

HF 

7.213 

1.856 

5.827 

1.474 

6.255 

3.695 

2.483 

1.863 

1.143 

1.058 

1.113 

10.696 

18.595 

17.985 

3.570 

11.530 

15.149 

10.427 

6.911 

9.166 

4.245 

mass (amu) 

MP2 

6.984 

1.923 

5.962 

1.644 

7.607 

3.320 

2.036 

1.965 

1.100 

1.058 

1.111 

10.783 

18.552 

18.180 

3.560 

11.397 

15.236 

10.356 

6.730 

9.003 

4.693 

Sym 

a' 

a" 

a 

a" 

a' 

a' 

a' 

a' 

a' 

a' 

a" 

au 

au 

h 
b„ 

\ 

bu 

\ 

a* 

bu 

bg 

Approx. type of mode 

CF3 symmetric stretch 

CF3 degenerate 
deformation 

C - F stretch 

CH2 twist 

CF3 degenerate stretch + 
CH2 wag 

CF3 degenerate stretch + 
CH2 wag 

CF3 degenerate stretch 

C-C stretch 

CH2 scissors 

CH2 symmetric stretch 

CH2 asymmetric stretch 

CHF2-CHF2 torsion 

CF2 twist 

CF2 wag 

CF2 wag 

CF2 twist 

CF2 scissors 

CF2 scissors 

CF2 symmetric stretch 

CF2 symmetric stretch 

CF2 asymmetric stretch 



Table 5.2 (continued) 

Frequency (cm •) 

HF 

1462 

1526 

1556 

1657 

3344 

3354 

MP2 Expt* 

1361 

1419 

1448 

1534 

3203 

3213 

CF3-CHF2 

81 

225 

263 

393 

455 

565 

626 

638 

791 

962 

1266 

1309 

1363 

1407 

1483 

78 

210 

246 

366 

418 

518 

576 

589 

728 

898 

1174 

1202 

1253 

1284 

1373 

Reduced 

HF 

1.283 

1.238 

1.313 

2.053 

1.091 

1.090 

13.481 

18.649 

14.259 

17.857 

15.513 

15.320 

9.803 

16.221 

12.503 

5.914 

6.514 

4.234 

3.454 

12.977 

3.615 

mass (amu) 

MP2 

1.288 

1.209 

1.275 

2.024 

1.090 

1.089 

13.578 

18.650 

14.169 

18.125 

15.519 

15.515 

9.755 

16.110 

13.230 

5.845 

6.354 

4.878 

4.286 

13.166 

3.078 

Sym 

bu 

a„ 

bB 

% 

% 

bu 

a" 

a" 

a' 

a' 

a" 

a' 

a' 

a" 

a' 

a' 

a' 

a" 

a' 

a" 

a' 

Approx. type of mode 

C - H bend 

C - H bend 

C - H bend 

C - C stretch 

C—H symmetric stretch 

C—H asymmetric stretch 

CHF2-CF3 torsion 

CF2 twist 

CF2 wag 

CF2 rock 

CF3 rock 

CF3 rock 

CF2 scissors 

CF3 degenerate 
deformation 

CF3 degenerate 
deformation 

CF3 symmetric 
deformation 

CF2 symmetric stretch 

CF2 asymmetric stretch 

CF3 degenerate stretch 

CF3 degenerate stretch 

CF3 symmetric stretch 



Table 5.2 (continued) 

Frequency (cm ') 

HF MP2 Expt' 

3355 3211 

CF 3 -CF 3 

70 68 68 

230 214 220 

378 354 348 

415 380 372 

564 517 520 

674 622 619 

774 707 714 

888 

1243 

1426 

1434 

1627 

815 

1153 

1293 

1308 

1505 

807 

1117 

1250 

1251 

1228 

* Taken from ref 100, 

Reduced mass (amu) 

HF MP2 

1.090 1.089 

18.998 18.998 

18.652 18.653 

18.635 18.(63 

18.758 18.762 

18.221 18.233 

17.863 17.905 

17.025 17.087 

18.280 18.332 

13.909 13.868 

12.869 12.840 

13.374 13.367 

12.463 12.427 

where indicated. b I 

Sym Approx. type of mode 

a' C - H stretch 

alu CF3—CF3 torsion 

eu CF3 rock 

alg CF3 symmetric 
deformation 

eg CF3 rock 

eu CF3 degenerate 
deformation 

eg CF3 degenerate 
deformation 

a2u CF3 symmetric 
deformation 

alg CF3 symmetric stretch 

a2u CF 3 symmetric stretch 

eg CF 3 degenerate stretch 

eu CF 3 degenerate stretch 

alg C - C stretch 

159. 
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5.4 Total Energies and Zero-Point Energies 

Total energies calculated with various basis sets at the MP2 level, using the HF/6-3 lG(d) 

optimized geometries, are given in Table 5.3. For all the fluorinated ethanes, a small 

improvement is seen when polarization functions are included on hydrogens, while going from 

a double to triple split-valence basis set gives a more dramatic improvement. Energies become 

more negative with increasing number of fluorines. In all cases where there is more than one 

isomer, the most stable one is that in which as many fluorines as possible are on one carbon. 

This can be readily understood in terms of the geminal effect."6 When two substituents on the 

same atom are both strong cr-acceptors and strong T-donors, (e.g., F) there is a strongly 

stabilizing interaction. Thus, having a carbon atom fully substituted with fluorines should be 

particularly stabilizing. 

The gauche effect for 1,2-difluoroethane has been explained by Wiberg et al.,m using 

the bond path method of Bader,181 as being due to a destabilizing interaction in the trans 

rotamer, in which the C-C bond orbitals are bent in opposite directions, giving decreased 

overlap and thus a weaker bond. On the other hand, the gauche rotamer has bond orbitals bent 

in roughly the same direction, giving better overlap. It might be expected that the same effect 

would be operative in 1,1,2-trifluoro- and 1,1,2,2-tetrafluoroethane. However, in these cases 

the gauche rotamers have three fluorines mutually cis, so repulsive interactions are greatly 

increased in comparison to 1,2-difluoroethane. Indeed, the MP2/6-31G(d,p)//HF/6-31G(d) 

calculations showed these gauche rotamers to be significantly less stable (by 6.72 kJ mol"1 for 

1,1,2-trifluoroethane as compared to the C, isomer, which has two fluorines in a near and 
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Table 5.3: Total Energies of Molecules at MP2 Level Using Several Basis Sets* 

Molecule1" 

CH3-CH3 (D3d) 

CH2F-CH3 ( O 

CH2F-CH2F (C2) 

CHF2-CH3 ( O 

CHF2-CH2F (C.) 

CF3-CH3 (C3v) 

CHF2-CHF2 (Ca) 

CF3-CH2F ( O 

CF3-CHF2 ( O 

CF3-CF3 (DM) 

6-31G(d) 

-79.495412 

-178.507859 

-277.516712 

-277.541751 

-376.547194 

-376.584708 

-475.574929 

-475.586630 

-574.611171 

-673.647002 

6-31G(d,p) 

-79.543349 

-178.548409 

-277.549700 

-277.573778 

-376.571241 

-376.608468 

-475.590792 

-475.602577 

-574.619046 

-673.647002 

6-311G(d) 

-79.525737 

-178.601017 

-277.671623 

-277.695819 

-376.762697 

-376.798342 

-475.850928 

-475.861700 

-574.946600 

-674.042028 

6-311G(d,p) 

-79.570654 

-178.638856 

-277.702617 

-277.725742 

-376.785952 

-376.820167 

-475.866528 

-475.877015 

-574.954378 

-674.042028 

" in hartrees; all calculations have been carried out at the HF/6-31G(d) optimized geometries 
shown in Figure 6. b Symmetry point groups also given in parentheses. 

conformation; and 6.86 kJ mol-1 for 1,1,2,2-tetrafluoroethane, as compared to the trans isomer). 

In 1,2-difluoroethane the gauche conformer is 2.57 kJ mol-1 more stable at this level of theory. 

Total energies at the MP2/6-311G(d,p)//MP2/6-31G(d,p) level for all molecules in the 

series, and at the MP4/6-311G(d,p)//MP2/6-31G(d,p) level for molecules with three or fewer 

fluorines, unsealed ZPEs at the HF/6-31G(d) and MP2/6-31G(d,p) levels, and experimental AHf 

values90,91,101""104 used to calculate the experimental BDEs are given in Table 5.4. It should be 

noted that, due to lack of data, some of the experimental AHf values are calculated by means of 

the triatomic additivity method114, and some others are estimated or derived values. Both zero-

point and total energies are lower when electron correlation is employed in the geometry 



Table 5.4: Total Energies," Zero-Point Energies,1" and Experimental Heats of Formation0 of Molecules 

Molecule 

CH3—CH3 

CH2F-CH3 

CH2F-CH2F 

CHF2-CH3 

CHF2-CH2F 

CF 3 -CH 3 

CHF2-CHF2 

CF3-CH2F 

CF3-CHF2 

CF 3 -CF 3 

MP2/6-311G(d,p) 
//MP2/6-31G(d,p) 

-79.570739 

-178.639255 

-277.703348 

-277.726464 

-376.786986 

-376.821147 

-475.867848 

-475.878430 

-574.956045 

-674.044061 

MP4/6-311G(d,p) 
//MP2/6-31G(d,p) 

-79.614234 

-178.685358 

-277.752149 

-277.774393 

-376.837836 

-376.870570 

ZPE// 
HF/6-31G(d) 

79.760 

73.141 

66.315 

65.524 

58.550 

56.882 

50.592 

49.872 

41.862 

32.952 

ZPE// 
MP2/6-31G(d,p) 

77.565 

70.524 

63.232 

62.798 

55.456 

54.260 

47.438 

46.968 

38.924 

30.235 

AHf29g 

-83.8 ± 0.4 

-263.2 ± 1.7" 

-443.5e 

-500.8 ± 6.3 

-664.8 ± 4,2 

-745.6 ± 1.7 

-884.5e 

-904.2* 

-1104.6 ± 4 . 6 d 

-1343.9 ± 5 . 0 

ref 

101 

102 

90 

102 

103 

102 

91 

90 

102 

104 

* In hartrees. b Unsealed, in millihartrees. c In kJ mol-1. d Derived from correlative procedures. e Calculated by the triatomic 
additivity method of Reference 114. f Estimated from the reaction Br + CH3F *=» HBr + CH2F

 g Estimated from kinetic parameters. 

o 
Ul 



Table 5.5: Total Energies of Molecules at the Additional Levels of Theory Required for G2 Method* 

Species/ 
G2 energy1" 

MP2/6- MP2/6- MP2/6- MP4/6- MP4/6- QCISD(T)/6-
311+G(d,p) 311G(2df,p) 311+G(3df,2p) 311+G(d,p) 311G(2df,p) 311G(d,p) 

CH3-CH3 

-79.627161 

CH2F-CH3 

-178.782113 

CH2F-CH2FC2 

-277.932684 

CHF2-CH3 

-277.953302 

-79.571325 -79.607285 -79.620290 -79.614882 -79.652670 

178.648072 -178.724712 178.749351 178.694743 -178.775C24 

-79.615478 

178.685266 

-277.719834 -277.838134 -277.873724 -277.769697 -277.893478 -277.750697 

-277.740330 -277.861834 -277.894829 -277.789372 -277.916516 -277.772646 

* All values given are single-point energies, in hartrees at the MP2/6-31G(d,p) geometries given above. The MP4/6-311G(d,p) and 
MP2/6-311G(d,p) single-point energies and ZPEs are given in Table 5.3. b Scaled ZPEs included. To obtain energy without ZPE 
correction subtract the MP2/6-31G(d,p) ZPE listed in Table 5.3 multiplied by the scaling factor of 0.9646. 



optimizations. There is also a significant lowering of total energies when higher-order 

correlation corrections are employed. 

Total energies at the additional levels of theory required for the G2 method, and 

the resultant G2 extrapolated energies (using the modified G2 method described in section 

2.10), for molecules with two or fewer fluorines, are given in Table 5.5. Once again, 

energies decrease with increasing level of theory, both in terms of electron correlation 

and basis-set size, with the MP4/6-311G(2df,p) level always giving the lowest energies. 

The next lowest energies are given by the MP2/6-311 +G(3df,2p) level, which combines 

the largest basis set employed in the method with the lowest level of electron correlation. 

5.5 C—C Bond Dissociation Energies 

Calculated and experimental C-C homolytic bond dissociation energies are given 

in Table 5.6. Single-point calculations using the HF/6-3 lG(d) optimized geometries were 

carried out using several basis sets. In most cases agreement with experiment improves 

as basis-set size increases. With the 6-311G(d,p) basis set, agreement is within the 

absolute experimental error (where this is known) in the majority of cases, and can be 

considered acceptable in all cases. The MP2/6-31 lG(d,p)//MP2/6-31G(d,p) results not 

only show the same trends but are nearly identical to the MP2/6-311G(d,p)//HF/6-

31G(d)results, varying by no more than 2 kJ mol-1. While this may seem surprising 

given the improvements in geometry seen above, it is yet another example of cancellation 

of errors which can make lower level calculations useful for determination of derived 

values such as BDEs. 



Table 5.6: C—C Bond Dissociation Energies' 

Molecule 

CH3—CH3 

CH2F—CH3 

CH2F-CH2F 

CHF2—CH3 

CHF2-CH2F 

CF3-CH3 

CHF2-CHF2 

CF3-CH2F 

CF3-CHF2 

CF 3-CF 3 

6-31G(d)b 

380 

395 

398 

413 

408 

439 

411 

424 

419 

426 

6-31G(d,p)b 

383 

396 

398 

413 

407 

438 

410 

423 

418 

426 

6-311G(d)b 

378 

393 

394 

409 

402 

432 

402 

417 

408 

413 

6-311G(d,p)b 

378 

392 

393 

407 

400 

431 

410 

415 

407 

413 

6-311G(d,p)c 

379 

393 

395 

409 

402 

432 

402 

417 

409 

415 

6-311G(d,p)cd 

369 

384 

388 

401 

397 

427 

G 2 c c 

380 

397 

403 

416 

expt 

375 

380 

386 

408 

397 

423 

407 

407 

397 

407 

* In kJ mol"1; calculated as D0(298 K), using 4RT as temperature correction. All single-point calculations used MP2 theory, except 
where noted, at the indicated basis set. b Using the HF/6-31G(d) optimized geometries shown in Figure 6. c Using the MP2/6-
31G(d,p) optimized geometries shown in Figure 7. d Using MP4 theory. e Using the modified G2 theory described in Chapter 2. 

o 
00 
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To investigate whether higher-order correlation effects would change any of the 

trends, BDEs were also calculated at the MP4/6-311G(d,p)//MP2/6-31G(d,p) level for 

ethanes with three or fewer fluorines. This level of theory lowers the calculated BDEs 

by 5-10 kJ mol"1 but does not qualitatively affect the trends. Trends are also not 

affected by using G2 theory, which gives the highest BDEs of the levels of theory used 

here. Overall the best agreement with experiment was given by the MP2/6-

311G(d,p)//MP2/6-31G(d,p) level of theory, so for these molecules at least it appears 

that nothing is to be gained by calculating BDEs at higher levels of theory. 

Analysis of the computed BDEs reveals three interesting trends, two of which 

may be rationalized in terms of electronegativity arguments. Successive substitution on 

one carbon increases the BDE: CH3-CH3 < CH2F-CH3 < CHF2-CH3 < CF3-CH3. 

The monotonic increments (at the MP2/6-311G(d,p)//MP2/6-31G(d,p) level) of 14, 16, 

and 23 kJ mol-1 are consistent with Pauling's original ideas about the connection between 

the bond dissociation energy and the electronegativity difference between two bonded 

atoms. Thus, for substitution on a single carbon, each additional fluorine increases the 

electronegativity difference between the two methyl fragments and therefore the BDE 

increases, as noted above. A similar analysis has been used to explain the remarkable 

effect of protonation on BDEs.182 For molecules containing equal numbers of fluorine 

atoms, the higher BDE of the unsymmetrically substituted molecule is also consistent 

with the electronegativity explanation. Thus, the BDE of CHF2-CH3 is greater than that 

of CH2F-CH2F, and the BDE of CF3-CH2F is greater than that of CHF2-CHF2. 



no 

Electronegativity considerations are insufficient, however, to explain the monotonic 

increase in the BDEs of symmetrically substituted molecules: CH3-CH3 < CH2F-CH2F 

< CHF2-CHF2 < CF3-CF3. 

There is only a rough correlation between the calculated BDEs and C-C bond 

lengths. The shortest and longest C-C bonds correspond with the highest and lowest 

BDE. However, ethane and perfluoroethane have nearly the same C-C bond length, 

but a large difference in BDE; 1,2-difluoroethane has the third shortest C—C distance, 

but the third lowest BDE. 

5.6 C - H Bond Dissociation Energies 

Calculated and (where available) experimental homolytic C-H BDEs, for each 

unique hydrogen in the parent ethane, are given in Table 5.7. In cases where there are 

more radical conformers than inequivalent hydrogens, the conformer that would be 

formed directly upon hydrogen abstraction (i.e., before a subsequent rotation about the 

C-C bond) was used. Once again, the two levels of theory produce almost identical 

results, with a maximum variance of only 1 kJ mol"1. The comparisons available with 

experimental data indicate the agreement is reasonable, although not as close as with the 

C-C BDEs. There is insufficient data to make a judgment on the accuracy of these 

results, but it is expected that they will be useful as a predictive tool for experimentalists. 

In the present case, one of the fragments produced by bond dissociation is 

constant, so it is to be expected that the range of BDEs will be smaller, and the trends 

not as apparent, as for the C-C BDEs, where different substituted methyl fragments 
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Table 5.7: C-H Bond Dissociation Energies* 

Moleculeb 

CH3CH2-H la 

CH2FCH2-H g lb 

CH2FCH2-H t lc 

CH3CHF-H Id 

CH2FCHF-H g If 

CH 2 FCHF-Ht l e 

CHF2CH2-H g,t Ih 

CHF2CH2-H g,g li 

CH3CF2-H lj 

CHF2CHF-H g,t Ik 

CHF2CHF-H g,g 11 

CH2FCF2-H lo 

CF3CH2-H lp 

CHF2CF2-H lq 

CF3CHF-H Is 

CF3CF2-H It 

MP2/6-311G(d,p)// 
HF/6-31G(d) 

413 

421 

423 

412 

411 

406 

429 

429 

409 

414 

419 

416 

432 

421 

417 

420 

MP2/6-311G(d,p)// 
MP2/6-31G(d,p) 

413 

421 

423 

413 

411 

406 

428 

428 

410 

414 

419 

417 

432 

422 

417 

421 

Expt 

419 

410 

416 

446 

431 

a In kJ mol"1; calculated as D0(298 K), using 4RT as temperature correction. 
b For cases where there are inequivalent hydrogens, the g and t designations indicate 
hydrogens gauche and trans, respectively, to fluorine(s) on the j3-carbon. The figure 
numbers of the resultant ethyl radicals are given for clarity. 
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were produced. Indeed, the range of C-H BDEs is only 26 kJ mol"1. For a given R 

group at the 0-carbon, the relative BDEs are RCH2-H > RCF2-H > RCHF-H, with 

an exception for R = CH3, where there is no fluorine on the jS-carbon (CH3CH2—H > 

CH3CHF-H >CH3CF2-H). For a given R group at the a-carbon, the relative BDEs 

are CF3R-H > CHF2R-H > CH2FR~H > CH3R-H, consistent with a C-H bond 

stabilization due to an inductive effect. The exceptions to this trend are CH3CHF-H > 

CH2FCHF-H and CHF2CF2-H > CF3CF2-H, although in the latter case the 

difference (1 kJ mol"1) may be insignificant. The inductive effect is also suggested by 

the relative BDEs in cases where hydrogen abstraction is possible from inequivalent 

carbon atoms in the parent ethanes. In these cases the higher BDE is when the j8-group 

has the higher number of fluorines. Again, there is an exception (CH2FCF2-H > 

CHF2CHF-H), but only for the case where the hydrogen being abstracted from 

CHF2CHF-H is gauche/trans to (8-fluorines. It is interesting that CH3CHF-H 

provides an exception to two trends, suggesting an error in the calculated value for this 

species, although this value gave the closest agreement with experiment. 

All other things being equal, shorter bonds are stronger bonds, so shorter C-H 

bonds in the parent molecules can be expected to lead to greater C-H BDEs. However, 

this is not always the case here. For CH2FCH2-H the shorter C-H bond has the lower 

BDE. As well, in CHF2CHF-H the C-H bond lengths are equal but the difference in 

BDEs is relatively large (5 U mol-1). It appears that the favoured H-atom abstraction 

is not governed by the length of the C-H bond but rather by the relative stability of the 

resultant ethyl radicals (see discussion in Chapter 3). Alternatively, the strength of a 
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bond is dependent not only on its length but also on other effects. 

5.7 Conclusions 

Results from the total energy calculations show that for fluorinated ethanes, as in 

the fluorinated ethyl radicals, the most stable isomer is always that in which as many 

fluorines as possible are on one carbon. It is also observed that the gauche effect is 

operative in 1,2-difluoroethane, but not in more highly substituted members of the series, 

where three fluorines are mutually cis. 

The computed C-C BDEs show some intriguing trends, which can be largely 

explained using electronegativity arguments. The net result of these trends is that 

CF3-CH3 has the greatest C-C bond dissociation energy. Trends in the computed 

C-H BDEs suggest that an inductive effect from an electronegative /3-group can stabilize 

C-H bonds. Where hydrogen atom abstraction is possible from inequivalent positions 

in the parent molecules, the favourability of the process is controlled by the nature of the 

products, rather than the reactants. 

The inclusion of electron correlation in geometry optimization leads to 

improvements in structural parameters, most notably the C-F bond lengths, and in total 

energies, but has a negligible effect on the calculated BDEs. 

These results compare favourably with those from experimental studies. 

However, the incompleteness of the experimental data for these molecules, and some 

conflicting results where more than one value has been reported, render an absolute 

determination of the accuracy of these results impossible. From the comparisons that are 
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possible, it appears that the MP2/6-311G(d,p) level of theory gives accurate predictions 

for the bond dissociation energies and the associated trends, and that accurate geometries 

can be obtained with the MP2/6-31G(d,p) level. 



Chapter 6. Properties of Transition Species in the Reaction of Hydroxyl with 

Ethane 

6.1 Introduction 

Hydroxyl radicals are important chain carriers in combustion,183 and are the 

most likely . uitiators of tropospheric degradation for the hydrochlorofluorocarbon 

(HCFC) and hydrofluorocarbon (HFC) classes of chlorofluorocarbon replacement 

compounds.184 The reaction (Rl) 

OH + CjH6 - H20 + CtHs 

can serve as a prototype for theoretical understanding of combustion reactions and 

hydrogen abstractions from HFCs and HCFCs with two or more carbons, and in the 

present context will provide a base for comparison with the reactions studied in the 

following chapter. 

This reaction has been the subject of numerous experimental 

investigations.185-207 Theoretical investigations have been less numerous. The 

geometry for the transition state (TS) of reaction Rl, calculated at the HF/6-31G(d) level 

of theory, has been reported previously by Tully et al.m (hereafter referred to as 

TDKM). More accurate geometries can be obtained when the effects of electron 

correlation are included. This can be done using Moller-Plesset perturbation theory,36 

usually applied at second order (denoted MP2). Melissas and Truhlar208 (hereafter 

referred to as MT) published results of an MP2 optimization of the transition state for 

reaction Rl , from which they calculated the barrier height and treated the kinetics of the 

115 
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reaction in the range 200 to 3000 K using transition state theory (TST). 

The present work is the most detailed description to date of the potential energy 

surface for this reaction. Included are high-level ab initio calculations on the TS, twelve 

additional points along the reaction coordinate, and on the two saddle points for internal 

rotation about the C...H...0 axis. This work was done as part of a collaborative effort 

with Philip D. Pacey and Anil K. Mehta,209 who performed bond-energy-bond-order 

(BEBO) calculations, and a fit of TST parameters to the experimental data. The work 

of these coauthors will hereafter be referred to as PM. 

6.2 Geometries and Moments of Inertia 

According to the BEBO calculations of PM, in the activated complex the C—H 

bond has stretched by only 5% to 1.166 A, whereas the O-H internuclear distance is 

1.389 A, 45% longer than its final value. This corresponds to an early transition state, 

with the order of the breaking bond being 0.81, which is in agreement with Hammond's 

postulate for an exothermic reaction with a low activation barrier. TDKM, by means of 

HF/6-31G(d) calculations, predicted that the O-H internuclear distance would, instead, 

be shorter than the C-H distance. The higher level ab initio calculations of MT are in 

agreement with the BEBO results for the C-H distance and predict an O-H distance 

only 2% shorter than BEBO theory. 

The present ab initio results confirm that the inclusion of electron correlation with 

MP2 theory dramatically changes the lengths of the C-H bond being broken and the 

O-H bond being formed. The present MP2 structure shows the C-H bond to be 
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stretched by only about 9% (cf. C2H6 at same level of theory, Chapter 5), to 1.187 A, 

while the O-H contact is 1.322 A, confirming an early TS. This HF/MP2 bond length 

dichotomy has been noted in other hydrogen abstraction reactions.210'211 At the HF 

level, the computed barrier is high compared to the exothermicity, making the barrier 

appear almost symmetrical; both bonds are stretched by a similar amount. At the MP2 

level, or in BEBO theory, the barrier height is less than the exothermicity and the TS is 

early. The optimization performed by MT using an adjusted version of Dunning's 

(10s5p2dlf/5s2pld)/[4s3p2dlf/3s2pld] basis set,212 which is larger than the one used 

here, showed a slightly earlier TS (C-H bond stretched by 8%). Their geometrical 

parameters have only minor differences with the present work. 

Sixteen points on the potential energy surface (PES) of reaction Rl have been 

optimized in the present work, at the MP2/6-31G(d,p) level of theory: four saddle points 

and twelve points (six on either side of the TS) along the reaction coordinate. The 

geometries for the saddle points and the extreme points determined from the intrinsic 

reaction coordinate (IRC) calculation are illustrated in Figure 8, with bond lengths and 

angles tabulated in Table 6.1. The optimized geometry for the transition state of reaction 

Rl is shown in Figures 8a and 8b (a mirror image transition state of exactly the same 

energy also exists). While the HF/6-31G(d) optimized structure of TDKM has CH 

symmetry (with the OH group ami to the j8-CH3 group), as one would expect intuitively 

from the approach of OH to the stable staggered conformer of ethane, here the point 

group is C,. When the MP2 optimization (using various basis sets) was attempted using 

a C, symmetry constraint, the resultant saddle point was always second-order. The C, 



118 

Figure 8. MP2/6-31G(d,p) optimized geometries for points in reaction Rl: 8a TS; 8b 
TS, viewed along O-Cl axis; 8c second-order TS, with OH group anti to j8-CH3; 8d 
second-order TS, with OH group syn to j8-CH3; 8e furthest point reached towards 
reactants in IRC calculation; 8f furthest point reached towards products in IRC 
calculation. Drawings are in perspective, with relative radii of 1 : 1.667 : 2 for H, 0, 
and C atoms respectively. 



Table 6.1: Geometrical Parameters for the Transition Species Illustrated in Figure 8* 

Structure 

Parameter 

C1-C2 

C I - H I 

H l - 0 

0 - H 2 

C1-H3 

C1-H4 

C2-H5 

C2-H6 

C2-H7 

C 1 - H 1 - 0 

H 1 - 0 - H 2 

H 3 - C 1 - H 1 

H 4 - C 1 - H 1 

H 3 - C 1 - H 4 

H 1 - C 1 - C 2 

H 3 - C 1 - C 2 

H 4 - C 1 - C 2 

H 5 - C 2 - H 6 

H 5 - C 2 - H 7 

H 6 - C 2 - H 7 

H 5 - C 2 - C 1 

H 6 - C 2 - C 1 

H 7 - C 2 - C 1 

C 1 - H 1 - 0 - H 2 

8a 

1.511 

1.187 

1.322 

0.971 

1.087 

1.087 

1.089 

1.086 

1.087 

169.6 

97.6 

106.7 

104.3 

110.0 

107.7 

113.5 

113.9 

108.0 

108.0 

108.0 

110.8 

111.0 

111.0 

39.3 

8c 

1.512 

1.187 

1.321 

0.971 

1.086 

1.086" 

1.090 

1.087 

1.087b 

175.8 

97.5 

106.0 

106.0" 

110.3 

106.8 

113.5 

113.5b 

108.0 

108.0" 

108.1 

110.7 

111.0 

111.0" 

180.0 

8d 

1.512 

1.189 

1.319 

0.971 

1.086 

1.086" 

1.089 

1.088 

1.088" 

169.3 

97.6 

104.2 

104.2" 

110.5 

110.3 

113.4 

113.4" 

107.5 

107.5" 

108.3 

110.8 

111.3 

111.3" 

0.0 

8c 

1.516 

1.088 

1.581 

0.973 

1.089 

1.089 

1.089 

1.089 

1.088 

159.4 

95.1 

109.1 

105.0 

108.3 

109.7 

112.4 

112.0 

108.4 

108.4 

107.7 

110.1 

111.3 

110.8 

52.5 

8f 

1.503 

1.492 

1.017 

0.966 

1.085 

1.085 

1.093 

1.088 

1.088 

169.9 

100.4 

103.4 

102.8 

112.0 

106.5 

115.0 

115.5 

107.9 

107.8 

108.2 

109.8 

111.5 

111.5 

36.0 
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* Geometries optimized at the MP2/6-31G(d,p) level. Bond lengths in angstroms, bond 
and dihedral angles in degrees. " Value is equivalent by symmetry to that immediately 
above. 

symmetry saddle point obtained at MP2/6-31G(d,p), with the OH group anti to the j8-

CH3, is shown in Figure 8c. Another second-order saddle point of Cs symmetry, with 

the OH group syn to the /?-CH3, also exists; its geometry is shown in Figure 8d. 

Perhaps more surprisingly, in the Q structure the hydroxyl hydrogen (H2) is 

nearly eclipsed with a methylene hydrogen (H3). In an eclipsed conformation there 

should be nuclear repulsions between the H atoms, electron repulsions between the C-H 

and O-H bonds, and electron-nuclear attractions between the nuclei and the bonding 

electrons, with the repulsive terms expected to outweigh the attractive terms. However, 

as seen in Figure 8b, which shows the view along the O...C1 axis, the bend in the 

H...O...C bond angle has brought H2 slightly outside H3. This should reduce the 

repulsion between the H nuclei, and increase the attraction between the methylene H 

nucleus and the H—O bonding electrons, allowing the attractive terms to now outweigh 

the repulsive ones. An alternative explanation could be that the internuclear distance 

between the two hydrogen atoms (2.804 A) is one at which London dispersion attractive 

forces are significant. From MM3 calculations Allinger et al. have determined the van 

der Waals radius of an alcoholic hydrogen213 to be 1.60 A, and that for a hydrogen in 

a saturated hydrocarbon214 to be 1.62 A. Thus, the ideal distance between these two 

hydrogens for London dispersion attractive forces to be optimized is 3.22 A, about 0.4 

A greater than in the TS. By comparison, in 8c and 8d this distance is 3.042 and 3.350 
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A, slightly below and above the MM3 ideal distance, respectively. The energies of these 

species (see below) increases in the order 8a -* 8c -» 8d, with the H2...H3 distance 

increasing in the same order. Thus, thermodynamic stability is not correlated with 

favorability of London dispersion forces, making it unlikely that these forces can explain 

the calculated structures. 

The furthest points reached along the IRC towards the reactants and products are 

shown in Figures 8e and 8f, respectively. In 8e the OH group is relatively remote from 

the reaction site, and the geometrical parameters of the C2H6 fragment are close to those 

of staggered ethane (see Chapter 5). In 8f the abstraction of H to form H20 is nearly 

complete, and the contraction of the C-C bond length and the flattening of the a-CH2 

group, which occur in forming an ethyl radical (see Chapter 3) from ethane, are 

becoming apparent. Thus, there is no doubt that the optimized TS is that for the reaction 

of OH with staggered C2H6 to give H20 and C2H5. 

Figure 9 shows the motion along the reaction coordinate where the vertical 

coordinate (r) is proportional to the C-H distance, and the horizontal coordinate (R) is 

almost proportional to the C - 0 distance,215 with the coordinates scaled216 to 

represent motion of a constant mass of 1.008 amu. The BEBO distances calculated by 

PM are compared with the results of the IRC calculation. The BEBO curve, which 

covers a greater extent of reaction, has a sharper curvature. For this potential energy 

surface the heavy atoms continue to drift together after the barrier is crossed. In 

contrast, for the IRC surface, the reaction coordinate at the transition state corresponds 

essentially to the hydrogen atom moving from the carbon atom toward the oxygen atom. 



2.0 

1.8 

1.6 

1.4 

1.2 

1.0 
7.7 7.9 8.1 8.3 8.5 8.7 8.9 9.1 9.3 9.5 9.7 9.9 10.1 

R(A) 

Figure 9. Motion along the reaction coordinate using the scaled coordinates recommended in ref. 215, using both the IRC (crosses) 
and BEBO (dashed line) results. The double-headed arrow shows the transition from half-way up one side of the BEBO barrier to 
a point of equal energy on the other side. The circle shows a point on the product side of the IRC barrier at an energy equal to half 
the height of the forward barrier. The double dagger represents the TS on the IRC curve, and the diamond the TS according to MT. £ 
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This switch, which PM calculated to be from 92% R motion in BEBO to 67% r motion 

by MP2, is striking, and may be caused by the decrease in the asymmetry of the barrier 

from BEBO to MP2, or by the simplifying assumptions in the BEBO model geometry. 

The square roots of the products of the overall moments of inertia (IAIi»Ic)l/2 for 

the TS are listed in the first column of Table 6.2. The values for the various theoretical 

methods are seen to be in good agreement. 

Table 6.2: Transition State Parameters from Various Sources 

Source 

Basic data 

Reduced data" 

BEBO* 

TDKM 

MT 

Fit to MT* 

This work 

(Wc)"2 

10"68 kg3/2 m3 

3.315 

3.161 

3.163 

3.137 

v*, cm-1 vb, kJ mol"1 

Fits to Experiment" 

350+7 

351±8 

Theory 

366 

378 ±1 

345 

9.3+0.3 

9.2±0.3 

11.3 

10.2 

9.8±0.1 

12.4C 

r, K 

119 + 15 

118+18 

60 

323 

277+3 

403 

A s 1 / 2 , A 

0.74±0.11 

0.74±0.12 

1.82 

0.44 

0.33±0.01 

0.88, 0.53d 

a Performed by Mehta and Pacey. See ref 209. " Experimental studies at a single 
temperature near room temperature were deleted from the data set. c At G2 level of 
theory; energy of internal rotational mode about C...H...0 axis not included in ZPE. 
d At MP2/6-31G(d,p) and MP4/6-311G(d,p)//MP2/6-31G(d,p) levels of theory, 
respectively, from the fitted Eckart curves. 



124 

6.3 Vibrational Frequencies 

The ab initio normal mode vibrational frequencies, their reduced masses and 

descriptions of their motions are given in Table 6.3 for the TS, at the MP2/6-31G(d,p) 

level of theory. The reaction coordinate, as expected, consists of movement of the 

hydrogen atom being abstracted, away from the carbon atom to which it is bonded, and 

towards the abstracting oxygen atom. As discussed in the previous section, the lowest 

frequency mode in the TS (60 cm"1) is a rotation of the OH group about the O...H...C 

axis. The second-order points 8c and 8d have similar frequencies for the reaction 

coordinate, with second low frequency imaginary modes at 72 and 97 i cm"1, 

respectively, which also correspond to the OH rotation. Thus, the two Cs structures are 

saddle points in the respective rotations between the two mirror image C, structures. 

Many of the other TS modes, in particular those with low frequencies, are 

strongly coupled. Many assignments are complicated by the lack of symmetry in the 

complex. The mode at 110 cm"1 is best described as a skeletal bend involving the three 

heavy atoms (note the high reduced mass). This motion could correspond to a rotation 

of C2H6 in the reactants. The CH3-CH3 torsion is split over two modes, the vibration 

at 182 cm"1 consisting mostly of rotation of the j8-CH3 group with restricted motion of 

the a-CH3, and the vibration at 400 cm"1 being a more symmetrical rotation. In 

comparison, this mode occurs at 337 cm"1 in ethane. A lowering of this value is 

expected in the TS because of the increase in the moment of inertia on attachment of the 

OH group. An averaging of the two torsional modes in the TS does give the expected 

lower value. 
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Table 6.3: Vibrational Frequencies Calculated at the MP2/6-31G(d,p) Level for the 

Transition State of Reaction Rl. 

Frequency (cm *) 

1761/ 

60* 

110 

182 

400 

751 

816 

873 

985 

1070 

1216 

1280 

1352 

1468 

1505 

1533 

1556 

1561 

3136 

3180 

3226 

3242 

3265 

3841 

Reduced Mass (amu) 

1.122 

1.096 

2.753 

1.118 

1.106 

1.563 

1.253 

1.175 

1.274 

2.675 

1.350 

1.397 

1.222 

1.226 

1.038 

1.114 

1.041 

1.046 

1.037 

1.057 

1.100 

1.104 

1.107 

1.067 

Description 

reaction coordinate 

OH rotation 

C-C-Obend 

j8-CH3 rotation 

CH3-CH3 torsion 

TS sym. stretch + CH3 rock 

CH3rock + C-H-Obend 

CH3 rock 

H - O - H bend 

C-C stretch 

CH3 rock 

CH3 rock 

a-CH3 deformation 

/3-CH3 inversion 

a-CH3 deformation 

a-CH3 deformation 

j3-CH3 deformation 

0-CH3 deformation 

C-H stretch 

C-H stretch 

C-H stretch 

C-H stretch 

C-H stretch 

O-H stretch 

a This mode not included in ZPE calculation. 
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The "symmetrical" stretching frequency of the TS (C-H and O-H bonds at the 

reaction center) occurs at 751 cm"1. There is some coupling with the lowest CH3 

rocking frequency at 816 cm-1. In the latter vibration the coupled mode is best described 

as a C—H-O bend. The vibration at 985 cm"1 is an H—O-H bend, accompanied by 

motion towards the OH group of the methylene hydrogen which is eclipsing the hydroxyl 

hydrogen. The remaining modes are similar to those seen in the reactants, with some 

shifting of frequencies due to symmetry breaking. 

The geometric means of the five lowest frequency vibrational term values in the 

transition state from the fits performed by PM of TST to the experimental data are shown 

in the second column of the upper part of Table 6.2. The results of fitting the TST 

model to all the experimental data are shown in the first line. Deleting the data from 

studies at a single temperature near room temperature led to the results in the second 

line; this deletion did not make a significant difference in this parameter. PM's quoted 

uncertainties are standard deviations and are about 2% of the fitted values. PM's fitted 

vibrational term value is the lowest found for any hydrogen atom abstraction reaction and 

is 40% less than the value for the reaction of OH with CH4.
217 They attribute this to 

the low frequency values of the C-C...O bend and the torsional mode about the C-C 

bond, as seen in the ab initio frequencies in Table 6.3. 

The ab initio Vb values are in excellent agreement with those obtained from 

experiment. The values quoted are the geometric means of the five lowest frequencies, 

with the exception of the internal rotation about the C...H...0 axis. For MT, the mean 

was taken at a non-stationary point 0.0026 A along the reaction coordinate past the 
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classical barrier top. MT found the sum of electronic plus zero-point energy was greater 

at this point than at the classical barrier top. The mean of the five lowest frequencies 

at the classical barrier top was identical with the present ab initio value. There is also 

reasonable agreement between MT's result and PM's fit to their calculated rate constants. 

6.4 Barrier Heights 

The calculated ab initio energies for reactants, products and the TS of reaction 

Rl, and the classical barrier heights (not including ZPEs) are given in Table 6.4 for the 

various levels of theory required by the G2 method. The ZPE difference, multiplied by 

the appropriate scaling factor, can be added to the quoted heights to obtain barriers with 

ZPEs included. The barriers decrease in magnitude both with increasing level of electron 

correlation and with increasing basis-set size, with the largest effect seen when the 

extrapolated G2 method is employed. Although the G2 method explicitly includes scaled 

ZPEs, Table 6.4 also gives the results from the G2 method excluding ZPEs (in 

parentheses), to allow a direct comparison with the best energies calculated by MT (see 

last line of Table 6.4). The G2 method gives consistently lower energies than the PMP2 

method used by MT. 

Activation barriers from various sources are given in Table 6.2. The effective 

barrier height (including ZPEs), Vby which PM obtained by fitting their TST model to 

the experimental data, listed in the fourth column, upper half of Table 6.2, is about half 

the value of 19 kJ mol"1 found217 for the reaction of OH with CH4 and reflects the 

greater exothermicity of the present reaction. Some theoretical values of these reaction 



Table 6.4: Total Energies at MP2/6-31G(d,p) Optimized Geometries, for Reactants, Products, and Transition State of Reaction Rl, 

and Classical Barrier Heights, at Levels of Theory Required for G2 Method, and G2 Extrapolated Values* 

MP4/6-311G(d,p) 

MP4/6-311+G(d,p) 

MP4/6-311G(2df,p) 

QCISD(T)/6-311G(d,p) 

MP2/6-311+G(3df,2p) 

MP2/6-311G(2df,p) 

MP2/6-311+G(d,p) 

MP2/6-311G(d,p) 

ZPE C 

G2e 

PMP2/adj2-cc-pVTZf 

C 2H 6 

-79.614234 

-79.614882 

-79.652670 

-79.615478 

-79.620290 

-79.607285 

-79.571325 

-79.570739 

0.077565 

-79.627161 
(-79.701980) 

-79.662134 

OH 

-75.588329 

-75.595394 

-75.623671 

-75.589267 

-75.617526 

-75.605468 

-75.579714 

-75.572879 

0.008758 

-75.643638 
(-75.652087) 

-75.626008 

TS 

-155.190337 

-155.199232 

-155.265443 

-155.194278 

-155.227861 

-155.201626 

-155.139201 

-155.130898 

0.083263d 

-155.266086 
(-155.346402) 

-155.281789 

C 2H 5 

-78.944350 

-78.946021 

-78.982086 

-78.946362 

-78.950852 

-78.938601 

-78.904436 

-78.902838 

0.061431d 

-78.967355 
(-79.026612) 

-78.991808 

H20 

-76.276272 

-76.287030 

-76.313602 

-76.276270 

-76.318271 

-76.299124 

-76.274712 

-76.263894 

0.021898 

-76.331566 
(-76.352689) 

-76.324444 

ETS ^ W K 

32.1 

29.0 

28.6 

27.5 

26.1 

29.2 

31.1 

33.4 

-8.03 

12.4 
(20.1) 

16.7 

" Energies in hartrees, except where indicated. b Total energy of TS minus reactants, in kJ mol"1, ZPE not included, except for G2, 
which includes scaled ZPEs. c Unsealed, from MP2/6-31G(d,p) frequencies. d Internal rotation mode removed; see text for details. 
e Scaled ZPEs are included in the first line of this row, but not in the second, to allow direct comparison with the results of MT.^ 
f As calculated by MT. » 
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parameters are presented in the second half of the table. Included are BEBO results from 

PM, G2 results of the present work, and the results of the ab initio calculations of MT. 

In the case of MT, the quoted value is again for a point 0.0026 A further along the 

reaction coordinate than the classical barrier top, near the maximum of electronic energy 

plus zero-point energy. The barrier height from the fit to MT's data is slightly lower 

than theirs. The BEBO value also agrees well with the others. In fact, all the barrier 

heights presented in Table 6.2 agree within the often quoted chemical accuracy limit of 

four kJ mol"1. 

G2 theory contains higher-order correlation terms, and nonadditivity corrections 

not contained in either the PMP2 or MP-SAC2218 methods used by MT, and has the 

further advantage of not requiring basis set adjustment for each application, as in the 

MP-SAC2 method. The basis sets used are of comparable or larger size to that used by 

MT (the same as for their geometry optimization; see above). A disadvantage is that 

spin projection is not included for open-shell species, as in the PMP2 method. The 

expectation value of S2 (0.75 indicates no spin contamination) at the various levels of 

theory ranges from 0.755-0.757 for OH, 0.762-0.763 for C2H5, suggesting very minor 

contamination in these species, but from 0.779-0.783 for the TS, suggesting moderate 

contamination which may affect the results slightly. On balance the modified G2 method 

described herein (see section 2.10) appears to be a higher level of theory than either of 

those used by MT, so it should give a better description of the reaction energetics (as 

noted above, it does give a better description of the energetics of each species, assuming 

the correlation energy has not been overestimated). However, the G2 barrier for the 
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forward reaction, is 12.4 kJ mol"1, whereas the best calculated value of MT is 10.2 kJ 

mol-1, in better agreement with the value of 9.3 kJ mol"1 from PM's fit to experimental 

data. This apparent contradiction is the result of two well-known facts: ab initio 

methods overestimate activation barriers23 (sometimes by tens of kJ mol"1; the agreement 

with experiment of the G2 result and that of MT are both much better than that reported 

in most ab initio studies) and fortuitous cancellation of errors can sometimes make a 

lower level of theory more accurate. It would certainly be unwise to condemn G2 theory 

on the basis of one result which is only marginally inaccurate. It can be further noted 

that the G2 result is a significant improvement on the MP4/6-311G(d,p) level of theory, 

which yielded a forward barrier height of 24.4 kJ mol"1. 

The latter level of theory on the second-order points 8c and 8d gives energies of 

-155.190135 and -155.190015 au, placing them 0.53 and 0.84 kJ mol"1, respectively 

(or 0.09 and 0.64 kJ mol-1, respectively, when scaled ZPEs are included), higher in 

energy than the TS. MT calculate an even lower barrier of 0.07 kJ mol"1 through a 

geometry analogous to the present 8c. These low barriers to rotation through the four 

saddle points, together with the low, real or imaginary, vibrational frequencies for OH 

rotation at each point, suggest that the PES for OH rotation is very flat. The harmonic 

vibrational zero-point energy in this degree of freedom is 0.36 kJ mol-1 and the average 

thermal energy in one degree of freedom at 138 K is 0.57 kJ mol"1. It follows that this 

degree of freedom is a nearly free internal rotation and it is not realistic to add the zero-

point energy for this degree of freedom to the barrier height; the quoted barrier for 

reaction Rl from the present work has been reduced by this amount. 
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The A#<f value calculated from G2 theory is -73.8 kJ mol"1. Here the zero-

point energy for the lowest frequency mode in C2HS has not been included, as this mode 

is also a nearly free internal rotation. Using experimental heats of formation, 104,2I9,22° 

the enthalpy of reaction at 0 K is -80±2 U mol"1. Using bond strengths at 0 K 

recommended in a recent review article221 gives an experimental enthalpy of -76+2 

kJ mol"1. MT obtained -80.5 kJ mol"1 by adjusting the Gaussian exponential parameter 

for the oxygen /-shell to improve agreement with experimental bond dissociation 

energies. Their reverse barrier height is higher than the G2 one, at 90.8 vs. 86.2 kJ 

mol"1. 

6.5 Tunneling and Barrier Thickness 

PM's fitted values of T* in Table 6.2 are within the range of values obtained for 

the reaction of OH with CH4,
217 but they are more reliably determined, because the lower 

limit (138 K) of the experimental temperature range for the present reaction is closer to 

T*. The theoretical values were calculated from the imaginary frequency in the 

transition state. The parameter from BEBO is about half the value obtained from 

experimental data, but the ab initio values are substantially larger than the experimental 

value. 

The differences between the experimental and ab initio values of T* deserve 

further discussion. The electronic energies of points along the reaction coordinate (as 

output from the IRC calculation), relative to the sum of the reactant energies, are plotted 
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in Figure 10. While the energies in the top curve are at the MP2/6-31G(d,p) level, 

which grossly overestimates the barrier at 72.5 kJ mol"1, here it is the shape and width 

of the barrier which are of concern. The three energy calculations at the MP4/6-

31lG(d,p) level indicate that only moderate changes in the barrier shape would be seen 

using the higher level of theory. 

An unsymmetrical Eckart function was fitted to the barriers. 

V(x) = 2— + ^ L ^ f y B e x p 

(1+y)2 ( i + y ) 

x-x0 

Here x0 is the origin of the barrier, b is a thickness parameter, the force constant at the 

barrier top is - {A2 - B2) / (8A3£>2) , and the forward and reverse barriers are 

(A + B)2 / &A and (A- B)2 / AA, respectively. From the fitted curves in Figure 10 

values of T* were calculated to be 285 K at the MP2 level and 313 K at the MP4 level, 

both somewhat less than the value of 403 K found by analytical gradient techniques at 

the MP2 level. The difference is caused by the different shapes of the Eckart and IRC 

barriers. The top three points on the IRC barrier give a value of 417 K for T*, in good 

agreement with the analytical value. 

The equation for the experimental barrier, plotted as the lower curve in Figure 

10, was derived from PM's fitted parameters in the upper part of Table 6.2. Note that 

this curve is vibrationally adiabatic. The ab initio curves do not include ZPEs, as 

meaningful frequency analyses cannot be done on non-stationary points.222 Inclusion 

of scaled ZPE at the TS lowers the barriers by 7.7 kJ mol"1. 
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A useful measure of barrier width is the full width, A s1 / 2 , of the barrier at half 

its height in the forward direction. As PM point out, this may be determined by setting V(x) 

equal to (A + B) 2/8A in equation 4 and taking the difference between the two roots for 

x. The results for a number of barriers are listed in the final column of Table 6.2. 

The barrier obtained by the BEBO method is more than twice as broad as the 

barrier obtained from experiment. The double-headed arrow on Figure 9 represents a 

transition from half-way up one side of the BEBO barrier to a point at equal energy on 

the other side. 

The barrier width in Table 6.2 calculated from MT's values of Vb and T* is 

smaller. It is interesting to note that the same value of 0.44 A is obtained from MT's 

values at the HF and MP2 levels, even though the barrier height differed by a factor of 

four and T* by a factor of two. This gives reason to hope that ab initio methods may 

give more consistent values of barrier widths than of barrier heights. For their TST 

calculations MT used an "interpolated" barrier obtained from the reactant, TS and 

product energies (including zero-point energies) and one additional energy for a point 

slightly on the product side of the TS. Measuring the width of the barrier in their Figure 

2 at 5.1 kJ mol-1 below its peak, and adjusting to the reduced mass of a hydrogen atom, 

gives a width of 0.33 A. This is in excellent agreement with the value of 0.33+0.01 A 

which PM obtained by fitting their TST model to MT's data, confirming that differences 

in models (different treatment of tunneling and grouping of vibrational frequencies) do 

not seriously affect this parameter. 

From the present ab initio calculations, a value of 0.88 A is obtained from the 



135 

Eckart curve fitted to the MP2 barrier in Figure 10. This is about one standard deviation 

wider than the barrier obtained from experimental results. However, the Eckart barrier 

fitted to the MP4 points has a width of only 0.53 A. This is close to the MT result, and 

within two standard deviations of the experimer .' suit. 

Thus a difference remains between the highest level ab initio barrier widths, at 

0.53 A, and the experimental result, at 0.74 A. One possible explanation would be that 

the effective barrier for experimental particles is the sum of electronic and zero-point 

energies, whereas the theoretical values quoted are for electronic energy barriers only. 

The addition of zero-point energies affects the vertical, and as shown by MT, the 

horizontal position of the top of the barrier, so it is not unreasonable to conjecture that 

it would have a similar effect at other points along the barrier, thus modifying the width. 

Another possibility (pointed out by PM) is that the curvature of the reaction path makes 

it more difficult for real particles to tunnel through the multidimensional barrier. Also 

note that the MP2 points at the left side of Figure 10 approach the reactant energy more 

gradually than the Eckart curve does; the true barrier width at half-height of the MP4 

curve may also exceed the value calculated from the Eckart curve. It is likely that a 

combination of these reasons is responsible for the difference between theory and 

experiment. 

6.6 Conclusions 

The optimized transition state geometry is consistent with an early TS. The 

surface for OH internal rotation is very flat. The normal mode frequency analysis 
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reveals several low frequency vibrations in the transition state, including modes for 

CH3-CH3 torsions, and bending and stretching modes at the reaction center, with the 

harmonic mean of the five lowest frequencies being 345 cm"1, in excellent agreement 

with the value which PM inferred from experiment (350 cm-1). The calculated activation 

barrier height of 12.4 kJ mol"1 is in reasonable agreement with the value from the fit to 

experimental data (9.3 kJ mol"1). The calculated enthalpy of reaction at 298 K of -73.8 

U mol"1 also agrees fairly well with experimental results. Although ab initio 

calculations of the characteristic tunneling temperature suggest tunneling would be 

significant at room temperature, the experimental evidence suggests it is only dominant 

at the lowest experimental temperatures. The width of the activation barrier at half its 

height was found to be 0.53 A at the MP4 level, 0.88 A at the MP2 level and 0.74+0.11 

A from experiment. 



Chapter 7. Structural and Energetic Properties of Reactions of Hydroxyl Radicals 

with Fluorinated Ethanes 

7.1 Introduction 

Hydroxyl radicals are the most likely initiators of tropospheric degradation for the 

hydrochlorofluorocarbon (HCFC) and hydrofluorocarbon (HFC) classes of chlorofluoro-

carbon (CFC) replacement compounds.223 In the HFC class several fluorinated ethanes 

have been investigated, and in particular CF3-CH2F (HFC-134a) has been chosen for 

use in home refrigeration units. Since the reactions of OH with hydrofluorinated ethanes 

(HFEs) are potentially of great significance in atmospheric chemistry, it is desirable to 

increase the knowledge base on them. There have been no published ab initio studies 

of these reactions. Experimental studies have included the determination of rate 

coefficients for reactions of OH with C2H5F,224225 CHF2-CH3,
226"228 

CF3-CH3,
225229 CF3-CH2F,226228"231 CHF2-CHF2,

231 and CF3-CHF2.
226-229 Cohen 

and Benson used conventional transition-state theory to extrapolate rate coefficients,232 

and derived empirical correlations for the activation energy and entropy,233 for 

reactions of OH with several haloalkanes, including C2H5F, CHF2-CH3, CH2F-CH2F, 

CF3-CH3, CHF2-CH2F, CF3-CH2F, CHF2-CHF2, and CF3-CHF2. 

The optimized geometries and vibrational frequencies for the fifteen transition 

states which occur when OH abstracts an inequivalent hydrogen atom from the most 

stable conformer for each of the eight molecules in the series C2HnF6_n, n = 1 - 5 have 

been calculated. Energy calculations include total and zero-point energies, classical 
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barrier heights and enthalpies of reaction. 

7.2 Optimized Geometries 

The HF/6-31G(d) optimized geometries are presented in Figure 11, the MP2/6-

31G(d,p) optimized geometries are presented in Figure 12 and geometrical parameters 

at both levels of theory are given in Table 7.1. The structures are asymmetrical except 

for CH3-CF2H + OH, which has Cs symmetry at HF/6-31G(d), but again has Cx 

symmetry at MP2/6-31G(d,p). As with the parent C2H6 + OH reaction (see Chapter 5), 

and other reactions where hydrogen is abstracted by hydroxyl,234235 the MP2 

geometries indicate a relatively early transition state, with the breaking bond stretched 

by only a small amount from its equilibrium value and the forming bond still relatively 

long, while the HF geometries show a long C-H bond and a short O-H one. The 

other major difference in the two levels of theory is the greater deviation from linearity 

for the C - H - 0 angle at the reaction centre seen with MP2 theory. 

Many of the trends seen in the geometrical parameters are similar to those noted 

in Chapter 5 for the series C2HnF6_n. n = 0-6, and Chapter 3 for the series C2HnF5_n, 

n = 0-5 . The C-C bond lengths have two opposing trends, decreasing with increasing 

fluorine substitution for less than three fluorines, reaching a minimum for CF3-CH3 + 

OH, then increasing to reach a maximum for CF3—CHF2 + OH. There is also a 

tendency to shorter lengths when there is more than one fluorine on a given carbon, 

indicative of a geminal effect. The lengths are slightly shorter at the MP2 level, except 

for CH2F-CHF2 + OH, where it is 0.001 A longer. 


