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One of the central concerns of computational chemistry is that of efficiency (i.e. the 

development of methodologies which will yield increased accuracy of prediction without 

requiring additional computational resources – RAM, disk space, computing time). Though the 

equations of quantum mechanics are known, the solutions to these equations often require a great 

deal of computing power.  This dissertation primarily concerns the theme of improved 

computational efficiency (i.e. the achievement of greater accuracy with reduced computational 

cost).  Improvements in the efficiency of computational chemistry are explored first in terms of 

the correlation consistent composite approach (ccCA).  The ccCA methodology was modified 

and this enhanced ccCA methodology was tested against the diverse G3/05 set of 454 energetic 

properties.  As computational efficiency improves, molecules of increasing size may be studied 

and this dissertation explored the issues (differential correlation and size extensivity effects) 

associated with obtaining chemically accurate (within 1 kcal mol-1) enthalpies of formation for 

hydrocarbon molecules of escalating size.  Two applied projects are also described; these 

projects concerned the theoretical prediction of a novel rare gas compound, FKrOH, and the 

mechanism of human glutathione synthetase’s (hGS) negative cooperativity.  The final work 

examined the prospect for the parameterization of the modified embedded atom method 

(MEAM) potential using first principles calculations of dimer and trimer energies of nickel and 

carbon systems.  This method of parameterization holds promise for increasing the accuracy of 

simulations for bulk properties within the field of materials science. 
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CHAPTER 1 

INTRODUCTION 

 The widespread use of computers has allowed for the prediction of chemical properties 

without requiring laboratory experiments.  The equations of quantum mechanics may be used to 

provide insights into structure, thermodynamic properties such as enthalpies of formation, 

electron affinities, ionization potentials, vibrational frequencies and zero-point energies, reaction 

pathways, transition states, reaction intermediates and ground electronic states.1-5  The equations 

of quantum mechanics, however, may not be solved exactly for systems which contain more than 

one electron.6  Approximations must be introduced which allow for solution to the equations of 

quantum mechanics.  Though computing power is continually increasing, the computational 

chemist must make choices as to what approximations will be made, and be aware of the 

implications of these choices.  A computational method should be selected considering both the 

level of accuracy needed to address the problem of interest the computational cost (RAM, disk 

space, computing time, processors) requirements and feasibility.  The Hartree-Fock method 

(discussed further in Chapter 2),7-9 does not predict binding between fluorine atoms (in F2), yet 

fluorine is known to exist as a diatomic species, this is due to its deficiency in accounting for the 

electron correlation energy (see Chapter 2 for further discussion of electron correlation).10  The 

coupled cluster singles, doubles and perturbative triples [CCSD(T)] method,11  would correctly 

predict bonding between two fluorine atoms (and does account for a great deal of the electron 

correlation energy), but would do so at greatly increased computational cost [CCSD(T) is 

discussed further in Chapter 2].   

There have many previous efforts to increase efficiency within computational chemistry.  

These approaches include the local treatment of the electron correlation energy,12-15 basis set 
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truncation,16-18 the resolution of the identity matrix approximation,19-21, parallelization of 

computational chemistry software,22,23 the development of novel density functionals,3,24,25 and 

composite approaches.26-32 The development of composite methods has greatly increased the 

efficiency of quantum, computational chemistry.33-36  Though there are many forms of composite 

approaches, each aims to increase accuracy without increasing computational cost.  This may be 

achieved by combining the results of multiple, smaller calculations to approximate the result that 

would be obtained through the use of a single calculation.  Rather than carrying out a calculation 

which uses both a method of higher computational cost (and which recovers a great deal of the 

correlation energy) simultaneously with a large (or complete) basis set (the accuracy and 

computational cost of both methods and basis sets are described in greater detail within Chapter 

2), a composite method might approximate this result with multiple calculations, using either a 

large basis set or a high-cost method, but not both concomitantly. 

The correlation consistent composite approach (ccCA), which was developed in our 

laboratory, is an example of a composite method.2,31,32,37-43  This composite approach was 

developed with the goal of obtaining the threshold of “chemical accuracy” (within 1 kcal mol-1 

of reliable experiment) without the use of empirical parameters - statistically derived 

modifications to the total energy that artificially reduce deviation from known experimental 

values.  The ccCA method, additionally, has a lower computational cost requirement in 

comparison to the composite methods which attempt to achieve sub-chemical accuracy (within 

approximately 1 kJ mol-1 of reliable experiment), such as the Weizmann-n (Wn) methods,1,30,33,44 

the high accuracy extrapolated ab initio thermochemistry (HEAT) method,34 and the focal point 

method of Allen et al.45-47  Our laboratory’s ccCA method has been shown to achieve chemical 

accuracy in the calculation of enthalpies of formation, ionization potentials, electron affinities 
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and proton affinities for main group species,2,31,32,48 s-block compounds37 and transition metal 

species.38,49  The early chapters of this work describe the development and application of ccCA.  

Chapter 3 provides a description of composite methodologies, including ccCA, and additionally 

several improvements to ccCA.  Within Chapter 4, ccCA’s performance in the calculation of the 

enthalpies of formation of hydrocarbon molecules is evaluated with a focus on hydrocarbons of 

increasing molecular size. 

The use of computational chemistry toward applied scientific challenges is also described 

within this dissertation.  For each of these challenges, considerations were made to provide 

accuracy while still maintaining a tractable computational cost.  In Chapter 5, computational 

chemistry is applied toward the prediction of novel rare gas compounds.  Less computationally 

costly DFT calculations were used to identify a list of molecules which may plausibly exist. 

More accurate and expensive calculations were then carried out for each of the molecules of this 

list to further examine their likelihood of existence.    

Though there has been significant work in improving the efficiency of ab initio 

computational chemistry, there are still many systems that are too large to be studied by quantum 

mechanics-based methods.  Examples of such systems include biological systems (e.g. 

proteins)50,51 and many metallic systems (e.g. novel alloys).52 In Chapter 6, the use of molecular 

mechanics is employed to investigate the mechanism of the negative cooperativity of an enzyme: 

human glutathione synthetase (hGS).  In Chapter 7, the possibility of developing a modified 

embedded-atom method (MEAM) potential53-56 from ab initio calculations is investigated.  The 

MEAM is a semi-empirical potential which makes use of adjustable parameters and is 

computationally tractable for systems of great size (greater than 106 atoms).  The parameters of 

the MEAM potential had previously been adjusted to reproduce physical qualities (e.g. 
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sublimation energy, lattice constant, bulk modulus, vacancy formation energy). 

Reparameterization of the MEAM equations using first principles energies may offer 

improvement in accuracy with no increase in computational cost. 
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CHAPTER 2 

GENERAL COMPUTATIONAL CHEMISTRY METHODOLOGY 

2.1 The Schrödinger Equation 

 Subsequent to Max Planck’s discovery that the energy of light is quantized at different 

levels and has wave-like properties, it was proposed by Louis de Broglie (as well as Albert 

Einstein) that subatomic particles might behave similarly.  The Schrödinger equation attempts to 

mathematically describe the behavior of subatomic particles while taking into consideration this 

wave-like nature.57-60  The field of quantum computational chemistry makes much use of this 

equation: 

 2.1 

In this equation Ĥ is the Hamiltonian operator; when this operator is applied to the wavefunction, 

Ψ, it produces an eigenvalue, E, which is the total energy of the system.  The determination of 

the exact wavefunction for a particular system is the challenge of quantum mechanics.  The 

Hamiltonian operator for a system of N electrons (i, j,…) and M nuclei (A, B,…) with charge Z, 

is of the form: 

 

     2.2 

in which the terms represent the kinetic energy of the electrons, Te; the kinetic energy of the 

nuclei, Tn; the attractive potential between the electrons and the nuclei, Vne, where riA is the 

distance between electron and the nucleus; the electron-electron repulsion, Vee, where rij is the 

distance between the two electrons; and, finally, the nuclei-nuclei repulsion, Vnn, where RAB is 

the distance between the two nuclei.  The form of the Hamiltonian necessitates an integro-

differential approach for an exact solution, which is intractable for all but the simplest of systems 
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(i.e., only one-electron systems are exactly solvable).61-63  Approximations are introduced so that 

the Schrödinger equation may be used to study more complex systems. 

 One approach toward improving the applicability of the Schrödinger equation is the 

Born-Oppenheimer approximation.64  The Born-Oppenheimer approximation assumes that the 

nuclei of a system move with a substantially lower velocity than the electrons of a system.  

Adopting the Born-Oppenheimer approximation allows for the electronic motion to be decoupled 

from the nuclear motion; the electrons may then be considered to be moving in a static nuclear 

field.63    The computational difficulty of addressing the Tn and Vnn terms is then eliminated as Tn 

is considered negligible and Vnn becomes a constant.  The resulting electronic Hamiltonian 

operator is of the form: 

 
2.3 

Though the Tn and Vnn terms are not included in Eqn. 2.3, Vnn is still a component of the total 

electronic energy (added as a constant). The use of this approximate Schrödinger equation may 

not always be valid, such as for an avoided crossing region (a region where two potential energy 

surfaces nearly cross but do not because they have the same symmetry – this results in fast 

nuclear motion in the region such that the electrons may not be accurately described as 

instantaneously responding to the nuclear position), but the effect of adopting the Born-

Oppenheimer approximation has been shown to be generally minimal (e.g., 0.1 kcal mol-1 in the 

case of the atomization energy of water).65  The Born-Oppenheimer approximation greatly 

reduces the computational requirements for quantum mechanical calculations and thus is used 

throughout the projects of this dissertation; it should not significantly affect the computed 

properties of this work. 
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 In using Eqn. 2.3 it must also be considered that the speed of the electrons may increase 

such that it becomes a significant fraction of the speed of light.66  One consequence of the speed 

of the electrons passing such a threshold is that their mass will increase by: 

 
2.4 

 is the relativistic mass once the electron’s velocity has been taken into account, 𝑚 is the 

electron’s rest mass, υ is the electron’s velocity and 𝑐 is the speed of light.  For lighter nuclei, the 

electrons will travel slow enough in comparison to the speed of light that relativistic effects may 

be neglected (the importance of relativistic effects scales as approximately Z2 – where is Z is the 

atomic number), but for heavier nuclei such as gold, the inclusion of relativistic effects is 

necessary for the achievement of results to within 1 kcal mol-1.66  The means of accounting for 

relativistic effects will be discussed in the composite methods section of this chapter, as well as 

in Chapters 3 and 4. 

 

2.2 Ab Initio Computational Chemistry Methodology 

The fundamental laws necessary for the mathematical treatment of 
a large part of physics and the whole of chemistry are thus 
completely known, and the difficulty lies only in the  fact that the 
application of these laws leads to equations that are too complex to 
be solved.   

Paul A. M. Dirac  
 

 The solution to the Schrödinger equation (2.1) for a many electron system (Ψ) may be 

approximated as a product of one-electron wavefunctions or orbitals (ψi – where N is the number 

of electrons). 
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 2.5 

This product, however, must be modified in order to account for the antisymmetry principle67 

(the wavefunction must be antisymmetric under the interchange of two electrons).   

Ψ 1,2=  − Ψ 2,1                                                            2.6 

If the total wavefunction is written as a Slater determinant,68 the antisymmetry principle will be 

satisfied (Eqns. 2.7 and 2.8 are equivalent for the two electron case [2.8 is the matrix notation] 

and Eqn. 2.9 is the general case – where N is the number of electrons and i, j… k are the 

orbitals). 

 
                                2.7 

 
                            2.8 

 
                     2.9 

The simplest commonly used ab initio computational chemistry method, Hartree-Fock,7-9 

systematically varies these one electron wavefunctions, ψi, under the constraint that the 

wavefunctions be orthonormal, in order to find the “best” solution to the Schrödinger equation.  

This “best” solution, according to the variational principle, will be the solution which minimizes 

the electronic energy of Eqn. 2.3.  In the Hartree-Fock approach each electron is treated as if it 

were interacting with an average electronic field created by the other electrons.9,69  The one 

electron wavefunctions are then optimized iteratively in order to obtain an energy minimum.  

The Hartree-Fock method accounts for approximately 99% of the total electronic energy;63 
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however, the 1% of energy which it does not account for is often chemically important.  For 

example, the Hartree-Fock method has been shown to predict two isolated fluorine atoms as 

lower in energy than the F2 molecule.10  The energy not considered in the Hartree-Fock 

technique is the electron correlation energy, (Ecorr):  

                                                            2.10 

The use of a quantum computational method which takes correlation energy into account (and 

consequently more thoroughly describes the many body wavefunction) is therefore desirable and 

the challenge of accounting for this energy is often called the “N-electron problem.6” 

 A conceptually simple method of accounting for correlation energy is the configuration 

interaction method (CI).70-74  The CI method can use the Hartree-Fock ground state wavefunction 

(Ψ0) to produce an exact solution (Φ) to the Schrödinger equation within the parameters of the 

Hamiltonian (dependent on use of the Born-Oppenheimer approximation, treatment of 

relativistic effects and basis set completeness) by the equation: 

 
2.11 

where the first term is the Hartree-Fock ground state wavefunction multiplied by a constant ( . 

The second term includes all of the wavefunctions where one electron has been excited from an 

occupied orbital (a) into a vacant orbital (r) and each of these singly excited wavefunctions has a 

coefficient ( ).  The third term represents all possible wavefunctions concerning the excitation 

of two electrons from occupied orbitals into virtual orbitals (double excitations) where each 

wavefunction is multiplied by a coefficient ( ).  There are terms to include all of the triple, 

quadruple, … excitations such that every possible excitation of the electrons into the virtual 
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orbitals is included in the total energy; thus obtaining an exact solution to the Schrödinger 

equation.  Figure 2.1 provides an example of some possible excitations. 

 
Figure 2.1 Examples of possible excitations (S – single excitation, D – double excitation, T – 
triple excitation, Q – quadruple excitation) of a six electron system from the Hartree-Fock (HF) 
wavefunction. 

 However, as a practical computational method, full CI (the inclusion of all possible 

excitations) is rarely used due its computational cost.  Computational cost is refers to the CPU 

time, memory, and disk space that is required to complete a calculation.  In the case of the 

Hartree-Fock method the computational cost formally scales as N4 (where N is the number of 

basis functions – basis sets to be discussed further in 2.2).  For the CI method, however, 

computational cost will increase factorially with the number of basis functions, making it an 

unfeasible computational method for use with all but the smallest species.75  The CI method, 

however, may be modified such that its computational cost is reduced by not including all of the 

possible excitations. 
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 Truncated CI methods only take certain excitations into account.76  One example of a 

truncated CI method is that of CIS, which makes use of only the single excitations (Figure 2.1), 

thus incorporating only the first two terms of equation 2.11 into the wavefunction.  The CI 

method may be truncated at a variety of excitation levels leading to a series of methods (CIS – 

including only single excitations, CISD – including single and double excitations, CISDT – 

including single, double and triple excitations,…).76  The truncated CI methods may be used to 

account for electron correlation in a computationally feasible manner; however, these methods 

are not used within this dissertation in favor of other computational methods. 

 Within this dissertation, coupled cluster theory11,77 and Møller-Plesset perturbation 

theory78-80 have been used to account for the correlation energy.  Coupled cluster (CC) theory is 

conceptually similar to the CI method in that it forms a total wavefunction from the Hartree-Fock 

): 

 

2.12 

where  generates all of the single excitations,  produces the connected double excitations, 

 produces the disconnected double excitations (the product of two single excitations – Figure 

2.1),  produces the connected triple excitations and  and  produce disconnected triple 

excitations from the product of a double excitation and a single excitation or the product of three 

single excitations. While a coupled cluster variation could exist which accounts for all possible 

excitations similar to the full CI approach, in practice coupled cluster theory is also truncated to 

produce a series of variants (CCS, CCSD, CCSDT, …) which are analogous to the truncated CI 

methods (CIS, CISD, CISDT, …) in that they are truncated at a specific level to include only 

certain excitations (single, double, triple, …).  The CCSDT method would therefore make use of 

a cluster operator with only the first three terms of Eqn. 2.12.  The inclusion of the disconnected 



12 

excitation terms allows for correlation energy to be recovered more efficiently through coupled-

cluster theory than through CI theory.  This is because more excitations are included in the 

wavefunction in comparison to CI theory at the same level of truncation.  Both the CCSD and 

CISD methods, however, scale as n2v4 (where n is the number of occupied orbitals and v is the 

number of virtual orbitals)81,82 in terms of computational cost.  The CCSD(T) method, used 

throughout this dissertation, scales as n3v4 [though the CCSD component scales as n2v4, and the 

(T) perturbative correction scales as n3v4]81 and has been called the “gold standard” of 

computational chemistry,83 due to its efficacy in recovering correlation energy. 

 A description of all ab initio computational chemistry methods is beyond the scope of 

this dissertation; in addition to coupled cluster theory, Møller-Plesset perturbation theory80 is 

widely used throughout this dissertation.  Møller-Plesset perturbation theory assumes that the 

approximate Hartree-Fock solution to the Schrödinger equation differs from the exact solution by 

a small amount and if the approximate Hartree-Fock Hamiltonian ( ) is slightly perturbed, a 

more accurate result may be obtained via: 

 2.13 

(where  is the Hartree-Fock Hamiltonian,  is the exact Hamiltonian,  is a perturbation and 

λ is a variable which determines the magnitude of the contribution of the perturbation – if λ is 

zero then there is no perturbation to the Hartree-Fock Hamiltonian).  It follows that the perturbed 

wavefunction and energy may be obtained through a Taylor series (where  and  are the 

perturbed energy and wavefunction,  and  are the unperturbed energy and wavefunction, 

 and  are the first order perturbations to the energy and wavefunctions,  and  are 

the second order perturbations and so forth): 
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 2.14 

 2.15 

If Eqns 2.12, 2.13 and 2.14 are substituted into the Schrödinger equation (2.1) then the resulting 

equation will be: 

 

2.15 

Though the full derivation of the MPn (where n is the order of the perturbation) energy and 

wavefunction formulae is provided elsewhere,78 the MP2 equations deserve some explanation as 

MP2 is frequently used in this work.  The general form for the second order correction to the 

energy ( ) is: 

 
2.17 

(where is the ground state wavefunction, is an excited wavefunction,  and  are the 

unperturbed ground and excited energies and  is the distance between electrons  and ).  This 

equation, however, may be simplified: singly excited states are orthogonal to the ground state 

wavefunction (Brillouin’s theorem) and therefore Eqn. 2.16 will contain none of these terms; 

furthermore, due to the two-electron nature of the potential energy operator, triply (and higher 

excited) states will also not be included.  Only double excitations will contribute to the second- 

order correction to the Hartree-Fock energy via: 

 
2.18 

(where  represents a doubly excited state and , ,  and  represent the energy of an 

electron in orbital , ,  or  respectively).  The MP2 method is used throughout this work as it 
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is a less computationally expensive (MP2 scales as N4n– where N is the number of basis 

functions and n is the number of occupied orbitals)84 method than CCSD(T) (vida supra). 

 

2.3 Basis Sets 

A detailed discussion of basis sets is essential for this dissertation.  One aspect of 

obtaining solutions to the Schrödinger equation involves the use ab initio methods previously 

discussed, the other aspect involves the choice of basis set.  A basis set, in the context of 

computational chemistry, is a set of known functions that will be chosen to construct the orbitals 

and, ultimately, the wavefunction of a particular system.85  The determination of a set of 

functions which completely describes the electronic orbitals of the wavefunction is known as the 

“one-electron problem.”86,87 The wavefunction (𝛹) is generally of the form: 

 

2.19 

In this equation (using polar coordinates) the wavefunction is a product of a radial component 

(𝑅) and an angular component (𝑌) where 𝑛, 𝑙 and 𝑚 are the principal, angular, and magnetic 

quantum numbers, respectively.  The angular component (𝑌) determines the shape of a particular 

orbital, that is whether it will be an s, p, d, f, … orbital.   

 The radial term (𝑅) in Eqn. 2.18 is a function only of 𝑟, that is, of the distance between 

the electron and the nucleus.  Correctly describing the behavior of the electron as a function of 

distance from the nucleus is a mathematical challenge.  The radial term may be expressed as the 

𝑥 𝑛, 𝑙, is a Laguerre polynomial88): 

 2.20 

In computational chemistry, a basis set is generally constructed using either Slater-type 

functions89 or Gaussian-type functions.90  The use of these functions derives from an attempt to 
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replicate the radial component of the exact hydrogen atom wavefunction (as the Schrödinger 

equation is exactly solvable in this case). The functions for the Slater-type Orbitals (STOs) or 

Gaussian-type orbitals (GTOs), respectively, are of the form (where 𝜁 is an optimized 

coefficient): 

 2.21 

 2.22 

STOs have advantages over GTOs by virtue of their more comprehensive description of the 

radial component of the hydrogen atom.  For example, STOs correctly describe the “cusp 

condition” (see Figure 2.2) –that the radial component will be non-differentiable at the nucleus 

(where 𝑟 equals zero).   Additionally, STOs correctly account for the “tail” (the electronic 

distribution at great distance from the nucleus) of the radial component of the wavefunction and 

decrease slowly enough to describe electrons far away from the nucleus. Despite the advantages 

of STOs, GTOs are used throughout the studies of this dissertation. 

 
Figure 2.2 The radial component of the hydrogen atom 1s wavefunction by STO (bottom, crosses 
to top) and GTO (top, crosses to bottom). 
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 The use of GTOs is justified by their far greater computational efficiency.  One 

advancement in computational chemistry was the idea that the Schrödinger equation could be 

solved as a series of linear equations, involving the manipulation of matrices, where it previously 

had been solved as an integro-differential equation.78 To solve the Schrödinger equation, 

however, electronic integrals are computed in order to obtain initial values. When using STOs, 

four-center integrals arise which cannot be solved analytically, and must be solved through 

numeric methods which greatly increases computational cost.  GTOs, however, give rise to two-

centered integrals for which the analytical solution is known.91  The inadequacy of GTOs in 

describing the “cusp condition” and the “tail” of the function may be overcome through the use 

of linear combinations of GTOs.  When linear combinations of GTOs are used, some of these 

GTOs may be quite “tight” – rapidly decreasing in order to account for the cusp condition while 

other functions may be more “diffuse” – decreasing more slowly to account for the tail of the 

wavefunction. A linear combination of GTOs is known as a contracted Gaussian type orbital 

(cGTO) or “contracted basis function” while its constituent GTOs are known as primitive 

Gaussian type orbitals (pGTO) or “primitive basis functions.”  If an infinite number of GTOs 

were used for a particular system, then the radial component of the wavefunction could be 

exactly described, including the cusp condition and tail; however, this is not possible due to 

computational limitations.  The question of the proper GTOs to use for the calculation of 

particular properties for specific systems has been a long-term question in computational 

chemistry.   

 

2.4 The Correlation Consistent Basis Sets 

 Since the use of an infinite number of basis functions is not computationally feasible, it is 
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necessary to make use of basis functions which are sufficient to describe electronic behavior.  

The correlation consistent basis sets, denoted in this dissertation as cc-pVnZ (where n is D, T, Q, 

5 – representing the ζ-level of the basis set), have been developed92-100 to systematically recover 

correlation energy.   

The composition of the correlation consistent basis sets is illustrated here (see figure 2.3) 

using the first row (Li-Ne) atoms as an example.  The first functions incorporated into a 

correlation consistent basis set are the “minimal” basis functions – that is, for a first row 

compound, two s cGTOs and one p cGTO.  These functions are optimized using the Hartree-

Fock method.  In order to construct even the smallest correlation consistent basis set (cc-pVDZ), 

however, additional functions are required.  The cc-pVDZ basis set is formed by the addition of a 

shell of functions consisting of one s function, one p function, and one d function, each of these 

functions being optimized using the CISD correlated method.93  The cc-pVDZ basis set for Li-

Ne is therefore a 3s2p1d basis set.  The cc-pVTZ basis set is constructed by adding another shell 

of functions to the cc-pVDZ basis set.  The cc-pVTZ basis set adds one s function, one p 

function, one d function and one f function (which have been optimized using CISD) to the cc-

pVDZ basis set, such that cc-pVTZ is a 4s3p2d1f basis set.  The basis sets of higher ζ-level are 

completed in a similar manner: using the functions of the previous ζ-level with the addition of 

another shell of functions (see Figure 2.3). 

This method of constructing the correlation consistent basis sets through the addition of a 

shell of functions per each ζ-level allows for the correlation consistent basis sets to 

systematically recover correlation energy as the ζ-level increases from double-ζ to triple-ζ, from 

triple-ζ to quadruple-ζ, etc.93  As the ζ-level increases for the correlation consistent basis sets, the 

amount of correlation energy recovered converges towards a limit.  At this limit, the complete 
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basis set (CBS) limit, all of the correlation energy which may be recovered for a chosen 

computational method has been accounted for and the error associated with the use of a finite 

basis has been eliminated.95,101,102   

 

Figure 2.3 The systematic construction of the correlation consistent basis sets. 

The elimination of basis set error is useful not only as it may be employed to assess the inherent 

accuracy of computational methods (HF, CI, coupled cluster, etc.) in the absence of basis error, 

but also to approximate the result achieved with an infinite basis set.  That is, if calculations are 

carried out using a series of correlation consistent basis set calculations, the results of these 

calculations may be extrapolated to approximate the result of a calculation at the CBS limit.   

 

2.5 Molecular Mechanics 

 While much of this dissertation’s focus is the development and application of quantum 
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mechanical methodologies, Chapter 6 alternatively makes use of equations based upon classical 

physics.  The use of classical physics is necessary for systems of great size for which even 

Hartree-Fock or DFT methods are computationally intractable.103-105  Systems for which the use 

of the equations of classical physics is necessary include biological systems such as DNA,106,107 

proteins,104,105 or cell membranes.108  Molecular mechanics (MM) calculations make use of 

potential energy expressions with terms for bond length stretching/compression, bond angle 

strain, torsional motion, and other terms that account for additional bonding phenomena, such as 

electrostatics, van der Waals interactions, and hydrogen-bonding, to model the optimum 

structure of molecules.  A molecular mechanics equation accounts for energetic components: 

 

2.23 

(where the first and second terms harmonically account for optimal bond length and angle 

respectively, the third term accounts for optimal dihedral angle and the fourth and fifth terms are 

Lennard-Jones and electrostatic interactions terms, respectively).  A set of terms of the form of 

Eqn. 2.23, including optimized coefficients, is called a force field.  A force field may be used to 

calculate the energy or optimal geometry of large systems (such as proteins), but may not easily 

be used to model electronic processes (as electrons are not treated explicitly).  The parameters of 

a particular force field are determined such that the force field will reproduce either experimental 

structural results, quantum chemical theoretical results (for small molecules) or some 

combination of experimental and theoretical results. 

 A force field may be used to find the minimum energy geometry (by the parameters of 

the force field) of a particular system. An evaluation of the gradient of the force field energy, 
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however, is often not sufficient to this task as energy minimization via this method may only 

attain a local energy minimum.  In order to obtain the global minimum energy structure, the use 

of molecular dynamics (MD) is often necessary.109  Molecular dynamics calculations provide a 

means of searching through conformations of a system by sampling different geometrical 

possibilities.  The time dependent behavior of molecules may be simulated via MD calculations, 

which estimate how atoms stretch, vibrate, and rotate about chemical bonds.  By examining the 

energies generated through MD simulations, more favorable regions of conformation space may 

be discovered and the global minimum energy of the system may be determined.  In Chapter 6 of 

this dissertation, MD simulations and MM energy minimizations are used to examine the 

mechanism of substrate binding within an enzyme: human glutathione synthetase (hGS). 
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CHAPTER 3 

THE CORRELATION CONSISTENT COMPOSITE APPORACH (CCCA) AND ITS 

DEVELOPMENT TO ITS CURRENT FORM† 

3.1 Composite Approach Introduction 

 The focus of much of this dissertation is the improvement of computational efficiency – 

the achievement of increased accuracy at a reduced computational cost.  The previously 

discussed extrapolation via the correlation consistent basis sets is one means of increasing 

computational efficiency; another means of increasing efficiency in computational chemistry is 

by way of composite approaches.  As previously mentioned, the accuracy of ab initio methods, 

however, is limited by (a) incompleteness of computational method - how completely the many 

body wavefunction for the molecular system is described (accounting for electron correlation) 

and (b) incompleteness of the basis set - the mathematical functions used to describe the 

electronic orbitals of the system.  Many composite methods offer a benefit in computational 

efficiency by treating the problems separately. A composite approach or “model chemistry” 

approximates the physical treatment that would be obtained by a computationally expensive 

calculation through the combination of multiple smaller and more efficient calculations.   

 

3.2 The Gaussian-n Composite Approaches 

One popular series of composite methods is the Gaussian-n (Gn) series of methods 

developed by Pople, Curtiss, Raghavachari and co-workers.28,110-122  The Gn methods were 

developed to predict energetic properties to within (or nearly within) “chemical accuracy” 

(within 1.0 kcal mol-1 of reliable experimental results for main group species), on average, for a 

                                                           
† Tables reprinted with permission from N.J. DeYonker, B. R. Wilson, A. W. Pierpont, T.R. Cundari and A. K. 
Wilson, Mol. Phys. “Towards the Intrinsic Error of the Correlation Consistent Composite Approach (ccCA).” 2009, 
107, 1107. Copyright 2009, Taylor & Francis. 
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diverse set of molecules.  In order to test these methods, many sets of energetic properties have 

been compiled by the authors of the Gn methods which include enthalpies of formation (ΔHf’s), 

ionization potentials (IPs), electron affinities (EAs) and proton affinities (PAs).28,115,119 The set 

utilized for the evaluation of the G1 method, included 61 energies (IPs, EAs and atomization 

energies); the first implementation of the Gn methods (G1) achieved a mean absolute deviation 

(MAD) of 1.5 kcal mol-1.28 A later set, known as the G2/97 set of energies was used to evaluate 

the accuracy of the G3 method and resulted in a MAD of 1.02 kcal mol-1.115 

 As an example of Gn theory, the methodology of G1 attempts to approximate the result 

which would be obtained using the quadratic configuration interaction method with single and 

double excitations with perturbative triple excitations [QCISD(T): scales as n3v4]81 combined 

with a 6-311+G**(2df) basis set [QCISD(T)/6-311+G**(2df)]. This is achieved by combining 

the results of fourth-order Møller-Plesset (MP4: scales as n3v4)123 calculations with a QCISD(T) 

calculation:28  

G1 = MP4/6-311G** + (MP4/6-311+G** - MP4/6-311G**) + (MP4/6-

311G(2df) - MP4/6-311G**) + (QCISD(T) /6-311G** - MP4/6-311G**)              
3.1 

However, the performance and applicability of the Gn methods is dependent on the use of 

empirically optimized parameters.  The total energy of a Gn method for a system is obtained by 

adding a “high-level correction” (HLC) to the energy from the quantum mechanical 

computations.  For the G1 method this HLC was physically meaningful; it was used to correct 

for the difference between the G1 energy for the hydrogen atom and the hydrogen molecule and 

the near exact analytical energies for these systems.  The HLC contributed an amount of energy 

to each species based on the number of α and β valence electrons; this was done under the 

assumption that the correlation energy between two spin-paired electrons will converge slowly as 



23 

basis functions of higher angular momentum are added.28   

 The subsequent Gn methods, however, did not employ an HLC with this physical 

significance.  After the development of the Gaussian-2 (G2) method, the HLC added an amount 

of energy optimized to minimize the MAD for a set of energies, which included ∆Hf’s, IPs, EAs, 

and PAs.  In this case, the HLC is an experimentally-based parameter which causes the Gn 

methods, with the exception of G1, to be less similar to ab initio methods than other composite 

methods (based entirely on physical principles).  For example, with the G3 method the HLC 

contributes over 28 kcal mol-1 to the ∆Hf of ethane; this value increases with increasing 

molecular size.  The implication of this correction, which is unrelated to first principles, is that 

when the Gn methods are used for species which are chemically different from those in the set 

for which the HLC was optimized, the Gn methods may fail to provide meaningful predictions 

without costly modification.  One example of this deficiency may be seen in a study of 42 s-

block ∆Hf’s (of which only 32 experimental ∆Hf’s had reported uncertainties) G3 predicted only 

72% of the ∆Hf’s within their experimental uncertainties, while G3B predicted only 63% of 

∆Hf’s within their experimental uncertainties.37  Additionally, in calculating the ∆Hf’s of several 

alkali and alkaline earth oxides and hydroxides, the G2 method was modified by the removal of 

the additivity approximation, the use of CCSD(T) rather than QCISD(T), and the expansion of 

the correlation space to include all electrons.124  Rather than running all of the calculations in the 

G2 procedure, one CCSD(T,FULL)/6-311+G(3df,2p) calculation was used.124  This greatly 

increases the computational cost of the modified G2 method and does not separately treat the 

one-electron and n-electron problems.  Though the Gn methods may be used for the study of s-

block compounds with modification, the efficiency of using a composite method is lost. The Gn 

methods have also been shown to have issues in calculating reaction barrier heights. In this study 
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both ccCA and G3B were used to calculate the barrier heights for 19 hydrogen transfer reactions 

and 19 non-hydrogen transfer reactions (including heavy-atom transfer, SN2 and unimolecular 

reactions); the ccCA method calculated these values with a mean unsigned error of 0.89 kcal 

mol-1, where G3B calculated the energies with a mean unsigned error of 1.94 kcal mol-1.4 

 

3.3 Chemical and Subchemical Accuracy Composite Approaches 

Many composite methods exist which do not make use of empirical parameterization or 

suffer the deficient accuracy of the Gn methods.  These methods developed for the prediction of 

energetic properties at either chemical or subchemical accuracy (less than 1.0 kcal mol-1, or 1.0 

kJ mol-1); these methods eschew the use of an HLC.  Examples of these methods include the 

Weizmann-n methods (Wn),1,3,30,33,36 the CBS approaches,27,125,126 the High Accuracy 

Extrapolated ab initio Thermochemistry (HEAT) method of Stanton and co-workers,34 and the 

focal point method of Allen and co-workers.29  As an example of this accuracy, the Weizmann-1 

(W1) method, when used to evaluate the G2-1 and G2-2 test sets, which contain 25 EA’s and 38 

IPs and 33 EAs and 50 IPs, respectively, achieved MADs of 0.30 and 0.42 kcal mol-1.33 These 

methods are greatly limited by the expense of their component calculations.  The Weizmann-2 

(W2) method, for example, requires both CCSD(T)/aug-cc-pVQZ+2d1f and a CCSD/aug-cc-

pV5Z+2d1f calculations.30  The more recent Weizmann-4 (W4) method1 requires even more 

computational demanding calculations, including: CCSD/aug-cc-pV6Z, CCSD(T)/aug-cc-pV5Z, 

CCSDT/pVTZ, CCSDT(Q)/cc-pVTZ and CCSDTQ/cc-pVDZ.  

 

3.3.1 The Correlation Consistent Composite Approach  

The correlation consistent composite approach (ccCA) is a method that was developed, 
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so that it could be applied in the study of large systems (used within this dissertation for the 

study of molecules such as anthracene [14 carbon atoms] and acenaphthene [12 carbon atoms]) 

and would achieve the threshold of chemical accuracy without the use of empirical 

parameterization.31,32  The development and methodology of ccCA is discussed in Chapters 4 

and 5, but a brief description of ccCA is provided here.  The correlation consistent composite 

approach (ccCA), developed by DeYonker, Wilson, and Cundari, achieves accuracy that is 

comparable to or better than the Gn methods for main group species,127 s-block species,37 and 

transition metals.38  In studying a set of 376 ∆Hf’s, IPs, EAs, and PAs, which consisted of first 

and second row main group species, ccCA achieved a MAD of 0.96 kcal mol-1, where G3 

achieved an MAD of 1.16 kcal mol-1.127  For a set of 42 s-block ∆Hf
’s ccCA achieved a MAD of 

2.2 kcal mol-1 as compared to a MAD of 2.7 kcal mol-1 for the G3 method.37  With minimal 

changes to its methodology, one of which is discussed later in this work, ccCA achieved an 

MAD of 2.85 kcal mol-1 for 52 ∆Hf’s of transition metal species49 (less than the threshold of 

targeted chemical accuracy of 3.0 kcal mol-1).  The energetic components of the ccCA, G4, and 

W1 composite approaches is provided in Table 3.1 as a means of comparing three of the 

composite approaches discussed in this chapter. 

 

3.4 Methodology 

Fundamentally, ccCA is based on the MP2 perturbation theory.  The ccCA method 

employs an extrapolation to the CBS limit using the correlation consistent basis sets of Dunning 

and coworkers at the MP2 level of theory.7-14 These extrapolations are obtained by fitting 

functions to the energies of MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ, and MP2/aug-cc-pVQZ 

calculations.  
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Table 3.1 Component calculations of three composite approaches (systems which contain only atoms H-Ne). 

 ccCA G4 W1 

Geometry Optimization B3LYP/cc-pVTZ B3LYP/6-31G(2df,p) B3LYP/cc-pVTZ 

Frequency Calculations B3LYP/cc-pVTZ B3LYP/6-31G(2df,p) B3LYP/cc-pVTZ 

Single Point Calculations MP2/aug-cc-pVDZ HF/aug-cc-pVQZ CCSD(T)/aug-cc-pVDZ+2d 

 MP2/aug-cc-pVTZ HF/aug-cc-pV5Z CCSD(T)/aug-cc-pVTZ+2d1f 

 MP2-aug-cc-pVQZ MP4/6-31G(d) CCSD/aug-cc-pVQZ+2d1f 

 CCSD(T)/cc-pVTZ MP4/6-31+G(d) CCSD(T)/MTSmall 

 MP2(Full)/aug-cc-pCVTZ MP4/6-31G(2df,p)  

 MP2(DKH)/cc-pVTZ-DK CCSD(T)/6-31G(d)  

  MP2(Full)/G3LargeXP  

HLC? No Yes No 
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By treating the one-electron and N-electron problems separately, ccCA provides an energy 

which approximates the energy one would obtain using a complete basis set at a computationally 

demanding level of theory: CCSD(T).The initial formulation of ccCA began with the calculation 

of the equilibrium geometry and harmonic vibrational frequencies at the B3LYP/6-31G(2df,p) 

level of theory.  It was previously shown that geometry optimization using DFT achieved similar 

accuracy as geometry optimization at the MP2 and CCSD(T) levels of theory, but at a greatly 

reduced computational cost.30,33,112,117  Since the vibrational frequencies were calculated using 

the harmonic approximation, a scale factor of 0.9854 was used to approximate anharmonic 

frequencies.32  The total energies from the MP2 calculations were extrapolated to the CBS limit 

by either the mixed exponential/Gaussian functional of Peterson, Woon, and Dunning,128 which 

is of the form: 

2
CBS( ) exp[ ( 1)] exp[ ( 1) ]E x E B x C x= + − − + − − , 3.2 

                           
where x is the zeta level of the employed basis set, and this equation is used in the ccCA-P 

variant.  The inverse power of lmax
4 (where lmax is the highest angular momentum used by basis 

set functions) of Schwartz,129,130 Kutzelnigg,131 Klopper and coworkers,132 and Martin133,134 was 

also used and is expressed as: 

max
4

max
1

2
)

( )
(

CBS
BE l E

l
= +

+
, 

3.3 

  
This equation is used in extrapolating the energies in the ccCA-S4 variation.  A calculation at the 

CCSD(T)/cc-pVTZ level of theory is then carried out to recover additional amounts of 

correlation energy beyond second-order perturbation theory.  

( ) [ ] [ ]ΔE CC E CCSD(T)/cc pVTZ E MP2/cc pVTZ= − − − . 3.4 



28 

Though much of chemistry concerns only the valence electrons (i.e. bonding) the achievement of 

“chemical accuracy” requires the inclusion of correlation effects in order to describe how the 

core electrons change the behavior of the valence electrons (i.e. correlation).135  A calculation to 

account for core-valence and core-core correlation effects is carried out at the MP2 level of 

theory and includes correlation effects from the valence and outer-most core electrons (using the 

FC1 keyword in Gaussian03). This calculation makes use of the aug-cc-pCVTZ basis set when 

optimized to recover core-valence as well as core-core correlation by the addition of basis 

functions (ex: carbon, for cc-pCVDZ, 1s1p functions are added) which are optimized to 

minimize the difference between the valence only and all-electron calculations (these functions 

are generally tight functions, but as ξ-level increases, the functions span a greater range of 

exponent size).136  

( )ΔE CV E[MP2(FC1)/aug cc pCVTZ] E[MP2/aug cc pVTZ]= − − − − −  3.5 

          
A computation at the MP2/cc-pVTZ-DK using the Douglas-Kroll-Hess (DKH) Hamiltonian and 

the Douglas-Kroll contracted cc-pVTZ basis sets (cc-pVTZ-DK) is carried out in order to 

account for scalar-relativistic effects such as the mass-velocity effect and the Darwin term.  

(SR-MP2) [MP2/cc-pVTZ-DK] [MP2/cc-pVTZ]E E E∆ = −  3.6 

 
These energy components are then added together along with a zero-point-energy (ZPE) 

correction and a spin-orbit (SO) component for atoms and also a SO component for molecules 

which contain third-row atoms.  

( ) ( ) ( )
( )

E MP2/CBS ΔE CC ΔE CV

           E(SR-MP2) E(ZPE)+ΔE SO
ccCAE = + +

+ ∆ + ∆
 3.7 
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  This work considers possible modifications to ccCA.  The goal is to determine whether 

or not ccCA may be improved without substantial increase in computational cost.  It is possible 

that ccCA has reached a limit in its performance, essentially reaching a threshold of numerical 

noise, which means that limitations in the accuracy of the experimental values used for 

comparison may result in a similar deviation regardless of the physical correctness of ccCA or 

any computational method.  Modifications to ccCA which are considered here include: the use of 

a correlation consistent basis set for the geometry optimization, separate extrapolation of the HF 

and MP2 correlation energies, a change in the atomic enthalpies of formation, the use of an 

unrestricted HF wave function for the scalar relativistic correction, and the use of a different 

vibrational scale factor.  This modified ccCA has been applied to the G3/05 set35 of 454 

energetic quantities. 

 

3.5 Developments in the ccCA Methodology 

3.5.1 Geometry Optimization using Correlation Consistent Basis Sets  

The first component of ccCA was formerly a B3LYP/6-31G(2df,p) geometry 

optimization and frequency calculation.  The geometry obtained in this first step was used as the 

reference geometry for the other calculations in ccCA (which are single point calculations).  The 

use of correlation consistent basis sets for the calculation of the geometry optimization and 

harmonic frequency calculations has been considered; allowing ccCA to be carried out entirely 

using the correlation consistent basis sets.  Since work is currently being conducted to develop 

the correlation consistent basis sets for atoms across the periodic table (the Pople style basis sets 

may not always be available, as in the case of transition metals for the Gn methods), and a goal 
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in developing the ccCA methodology is to create the most widely applicable method possible, it 

is desirable to make this change to ccCA’s procedure.   

For the G3/99 set of molecules, the use of the 6-31G(2df,p) basis resulted in a slightly 

lesser MAD (Table 3.2) as compared to using the cc-pVTZ basis set.  The difference between 

using the 6-31G(2df,p) basis set and the cc-pVTZ basis set accounted for a change that was 

rarely more than a few tenths of one kcal mol-1.32  For further comparison between the two basis 

sets, the results are also displayed for different categories of molecules (nonhydrogens, 

hydrocarbons, substituted hydrocarbons, inorganics, and radicals).  The change in using the cc-

pVTZ basis set increases the overall MAD of the ccCA-P variant by 0.04 kcal mol-1, and results 

in a 0.07 kcal mol-1 increase for the ccCA-S4 variant.  The ccCA method most benefitted from 

the shift in using the cc-pVTZ basis set for the calculation of the ∆Hf’s of nonhydrogen-

containing molecules; this set of molecules showed a decrease in MAD of 0.01 kcal mol-1 for 

both the ccCA-P and ccCA-S4 variants.  (Note: The cc-pV(T+d)Z basis sets were used for the 

molecules which contained atoms Na-Ar as the cc-pV(T+d)Z basis sets had been shown to be 

necessary for accurate convergence with these elements.)92  The molecules most adversely 

affected by using a correlation consistent basis set for the geometry optimization were the 

substituted hydrocarbons, which showed an increase in MAD of 0.10 kcal mol-1 for the ccCA-P 

variant and an increase of 0.11 kcal mol-1 for the ccCA-S4 variant.  The average change in ΔHf 

for each molecule from using B3LYP/6-31G(2df,p) to using B3LYP/cc-pVTZ, however, was 

only +0.13 kcal mol-1.  It is also significant that, for 87 of the 222 (~39%) values in G3/99 

training set, the use of a correlation consistent basis set for the geometry optimization and 

frequency calculations reduced the absolute deviation from experiment. 
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Table 3.2 Comparison of G3/99 enthalpies of formation between ccCA using B3LYP/6-
31G(2df,p) and B3LYP/cc-pVTZ equilibrium geometries (kcal mol-1). 
 B3LYP  6-31G(2df,p) B3LYP cc-pVTZ 
 ccCA-P ccCA-S4 ccCA-P ccCA-S4 

Mean signed deviations (MSD)     
Enthalpies of Formation (222) 0.18 0.06 0.05 0.20 
    Nonhydrogens (47) 0.23 0.15 0.15 0.07 
    Hydrocarbons (38) 0.59 0.12 0.40 0.07 
    Substituted hydrocarbons (91) 0.08 0.24 0.08 0.41 

    Inorganic Hydrides (15) 0.98 1.01 1.03 1.07 
    Radicals (31) 0.46 0.34 0.38 0.28 
     
Mean absolute deviations (MAD)     
Enthalpies of Formation (222) 0.87 0.90 0.91 0.97 
    Nonhydrogens (47) 1.03 0.96 1.02 0.95 
    Hydrocarbons (38) 0.92 0.90 0.95 1.00 
    Substituted hydrocarbons (91) 0.78 0.90 0.88 1.01 
    Inorganic Hydrides (15) 1.04 1.04 1.06 1.09 
    Radicals (31) 0.74 0.73 0.73 0.75 
     

 

The MADs which result from the use of the cc-pVTZ basis set are 0.91 kcal mol-1 for the 

ccCA-P variation and 0.97 kcal mol-1 for the ccCA-S4 variation. These results are similar to the 

values obtained using the 6-31G(2df,p) basis set, and are still within the threshold of “chemical 

accuracy” (1.0 kcal mol-1).  The use of a correlation consistent basis set in calculating the 

minimum energy geometry and harmonic frequencies in the ccCA method allows it to be carried 

out entirely using the correlation consistent basis sets.  This will allow for the study of species 

which could not otherwise be examined using the Pople-style basis sets.  As ccCA will be further 

modified in this work, the marginal increase in MAD is also not a concern.  For these reasons, 

the use of the cc-pVTZ (or cc-pV(T+d)Z) basis sets is recommended for the geometry 

optimization and frequency calculations in ccCA.  
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3.5.2 Separate SCF/MP2 Extrapolations 

 Recently, a study was conducted in our laboratory in which ccCA was applied to various 

transition metal species.38  In this study of the ∆Hf’s of transition metal complexes, the HF and 

MP2 energies were separately extrapolated.  The convergence of the HF energies to the CBS 

limit may be approximated in an exponential manner with respect to ξ-level in the correlation 

consistent basis sets,38 and the CBS limit for MP2 energies may be estimated in many different 

ways.38 A two point, exponential extrapolation for the HF energies, which was developed by 

Halkier, could be used:137 

HF-CBS( ) exp( 1.63 )E n E B n= + − . 3.8 

 
The ccCA procedure for transition metals (ccCA-tm) adopted this method of separately 

extrapolating the HF energies.  Separate extrapolation of HF and correlation energy has also 

been shown to be effective in studying main group species, such as estimating the Full CI energy 

at the CBS limit for various properties of water.138  For this reason, the effect of incorporating 

separate extrapolation has been examined for the main group ccCA procedure. 

The approximation of the combined HF and MP2 energy at the CBS limit is obtained by 

first extrapolating the HF energy by Eqn. 9, and then extrapolating the correlation energy 

obtained by using the MP2 method, by Eqn. 3 or Eqn. 4.  A method similar to Eqn. 4, which 

approximates the CBS limit using the inverse power of lmax
3: 

max 3
max )

( )
(CBS

BE l E
l

= + , 3.9 

 
is also used, and is designated as ccCA-S3.   

 The Dixon/Feller/Peterson CBS/CCSD(T) composite approach averages the energies 

obtained by the Peterson exponential/Gaussian extrapolation with those obtained by the 
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Schwartz inverse of lmax
3 function.96,139-142  This extrapolation strategy was incorporated into 

ccCA, as ccCA-P was frequently observed to overestimate ∆Hf’s while ccCA-S3 underestimated 

them.  The average of the MP2 correlation energies obtained by these two extrapolation schemes 

is added to the extrapolated HF energy.  This extrapolation method has been designated as ccCA-

PS3. 

 The G3/99 set of energies provides the basis for comparison between CBS extrapolations 

of total energies and separate CBS extrapolations of the HF and MP2 energies.  All four 

variations of ccCA are compared in this way with the results displayed in Table 3.3  The ccCA-

S4 variation shows a slight overall decrease in MAD (0.97 kcal mol-1 to 0.95 kcal mol-1); 

however, for the ccCA-P variant there is a slight increase in MAD from 0.87 kcal mol-1 to 0.91 

kcal mol-1.  By extrapolating the HF and MP2 energies separately, both the ccCA-P and ccCA-

S4 variations maintain an MAD below the threshold of chemical accuracy. The ccCA-S3 variant 

performs worse than the other variations with a MAD of 1.48 kcal mol-1; the ccCA-PS3 variant 

performs similar to ccCA-P and ccCA-S4 with a MAD of 1.07 kcal mol-1, near the threshold of 

chemical accuracy. 

 Adopting the separate extrapolation of the HF and MP2 energies only slightly changes 

the calculated ∆Hf’s.  For example, the average shift (in calculated ∆Hf) is -0.13 kcal mol-1 per 

molecule for ccCA-P.  While it was hoped that a significant reduction in MAD would occur 

upon utilizing separate extrapolation, further modification to the ccCA methodology is carried 

out in this work. The separate treatment of the HF and MP2 energies is more physically 

reasonable due to the slower convergence of correlation energy compared to HF energy;131 and 

this change is adopted to provide a more sound basis for our further modifications.  
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Table 3.3 The deviations of G3/99 enthalpies of formation with ccCA using B3LYP cc-pVTZ 
equilibrium geometries and harmonic vibrational frequencies with separate HF and MP2 CBS 
extrapolations (kcal mol-1). 
     
 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 
Mean signed deviations (MSD)     
Enthalpies of Formation (222) 0.18 0.17 1.18 0.50 
    Nonhydrogens (47) 0.22 0.36 0.56 0.17 
    Hydrocarbons (38) 0.57 0.42 1.44 0.44 
    Substituted hydrocarbons (91) 0.08 0.03 1.71 0.81 
    Inorganic Hydrides (15) 0.94 0.94 1.39 1.17 
    Radicals (31) 0.47       0.48 0.14 0.17 
     
Mean absolute deviations (MAD)     
Enthalpies of Formation (222) 0.91 0.95 1.48 1.07 
    Nonhydrogens (47) 0.98 1.05 1.02 0.95 
    Hydrocarbons (38) 1.00 1.03 1.64 1.06 
    Substituted hydrocarbons (91) 0.87 0.91 1.88 1.21 
    Inorganic Hydrides (15) 0.97 0.97 1.39 1.17 
    Radicals (31) 0.79 0.81 0.88 0.79 
 

3.5.3 Updated Atomic Enthalpies of Formation 

 The calculation of the ∆Hf of a molecule (via atomization energy) requires the ∆Hf’s of 

the molecule’s constituent atoms.  This is due to the fact that the standard state of an element is 

often not the isolated atomic form.  The calculation of ∆Hf’s in ccCA uses experimental values 

for these atomic enthalpies of formation, because they would often be problematic to obtain 

computationally (for example, the standard state of carbon is solid graphite, and a great number 

of atoms would be required to model the lattice).  A lack of accuracy in the experimental values 

used for the atomic ∆Hf’s may cause deviation from the experimental values for a computational 

method beyond the deviation which results from an inexact solution to the Schrödinger equation.  

For example, the G3/99 test set includes only energetic properties which have experimental 

uncertainties of less than 1.0 kcal mol-1 in their experimentally reported ∆Hf. However, 
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uncertainty in the constituent atomic enthalpies of formation is a concern.  This concern is 

greater for larger molecules; as these molecules contain many atoms, the total uncertainty of the 

computed ∆Hf may increase as the uncertainty contribution from the atomic ∆Hf’s multiplies.  

For example, three atomic enthalpies of formation (Be, Al and Si), which were used in previous 

Gn and ccCA studies, have uncertainties of 1.0 kcal mol-1 or greater (Be – 76.5 + 1.2 kcal mol-1, 

Al – 78.2 + 1.0 kcal mol-1, Si – 106.6 + 1.9 kcal mol-1).143,144  The atomic enthalpy of formation 

of silicon, for example, has an uncertainty of 1.9 kcal mol-1.144 Additionally, there are 154 

organic ∆Hf’s in the G3/99 test set, and since molecules such as azulene (C10H8) are included; 

the ∆Hf for carbon must be especially scrutinized.  The effect of a change in the atomic ∆Hf’s for 

the atoms C, Be, Al and Si is further discussed. 

 It is possible to use computational methods of such sophistication for the calculation of 

some energetic properties that the uncertainty in the computed value will be smaller than the 

uncertainty of the experimentally determined value.  Several new studies have been conducted 

using both experimental and computational techniques which have challenged established atomic 

∆Hf’s.  The ∆Hf for the carbon atom, for example, was addressed in the work of Tasi et al. 

through the use of an improved G2 model which included conformational analysis for a large set 

of hydrocarbons.145  Ruscic et al., using the ATcT (Active Thermochemical Tables) - which 

combines experimental data with highly-accurate computations through an artificial intelligence 

analysis, also evaluated the ∆Hf of the carbon atom.146-148  These two studies are in agreement 

that the previous value for the CODATA enthalpy of formation of 169.98 + 0.10 kcal mol-1 for 

carbon atom in the gas phase is too low by 0.14 kcal mol-1.  For this work, the current ATcT 

value of 170.122 + 0.05 kcal mol-1, for the ∆Hf for carbon atom in the gas phase, is adopted.  
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 The atomic enthalpies of formation of B, Al and Si have also been reevaluated recently.  

A “semi-experimental” approach was used by Karton and Martin to obtain more accurate atomic 

enthalpies of formation.36  Karton and Martin employed the W4 composite method, which uses 

post CCSD(T) corrections, including CCSDTQ(5) and also includes a correction for diagonal 

Born-Oppenheimer effects, and so achieves an accuracy which is near to the FCI/CBS limit.  The 

results obtained using W4 were combined with experimental and ATcT values, and the new 

atomic enthalpies they obtained were significantly different from the CODATA values used in 

previous Gn and ccCA studies.  Respectively, the enthalpies of formation for B, Al, and Si were 

modified by -0.9, +2.0 and +1.6 kcal mol-1.  In the G3/99 test set, 16 molecules contain at least 

one of these atoms, and so the assessment of the accuracy of ccCA, or any computational 

method, would be significantly affected by the adoption of these new values.   

 Table 3.4 shows the change in deviation for all of the molecules affected by the change in 

the atomic enthalpy of formation for B, Al, and Si (since so many molecules contain carbon the 

changes for each individual molecule are not displayed).  Overall there is a slight decrease in 

deviation for the boron containing molecules; for ccCA-P, the MAD was 1.2 kcal mol-1 using the 

previous ∆Hf, and it is 0.1 kcal mol-1 after the shift.  There is a slight increase in deviation for the 

aluminum containing molecules: the new atomic enthalpy of formation causes a change from a 

MAD of 0.6 kcal mol-1 to 1.4 kcal mol-1.  It should be noted that there are only two boron 

containing molecules and two aluminum containing molecules in the G3/99 set, and so it is 

difficult to fully gauge the impact of the revised atomic ∆Hf for either the boron containing or 

aluminum containing molecules.  There are twelve silicon containing molecules in the G3/99 test 

set, however, on average; there is not much change in deviation upon adopting the new atomic 

enthalpy of formation for silicon. 
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Table 3.4 Shifts in ΔHf once new theoretical atomic enthalpies of formation are adopted (kcal mol-1). 
        Old Deviation        New Deviation         ΔΔHf (new - old)  
Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 

BF3 -1.3 -1.5 -0.7 -1.0 -0.2 -0.4 0.4 0.1 1.1 1.1 1.1 1.1 

BCl3 -1.0 -1.0 -0.2 -0.6 0.1 0.1 0.9 0.5 1.1 1.1 1.1 1.1 
Average Signed 
Deviations (B) -1.2 -1.3 -0.5 -0.8 0.1 -0.2 0.6 0.3     

             
AlF3 0.1 0.0 0.8 0.4 -1.9 -2.0 -1.2 -1.5 -2.0 -2.0 -2.0 -1.9 
AlCl3 1.0 0.8 1.8 1.4 -0.9 -1.2 -0.2 -0.6 -2.0 -1.9 -1.9 -2.0 
Average Signed 
Deviations (Al) 0.6 0.4 1.3 0.9 -1.4 -1.6 -0.7 -1.1     

             
SiH2 singlet 2.1 2.1 2.4 2.3 1.6 1.6 1.8 1.7 -0.5 -0.5 -0.5 -0.6 
SiH2 triplet -0.1 -0.1 0.1 0.0 -0.6 -0.6 -0.4 -0.5 -0.5 -0.5 -0.5 -0.5 

SiH3 0.9 0.9 1.2 1.1 0.3 0.3 0.7 0.5 -0.6 -0.5 -0.5 -0.6 

SiH4 1.6 1.6 2.0 1.8 1.0 1.0 1.5 1.3 -0.6 -0.6 -0.6 -0.5 

Si2 -0.3 -0.4 0.0 -0.2 -1.4 -1.5 -1.1 -1.3 -1.1 -1.1 -1.1 -1.1 
SiO -0.8 -0.9 -0.4 -0.6 -1.3 -1.5 -1.0 -1.1 -0.5 -0.5 -0.5 -0.5 

Si2H6 2.6 2.6 3.5 3.0 1.5 1.5 2.4 1.9 -1.1 -1.1 -1.1 -1.1 

SiF4 -1.4 -1.0 -0.5 -0.9 -1.9 -2.1 -1.0 -1.5 -0.6 -0.5 -0.5 -0.6 

CH3SiH3 0.4 0.4 1.3 0.8 -0.3 -0.3 0.6 0.2 -0.7 -0.7 -0.6 -0.7 

SiCl4 -0.9 -1.1 0.2 -0.3 -1.7 -1.7 -0.3 -0.9 -0.5 -0.5 -0.6 -0.5 

Si(CH3)4 -3.3 -3.1 -0.9 -2.1 -4.3 -4.2 -1.9 -3.1 -1.1 -1.2 -1.2 -1.2 

SiCl2 0.0 -0.2 0.5 0.2 -0.6 -0.8 0.0 -0.3 -0.5 -0.6 -0.5 -0.5 
Average Signed 
Deviations (Si) 0.1 0.0 0.8 0.4 -0.6 -0.7 0.1 -0.3     

MAD (Si) 1.2 1.2 1.1 1.1 1.4 1.4 1.1 1.2     
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For example, the ccCA-P MAD (of only the silicon containing species) upon adoption of the new 

values shifted from 1.2 to 1.4 kcal mol-1. 

The overall accuracy of ccCA, using the new atomic enthalpies of formation for B, C, Al, 

and Si for the G3/99 test, is examined in Table 3.5.  Using these new values, the MAD of the 

ccCA-P and ccCA-S3 variations is increased from 0.91 to 1.00 kcal mol-1 and from 0.95 to 1.02 

kcal mol-1, respectively.  The MAD of the ccCA-S3 and ccCA-PS3 variation is significantly 

improved changing from 1.48 and 1.07 kcal mol-1 to 1.26 and 0.98 kcal mol-1.  It is important to 

note that the adoption of these new enthalpies of formation results in ccCA-PS3 becoming the 

most accurate variation of the ccCA.  The ccCA-PS3 variant maintains accuracy across many 

types of molecules, with 1.05 kcal mol-1 being the greatest MAD it obtains for the ∆Hf’s for any 

type of molecule.  Updating the experimental, atomic ∆Hf’s used by the ccCA method to account 

for new thermodynamic studies does not result in a significant decrease in the accuracy of ccCA. 

Table 3.5 The deviations of G3/99 enthalpies of formation with ccCA are shown using B3LYP 
cc-pVTZ equilibrium geometries and harmonic vibrational frequencies, separate HF and MP2 
CBS extrapolations, and newly recommended theoretical values of atomic heats of formation 
(kcal mol-1). 
     
 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 
Mean signed deviations (MSD)     
Enthalpies of Formation (222) 0.53 0.52 0.83 0.15 
    Nonhydrogens (47) 0.35 0.49 0.44 0.04 
    Hydrocarbons (38) 1.18 1.04 0.83 0.18 
    Substituted hydrocarbons (91) 0.52 0.47 1.27 0.37 
    Inorganic Hydrides (15) 0.79 0.79 1.25 1.02 
    Radicals (31) 0.68 0.68 0.07 0.37 
     
Mean absolute deviations (MAD)     
Enthalpies of Formation (222) 1.00 1.02 1.26 0.98 
    Nonhydrogens (47) 1.02 1.10 0.98 0.93 
    Hydrocarbons (38) 1.28 1.24 1.25 1.02 
    Substituted hydrocarbons (91) 0.95 0.96 1.55 1.05 
    Inorganic Hydrides (15) 0.82 0.82 1.25 1.02 
    Radicals (31) 0.89 0.90 0.87 0.81 
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3.5.4 Uniform Relativistic Corrections 

 One of the goals in developing ccCA was to create a “black box” method which could be 

used easily, even by those with only rudimentary knowledge of computational chemistry.  In 

previous implementations of ccCA all the calculations, except for the Δ(SR-MP2) or Douglas-

Kroll (DK) additive correction, were carried out using the Gaussian03149 software package.  The 

DK calculation was carried out in the MOLPRO software package and was based upon a 

restricted open-shell (ROHF) Hartree-Fock wave function, as opposed to an unrestricted Hartree-

Fock wavefunction (UHF).150  In the UHF approach, electrons of α spin will be described by one 

set of spatial functions while β electrons will be described by another set; in ROHF both α and β 

electrons are described by one set of functions (for paired electrons).  A UHF approach will 

obtain a lower energy but the resulting wave function will not be an Eigenfunction of the S2 

operator.  Gaussian03 utilizes an UHF DK wave function, and so a possible loss of accuracy 

when running all calculations in Gaussian03 is a concern.  The development of ccCA towards a 

“black box” method would be greatly enhanced with ccCA implemented within one software 

package.  

 The effect of using the UHF Δ(DK) correction in Gaussian03, rather than the ROHF SR-

MP2 component in MOLPRO is examined in Table 3.6.  The change in ∆Hf for the molecules in 

the G3/99 set is minimal.  On average, using Gaussian03 for the SR-MP2 component changed 

each molecule by only +0.04 kcal mol-1 for the 222 ∆Hf’s in the set.  Since the change in energy 

is so small, and it is desirable to have every step in the ccCA method implemented within one 

software package, the use of Gaussian03 for the DK calculation is recommended. 
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Table 3.6  The deviations of G3/99 enthalpies of formation with ccCA are shown using B3LYP 
cc-pVTZ equilibrium geometries and harmonic vibrational frequencies, separate HF and MP2 
CBS extrapolations, new theoretical values of atomic heats of formation, and relativistic 
corrections using a UHF reference wave function for open shell atoms and molecules (kcal mol-1). 
     
 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 
Mean signed deviations (MSD)     
Enthalpies of Formation (222) 0.57 0.56 0.79 0.11 
    Nonhydrogens (47) 0.38 0.52 0.40 0.01 
    Hydrocarbons (38) 1.26 1.11 0.75 0.25 
    Substituted hydrocarbons (91) 0.57 0.51 1.23 0.33 
    Inorganic Hydrides (15) 0.81 0.81 1.26 1.03 
    Radicals (31) 0.72 0.73 0.11 0.42 
     
Mean absolute deviations (MAD)     
Enthalpies of Formation (222) 1.03 1.03 1.24 0.97 
    Nonhydrogens (47) 1.04 1.12 0.99 0.95 
    Hydrocarbons (38) 1.34 1.25 1.19 0.99 
    Substituted hydrocarbons (91) 0.97 0.97 1.51 1.01 
    Inorganic Hydrides (15) 0.84 0.84 1.26 1.03 
    Radicals (31) 0.90 0.91 0.87 0.82 
 

3.5.5 Vibrational Scale Factor 

 The harmonic approximation in computational chemistry allows for the computation of 

theoretical vibrational frequencies at a lower cost than would be required to calculate the 

frequencies using an anharmonic potential.  Calculating theoretical vibrational frequencies based 

on an anharmonic potential requires the computation of cubic and even higher-order force 

constants.  The loss of accuracy due to the use of a harmonic potential can be mitigated through 

the use of vibrational scale factor, which is a constant by which all of the frequencies calculated 

using the harmonic approximation are multiplied such that they more closely match the 

frequencies which would be obtained using an anharmonic potential.28,31,151 
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A scale  factor of 0.9854, which was an established value for the B3LYP/6-31G(2df,p) 

frequency calculations within the G3X method, was also used as the scale factor for the previous 

implementation of ccCA.120  This factor resulted from a previous study which was conducted by 

Scott and Radom on the “F1” test set of 122 organic and inorganic molecules (1066 frequencies) 

in which zero-point energies (ZPE’s) were calculated using the harmonic approximation were fit 

to the anharmonic ZPE’s.152  For this implementation of ccCA, the cc-pVTZ basis set is now 

used for geometry optimization and calculation of vibrational frequencies; so the scale factor of 

0.9854, which was valid for the 6-31G(2df,p) basis set, should be modified.  A previous study in 

our laboratory had been conducted using 41 organic molecules with known fundamental 

frequencies. By minimizing the deviation between the known ZPE’s and the ZPE’s calculated 

using the harmonic approximation a scale factor of 0.9764 was established for B3LYP and the 

cc-pVTZ basis set.153  As this study included only organic molecules, the scale factor should be 

examined again.  The ccCA method should be applicable across the periodic table to both 

organic and inorganic species. 

One possible strategy for choosing a new scale factor which is a better fit for the newly 

adopted basis set is to optimize the scale factor so as to minimize the MAD obtained for the 222 

enthalpies of formation in the G3/99 test set (Figure 3.1 shows a plot of scale factor versus MAD 

for the ccCA-P variant).  This strategy, however, introduces a potential bias; which the new scale 

factor would be derived to minimize error of ccCA for the G3/99 set rather than to approximate a 

physical phenomenon, as other sources of deviation would be taken into account in the 

optimization of the scale factor.  This might cause a serious bias which would lessen ccCA’s 

applicability outside the G3/99 set.  A different approach, therefore, should be used in deciding 

upon a new vibrational scale factor. 



42 

  
Figure 3.1 Optimization of scale factor for minimum MAD for the 222 enthalpies of formation in 
the G3/99 test set using the ccCA-P variant. 

The Gaussian03 software package149 may be used to explicitly calculate anharmonic 

frequencies (based upon a perturbation of the harmonic frequency calculations using third and 

fourth derivatives of energy with respect to vibrational coordinates); however, it requires 

additional effort on the part of the user.  This may be accomplished by changing the orientation 

of the molecule so that it is forced to be along the principal axis of rotation, and lowering 

thresholds for Fermi resonances (a mixing of vibrational modes which have the same irreducible 

representation and similar energies).154,155  In this work a larger set of 191 molecules, 3319 

frequencies from the G3/99 set, were used to obtain a new vibrational scale factor.  Spherical top 

molecules and molecules with more than 16 atoms were excluded from the test set, due to the 

fact that the calculation of anharmonic frequencies for spherical tops was not a supported 

functionality in Gaussian03.  The larger species were also excluded due to the computational 

cost of calculating anharmonic frequencies of molecules with more than 16 atoms (molecules 

excluded for these reasons include hexane, naphthalene, SF6, and P4).  By comparing the average 
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ZPEs of the harmonic and anharmonic approaches, a scale factor of 0.989 is recommended; 

however, it should be noted that there is a significant difference between the behaviors of 

inorganic versus organic molecules.  If the test set is separated into organic and inorganic ZPEs, 

the optimized organic scale factor would be 0.9874 while the optimized inorganic scale factor 

would be 0.9919.  It should be noted, however, that if our objective were to minimize the 

difference in the frequencies themselves rather than the ZPE’s a scale factor of 0.9700 would be 

the optimum value.   

Table 3.7 displays the results obtained for the 222 enthalpies of formation in the G3/99 

set using the ccCA-P and ccCA-PS3 variants with the scale factors 0.9854, 0.9874, 0.989, and 

0.9919.  The ccCA-PS3 variation is shown to be more accurate than the ccCA-P variation for all 

four scale factors.  For the ccCA-PS3 variant and the adopted scale factor of 0.989 the MSD is 

only -0.03 kcal mol-1, and the MAD for all 222 enthalpies of formation in the G3/99 test set is 

0.93 kcal mol-1.  When the results are broken down into the different types of molecules 

(nonhydrogens, hydrocarbons, substituted hydrocarbons, inorganics and radicals) in the G3/99 

set, the ccCA-PS3 variation, using a scale factor of 0.989, obtains an MAD less than the 

threshold of “chemical accuracy” 1.0 kcal mol-1.  It should be noted that for the computation of 

energetic properties other than ∆Hf’s, such as EAs or IPs, the scale factor is less important due to 

similarity between the neutral and the ionic species.  As computational power increases it may be 

unnecessary to use a vibrational scale factor, as the explicit computation of anharmonic 

frequencies for large molecules may be less prohibited by computational cost.  At present, 

however, the use of a well derived vibrational scale factor increases the overall accuracy of the 

ccCA at no additional cost. 
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Table 3.7 Statistical analysis of the G3/99 enthalpies of formation with different scale factor schemes (kcal mol-1).   

 Scale factor = 0.9854  Scale factor = 0.9874  Scale factor = 0.9890  Scale factor = 0.9919 
 ccCA-P ccCA-PS3  ccCA-P ccCA-PS3  ccCA-P ccCA-PS3  ccCA-P ccCA-PS3 
Mean signed deviations 
(MSD)            

Enthalpies of Formation (222) -0.57 0.11  -0.65 0.03  -0.71 -0.03  -0.86 -0.18 
    Nonhydrogens (47) -0.38 0.01  -0.39 0.00  -0.40 0.00  -0.41 -0.02 
    Hydrocarbons (38) -1.26 -0.25  -1.39 -0.39  -1.50 -0.49  -1.77 -0.76 
    Substituted hydrocarbons (91) -0.57 0.33  -0.67 0.23  -0.75 0.14  -0.96 -0.07 
    Inorganic Hydrides (15) 0.81 1.03  0.78 1.01  0.76 0.99  0.71 0.94 
    Radicals (31) -0.72 -0.42  -0.78 -0.47  -0.80 -0.49  -0.86 -0.56 
Mean absolute deviations (MAD)            
Enthalpies of Formation (222) 1.03 0.97  1.07 0.94  1.10 0.93  1.20 0.91 
    Nonhydrogens (47) 1.04 0.95  1.04 0.95  1.05 0.95  1.05 0.95 
    Hydrocarbons (38) 1.34 0.99  1.44 0.98  1.53 0.98  1.79 1.03 
    Substituted hydrocarbons (91) 0.97 1.01  1.02 0.96  1.06 0.92  1.18 0.86 
    Inorganic Hydrides (15) 0.84 1.03  0.82 1.01  0.80 0.99  0.76 0.95 

    Radicals (31) 0.90 0.82  0.93 0.80  0.95 0.80  0.99 0.81 
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3.6  Application to the G3/05 Set 

 The ccCA method has now been modified to include a geometry optimization which 

utilized the cc-pVTZ basis set, separate extrapolation of HF and MP2 energies, new atomic 

enthalpies of formation, implementation of the DK correction in Gaussian03, and a new 

vibrational scale factor.  This new formulation of ccCA will now be applied to two different test 

sets of molecules: the G3/05 training set of 454 energies,35 including ΔHf’s, IPs, EAs, Pas, and 

dimerization energies (of hydrogen-bonded complexes).   

 The G3/05 test set was created by the authors of the Gn methods in order to provide a 

more rigorous test for the G3 method.35  It was expanded from the G3/99 test set to include 

additional non-hydrogen molecules; this was due to the G3 method’s relative weakness in 

computing the properties of these molecules.35  Additionally, to test a greater range of systems, 

energetic properties of 3rd-row non-transition metal species (K and Ca, as well as Ga-Kr) were 

added to the test set, as well as the dimerization energies of six hydrogen-bonded species.35  

Application of ccCA to this set allows for an even more rigorous test of ccCA, and provides for a 

greater basis of comparison between the ccCA and the Gn series of methods. 

 The ccCA method, including the modifications previously discussed in this work, was 

applied to all of the species in the G3/05 set and the MADs were compiled in Table 3.8.  The 

MADs from several variants of the Gn series are also included in this table for comparison.  

Most significantly, the reformulated ccCA achieves chemically accurate results for the G3/05 set 

of energies for two of its variants.  The ccCA-P variant achieves the lowest MAD of all the 

variations of the ccCA at 0.99 kcal mol-1 overall for the entire set, while the ccCA-S4 and ccCA-

PS3 variants achieve accuracies of 1.00 and 1.04 kcal mol-1 respectively.  The ccCA-S3 variation 

achieves an MAD greater than the other variants at 1.29 kcal mol-1.  The ccCA-P variant also 
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achieves chemical accuracy, on average, for all but two subcategories of energies, the ionization 

energies, and electron affinities; however, these MADs are nearly within the threshold of 

chemical accuracy at 1.09 and 1.03 kcal mol-1, respectively. 

 The G3(MP2), G3, G3X, and G4(MP2) methods were all greater in overall MAD than 

either ccCA-P or ccCA-S4, at 1.39, 1.13, 1.01, and 1.04 kcal mol-1, respectively.  The new G4 

method achieved an overall MAD of 0.83 kcal mol-1 for the entire G3/05 set; however, the G4 

method contains two additional empirical parameters compared to the other Gn methods,156 and 

is thus even more dependent on the energies that are being used to develop the parameterization.  

The ccCA method attained these quite low MADs without the use of an HLC; the use of an HLC 

has in this dissertation been previously shown to impose limitations to the applicability of a 

composite approach (additional negative effects resulting from the inclusion of an HLC will be 

shown in Chapter 4 of this dissertation). 

The G3/05 set of thermodynamic values provides a test for ccCA against a wide variety 

of energetic properties for many different types of molecules.  The ccCA method is shown to 

accurately calculate the energetic properties of many systems by achieving an MAD less than 1.0 

kcal mol-1 for two of its variants.  While G4 achieves a significantly lesser MAD for the entire 

G3/05 test set, it is shown to perform significantly worse in calculating dimerization energies of 

the hydrogen-bonded complexes studied, as compared to the other energies in the rest of the set, 

with an MAD of 1.12 kcal mol-1.   
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Table 3.8 Mean absolute deviations of the G3/05 set with ccCA and various Gn methods using the JANAF tabulated atomic enthalpies 
of formation (kcal mol-1).  
 
 ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G4(MP2) G3X G3 G3(MP2) 
Mean absolute deviations (MAD)          
Enthalpies of Formation (270) 0.95 0.97 1.36 1.01 0.80 0.99 1.01 1.19 1.40 
Ionization Energies (105) 1.09 1.09 1.30 1.14 0.91 1.07 1.04 1.09 1.39 
Electron Affinities (63) 1.03 1.05 1.09 1.06 0.83 1.23 0.99 0.97 1.48 
Proton Affinities (10) 0.93 0.92 0.96 0.94 0.84 0.67 1.04 1.14 0.88 
Hydrogen Bonded Complexes (6) 0.58 0.58 0.58 0.58 1.12 1.28 1.06 0.60 0.64 
All quantities (454) 0.99 1.00 1.29 1.04 0.83 1.04 1.01 1.13 1.39 
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3.7 Conclusions 

 The ccCA method avoids both the costly calculations of many composite methods such 

as HEAT or the Wn methods, and the use of an empirically-derived HLC, as is used by the Gn 

series of methods.  Because ccCA does not employ these expensive calculations, it may be used 

to study molecules larger than those computationally tractable with more expensive methods.  It 

is also applicable across the periodic table, without modification, as opposed to the Gn methods 

which are not as easily applicable.  

 The ccCA procedure is made even more robust and easier to use in this work through the 

implementation a few modifications to its methodology.  The modifications are listed here: 

1) The use of B3LYP/cc-pVTZ in geometry optimization and calculation of harmonic 

vibrational frequencies is adopted. 

2) The Hartree-Fock and MP2 energies are extrapolated separately to the CBS limit.  

3) Newly recommended atomic enthalpies of formation are utilized for C, B, Al, and Si. 

4) The Gaussian03 software package can be used to compute all of the steps in ccCA, as 

the Douglas-Kroll corrections for open-shell molecules can be computed using a UHF 

approach.  

5) A new vibrational scale factor of 0.989, based on calculation of cubic and semi-

diagonal quartic force constants, is implemented. 

After the application of these modifications, the reformulated ccCA method was tested against 

the G3/05 set of energies.35  For this set of energies, ccCA performed as well as or better than the 

Gn series of methods, without the use of optimized, empirically-derived parameters.  The 

reformulated ccCA approach remains a reliable method which retains its chemical accuracy after 

these modifications are added.  Its implementation within a single computational software 
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package also increases its ease of use.  The modifications, as applied to ccCA, did not cause a 

significant decrease in MAD for the G3/05 test set; however, deviation may be caused not only 

by a lack of computational accuracy, but also by a lack of experimental accuracy, and further 

reduction in MAD may not be possible.  If ccCA is to obtain MADs which are even lower, it is 

likely that more expensive calculations would likely need to be employed, such as corrections 

beyond the CCSD(T) level of theory.  The appeal of ccCA, however, lies in its computational 

expense being less than that of many of the methods which approximate FCI/CBS, and ccCA’s 

utility would be diminished if it were modified to include CCSD(T)/Large basis sets calculations, 

as the Gn methods are sometimes modified. 
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CHAPTER 4 

DIFFERENTIAL CORRELATION AND SIZE EXTENSIVITY EFFECTS FOR THE 

CALCULATION OF HYDROCARBON ENTHALPIES OF FORMATION 

4.1 Introduction 

The “gold standard” of computational chemistry is considered to be the combination of 

CCSD(T) with a complete (infinite size) basis set (CBS).83  The use of the “gold standard” of 

computational chemistry is known to achieve the threshold of chemical accuracy (within 1.0 kcal 

mol-1 of established experimental values) in the prediction of thermochemical properties.  

Though CBS limit properties may be obtained through the extrapolation of the values obtained 

using the correlation consistent basis sets,94,96-100 calculations that use a sophisticated method 

such as CCSD(T) in combination with the aug-cc-pVQZ basis set, require a great deal of 

computational resources (CPU time, memory, disk space). Thus, much effort has been focused 

on developing strategies that can achieve a level of accuracy similar to that achieved by 

CCSD(T) at the CBS limit [CCSD(T)/CBS], but at a reduced computational cost.  Though there 

are other means of achieving chemical accuracy at a reduced computational cost, such as the 

development of novel density functionals,3,24 basis set truncation,16-18, the Cholesky 

decomposition,157 the parallelization of computational chemistry algorithms,22,23 the local 

treatment of electron correlation,12-15 and the resolution of the identity (RI) 

approximation,19,158,159 the use of composite methods to reduce computational cost while 

providing a level of accuracy comparable to more computationally expensive methods 

[CCSD(T)/CBS] will be the focus of this work. 

One popular series of composite methods is the Gaussian-n (Gn) series of methods 

developed by Pople, Curtiss and co-workers.28,111,115,118,156  The Gn methods were developed to 
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predict energetic properties such as ΔHf’s, ionization potentials, electron affinities and proton 

affinities on average to within chemical accuracy for a diverse set of molecules.  The Gn 

methods achieve this accuracy with the aid of a higher-level correction (HLC), which is based on 

several parameters to reduce the deviation from the experimental value of the calculated value.  

The correlation consistent composite approach (ccCA), developed by our laboratory, is an 

alternative approach that does not rely upon empirical parameters.  The goal of ccCA’s 

methodology is to approximate the energy that would be obtained from a CCSD(T) calculation, 

in combination with a complete basis set (CBS) level description, and consequently to achieve 

chemical accuracy without empirical parameterization.  A calculation at this CBS limit 

eliminates error due to incompleteness of the basis set is eliminated and only error inherent to the 

chosen computational methods remains.  The ccCA method has been successful in achieving 

overall chemical accuracy for a variety of species, as demonstrated in studies of main group 

species,2,32,160 s-block species (for which many composite methods fail),2,37-39 and transition 

metal species (chemical accuracy for transition metal species, known as “transition metal 

chemical accuracy,”  is defined as 3.0 kcal mol-1).38,49    

To evaluate the accuracy of computational methods for the study of hydrocarbons of 

increasing size (including adamantane, phenanthrene and anthracene) the accuracy of ccCA has 

been evaluated for a new set of molecular ΔHf’s.  Thus, 60 closed shell, neutral hydrocarbon 

molecules found in the set of Cioslowski et al.161 were selected to provide a more rigorous test of 

ccCA’s applicability to hydrocarbons than was provided within the G3/05 set (Chapter 3).2 The 

hydrocarbon species in the current study include: molecules from the size of ethane and 

propylene to molecules as large as anthracene and adamantane, additionally linear alkanes and 

highly cyclic molecules such as bullvalene are included. 
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4.1.1 Isodesmic Reactions 

There are a number of routes that can be used to determine an ΔHf.  The most common 

approach, used in our previous works, is the atomization energy (the energy difference between a 

molecule and its isolated atoms) approach:   

( ) ( )∑∑ ∑ −−−+







−−−∆=∆

atoms
A

atoms atoms
ff KHKHnKHKHEEnEKHnKH )0()298()0()298()0()298( AAMMZPEMAA,M,

 
4.1 

where the first term accounts for the enthalpy of formation of the isolated atoms to their standard 

states, the second term is the atomization energy (ZPE corrected), the third and fourth terms 

account for the thermal entropy contributions of the molecule and the atoms to the enthalpy.  The 

atomization energy approach, however, is known to be a less reliable method of determining 

ΔHf’s compared to isodesmic approaches. 114,127,160,162,163  For example, G2 predicted, to within 

5.1 kJ mol-1 (1 kcal mol-1 = 4.184 kJ mol-1), many enthalpies of reaction involving benzene (and 

molecules smaller than benzene), as well as the ΔHf’s of all the other species involved in the 

reactions, but failed to accurately calculate the ΔHf of benzene itself (these ΔHf’s were all 

calculated via atomization energy and G2 overestimated the ΔHf of benzene by 16.2 kJ mol-1).164  

The authors asserted that the peculiar error for the benzene ΔHf was due to an accumulation of 

smaller errors.  That is, since the Schrödinger equation is solved in an approximate manner, 

slight theoretical inadequacies (lack of full correlation treatment, incomplete basis set effects, 

relativistic effects, Born-Oppenheimer effects) that may not be significant for smaller molecules 

will result in deviation outside of acceptable thresholds (i.e., the threshold of chemical accuracy) 

for larger molecules. Computing ΔHf’s by an atomization energy approach has been shown to be 

less reliable than computing ΔHf’s using an isodesmic approach (particularly as molecular size 

increases).114,127,160,162,163  As an example, B3LYP/6-311+G(3df,2p) calculations for the ΔHf’s of 

a set of nearly 300 organic  compounds (ranging in size from one to ten carbon atoms) was found 
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to predict only ten percent of these values within 8 kJ mol-1 of established experimental value via 

the atomization energy approach.164  However, when B3LYP/6-311+G(3df,2p) was used to 

calculate the same ΔHf’s via an isodesmic approach, it predicted 37 percent of the ΔHf’s within 8 

kJ mol-1 of experimental value.  For this same test set, G2 predicted 69 percent of ΔHf’s within 8 

kJ mol-1 of experiment via atomization energy and 91 percent within 8 kJ mol-1 of experiment 

using isodesmic reactions.   

An isodesmic approach calculates an enthalpy of reaction between a target molecule and 

other smaller molecules rather than an enthalpy of atomization (Figures 4.1-4.3 provides 

examples of isodesmic reactions).  Utilizing a reaction which compares molecular energies to 

other molecular energies rather than to atomic energies aids in the reduction of differential 

correlation effects (the electrons in an atom will obtain a different correlation energy compared 

to the electrons in molecules due to effects such as polarization, conjugation, ring strain)165-167  

and size extensivity effects168,169 (i.e. though the relative deviation will remain constant in an 

atomization energy calculation, the absolute deviation will increase with system size).26 The 

isodesmic reaction method accounts for some of the deficiencies of approximately solving the 

Schrödinger equation due to a greater chemical similarity between the target molecule and its 

component molecules – in comparison to the chemical difference between the target molecule 

and its constituent atoms.   

Specifically defined classes (such as the I1, I2 and I3 reaction classes of this work – 

shown in Figures 4.1, 4.2 and 4.3) of isodesmic reactions use well defined criteria such that any 

laboratory will determine the same associated reactants and products for a target molecule based 

only upon the definition. Using uniformly defined reactions for a set of molecules allows for 

effective comparison between calculated ΔHf’s in the set.  The reactions should also include only 
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product and reactant molecules (not including the target molecule) for which the ΔHf’s have 

been accurately determined, so that the experimental uncertainties in these energies do not 

obscure the computational benefits provided through cancellation of error.  In this study the 

reaction classes of Wheeler et al.163 and Sivaramakrishnan et al.162 are employed as an alternate 

means of determining the ΔHf’s of hydrocarbons.  The ΔHf’s for all of the hydrocarbons were 

calculated with ccCA by isodesmic (here designated I1) and hypohomodesmotic (designated I2) 

means.163 These values were compared with ΔHf’s determined using an atomization energy 

approach.  The ΔHf’s for the aromatic molecules in our set were also computed by using the ring 

conserved isodesmic reactions (designated I3) of Sivaramakrishnan et al.162  The ring conserved 

isodesmic reactions were specifically designed to balance the degree of aromaticity (vida infra) 

between the products and reactants and provide a more accurate means of calculating the ΔHf’s 

of aromatic hydrocarbons.    

 

4.2  Computational Methods 

All computations were completed using the Gaussian03 software package149 (with the 

exception of the G4 calculations which were carried out using Gaussian09).170  A full description 

of the development of the current ccCA methodology is available in Chapter 3.2  The reaction 

classes used within this chapter are further described here. This work made use of the 

conventions of Wheeler et al.163 for its definition of the isodesmic (I1) and hypohomodesmotic 

(I2) reactions.  By this convention the I1 reactions balance the number of carbon–carbon single, 

double and triple bonds and the total number of carbon and hydrogen atoms using ethane, 

ethylene and acetylene as fundamental products and methane as a fundamental reactant.163    
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Figure 4.1.  The isodesmic (I1) reaction for acenaphthene. 
 
 
 
 

 
Figure 4.2.  The hypohomodesmotic (I2) reaction for acenaphthene. 
 
 
 

 
 
 
Figure 4.3. The ring conserved isodesmic (I3) reaction for acenaphthene. 
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As shown in Figure 4.1, an I1 reaction for acenaphthene would use 16 methane molecules as 

reactants and nine ethane and five ethylene molecules as products.  I2 reactions satisfy the 

criteria that there are “a) equal numbers of carbon atoms in their various states of hybridization 

in reactants and products and b) a matching number of carbon-hydrogen bonds in terms of the 

number of hydrogen atoms joined to individual carbon atoms in reactants and products.”163An 

example of an I2 reaction is shown in Figure 4.2, which would use five ethane molecules and 

nine ethylene molecules as reactants and two propane molecules, six propene molecules and four 

isobutene molecules as products. The homodesmotic and hyperhomodesmotic reaction classes of 

Wheeler et al. are defined to make use of additional constituent products and reactants.  These 

molecules consist of 1,2,3-butatriene and 1,3-butadiyne and other extended, conjugated, acyclic 

hydrocarbons.163  The homodesmotic and hyperhomodesmotic reactions schemes of Wheeler et 

al., were not employed as the additional constituent products and reactants are not required to 

construct the molecules in our set and the homodesmotic and hyperhomodesmotic reactions 

would effectively be the same as the hypohomodesmotic reactions.  These reaction classes are 

defined such that they are useful for the study of conjugated acyclic molecules larger than 

butadiene – molecules which are not a subject of this study.   

The ring conserved isodesmic (I3) reactions (example reaction for acenaphthene shown 

in Figure 4.3) used in this work were devised by Sivaramakrishnan et al.162 in order to create 

isodesmic reactions that balance the degree of aromaticity in both products and reactants.  The 

degree of aromaticity was determined by the delocalization energy:  

( ) ( )( )[ ]RHCRHCRHCM EEnEE ,,,tiondelocaliza 8106666
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where ME is the energy in Hartrees of the molecule of interest calculated using B3LYP/6-

31G(d), RHCE ,66  is the resonance corrected energy of benzene at B3LYP/6-31G(d) (-231.509 849 
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Hartrees), RHCE ,810  is the resonance corrected energy of naphthalene using B3LYP/6-31G(d) (-

385.797 112 Hartrees) and n  is the number of rings in the molecule of interest.162  Since benzene 

is used as a fundamental reactant in the ring conserved isodesmic reactions, the delocalization 

energy of benzene was used as the standard for the determination of the degree of aromaticity.  

For example, anthracene was found to have a delocalization energy 2.21 times greater than 

benzene and so the ring conserved isodesmic reaction for anthracene will use two benzene 

molecules as fundamental products.162   

It should also be noted that the use of an isodesmic reaction should not significantly 

increase computational cost.  As an example, with our ccCA calculations the adamantane 

MP2/aug-cc-pVQZ calculation requires 1536 basis functions, and using our I2 reactions requires 

calculations for ethane (436 basis functions), propane (608 basis functions) and isobutane (780 

basis functions).  Since the MP2 method scales as N4n (where N is the number of basis functions 

and n is the number of occupied orbitals – approximately N5), the relative costs of these 

molecular calculations are (if ethane is normalized and is given a value of one): ethane – 1, 

propane – 5, isobutane – 18 and adamantane – 542.  Therefore the relative cost of adamantane is 

approximately 22 [542 / (18+5+1)] times more expensive than its constituent molecules, and the 

additional computational cost of using an isodesmic reaction is shown to be insignificant. 

 

4.3  Results and Discussion 

 All of the hydrocarbon molecules in the test set of Cioslowski et al. were considered for 

this study, though not all were ultimately used (vida infra).161  For this work, the ΔHf’s for the 

closed shell, neutral hydrocarbons ranging in size from methane to adamantane were computed.  

The greatest number of atoms contained by any molecule in our set is 26 (adamantane). Other 
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hydrocarbons in the set of Cioslowski et al. also contain 26 atoms, however, adamantane is more 

computationally tractable than these molecules, as it contains only 10 carbon atoms while the 

other hydrocarbons contain more carbon atoms and fewer hydrogen atoms [(Z) or (E)-stilbene 

(C14H12), pyrene (C16H10), fluoranthene (C16H10)]; additionally adamantane is highly symmetric 

(point group: Td).  It should be noted that cubane was not considered in our study, as its ΔHf was 

determined with an uncertainty of over 7.0 kcal mol-1 according to the Burcat thermodynamic 

tables171  [by the Bond Additivity Corrected MP4 method (BAC-MP4) procedure112,172,173], 

nearly an order of magnitude larger than the experimental uncertainty of any of the other ΔHf’s 

of this work. The experimental ΔHf’s used in this study were taken either from the previously 

established work of Cioslowski et al.161 or from the Burcat thermodynamic tables171 if an 

updated value was available from the Active Thermochemical Tables (ATcT).148  The full list of 

the experimental values, uncertainties and their source is available in Table 4.1.  Of the 60 

molecules evaluated in this work, 40 contain π-bonds, 38 are cyclic and 13 are aromatic (Table 

4.1).  Due to the wide variety of bonding environments and molecular sizes present, the set 

provides a rigorous test of a computational method’s applicability in evaluating the ΔHf’s of 

hydrocarbons.   

Table 4.1. Features of the molecules contained in our set. 
 
Molecule π-bonds Cyclic Aromatic 
Methane    
Acetylene x   
Ethylene x   
Ethane    
CH2CHCCH x   
CH3CHCH2 x   
Cyclopropane  x  
CH2CHCHCH2 x   
CH3CCCH3 x   
Methylenecyclopropane x x  
Bicyclobutane  x  
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Molecule π-bonds Cyclic Aromatic 
Cyclobutene x x  
CH3CHCCH2 x   
CH3CH2CH3    
Cyclopentadiene x x  
Bicyclo[2.1.0]pentene x x  
Cyclobutane  x  
(CH3)2CCH2 x   
CH3CH2CHCH2 x   
CH3CHCHCH3 (Z) x   
CH3CHCHCH3 (E) x   
Benzene x x x 
Fulvene x x  
Spiropentane  x  
CH3CHCHCHCH2 (Z) x   
CH3CHCHCHCH2 (E) x   
(CH2CH)2CH2 x   
Cyclopentene x x  
Bicyclo[2.1.0]pentane  x  
CH3(CH2)2CH3    
(CH3)3CH    
Bicyclo[2.2.0]hex-2-ene x x  
1,3,5-cycloheptatriene x x  
Norbornadiene x x  
Toluene x x x 
Quadricyclane  x  
Bicyclopropyl  x  
Cis-bicyclo[2.2.0]hexane  x  
1,3,5,7-cyclooctatetraene x x  
C6H5CHCH2 x x x 
C(CH3)4    
CH3(CH2)3CH3    
Cyclohexane  x  
o-C6H4(CH3)2 x x x 
m-C6H4(CH3)2 x x x 
p-C6H4(CH3)2 x x x 
Napthalene x x x 
Azulene x x  
Bicyclo[2.2.1]heptane  x  
CH3(CH2)4CH3    
Bullvalene x x  
Triquinacene x x  
Biphenylene x x x 
Acenaphthylene x x x 
Bicyclo[2.2.2]octane  x  
Acenapthene x x x 
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Molecule π-bonds Cyclic Aromatic 
Biphenyl x x x 
Phenanthrene x x x 
Anthracene x x x 
Adamantane  x  

 
 
As a means of comparison between the composite approaches employed here [ccCA, G4, G3 and 

G3(MP2)], the accuracy of the constituent method/basis set combinations (using atomization, I1 

and I2 reactions) of these composite approaches are evaluated in this work.  The ΔHf’s were 

calculated using the constituent energy calculations of ccCA and the Gn methods (via 

atomization, I1 and I2 reactions – vida infra). An example of one of these constituent energy 

evaluations is shown in Table 4.2 [CCSD(T)/cc-pVTZ].  The ccCA method makes use of 

CCSD(T)/cc-pVTZ calculations (at the B3LYP/cc-pVTZ geometry).  The application of 

CCSD(T)/cc-pVTZ to the calculation of the ΔHf’s via atomization results in a quite large 

deviation (MAD: 39.28 kcal mol-1) from experiment, a much more rigorous  quantum treatment 

(in terms of basis set completeness, differential correlation and size extensivity effects), will be 

necessary to achieve chemical accuracy.   

Table 4.2.  Signed deviations obtained via the atomization energy approach and CCSD(T)/cc-
pVTZ (kcal mol-1).a 

Molecule CCSD(T)/cc-pVTZ1 Experimentb Experimental Uncertaintyb 

Methane -7.4 -17.82 0.07c 
Acetylene -12.8 54.6 0.19c 
Ethylene -13.1 12.6 0.10c  
Ethane -13.5 -20.03 0.05c 
CH2CHCCH -23.4 70.8 0.5 
CH3CHCH2 -19.7 4.8 0.2 
Cyclopropane -19.9 12.7 0.1 
CH2CHCHCH2 -25.9 26.3 0.3 
CH3CCCH3 -26.3 34.8 0.3 
Methylenecyclopropane -23.8 47.9 0.4 
Bicyclobutane -27.4 51.9 0.2 
Cyclobutene -26.4 37.5 0.4 
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Molecule CCSD(T)/cc-pVTZ1 Experimentb Experimental Uncertaintyb 
CH3CHCCH2 -25.6 38.8 0.1 
CH3CH2CH3 -20.0 -25.0 0.1 
Cyclopentadiene -31.6 32.1 0.4 
Bicyclo[2.1.0]pentene -30.2 79.8 0.6 
Cyclobutane -26.4 6.8 0.1 
(CH3)2CCH2 -26.3 -4.0 0.2 
CH3CH2CHCH2 -26.3 0.0 0.2 
CH3CHCHCH3 (Z) -26.5 -1.7 0.2 
CH3CHCHCH3 (E) -26.3 -2.7 0.2 
Benzene -37.5 19.9 0.07c 
Fulvene -35.4 53.6 0.3 
Spiropentane -31.9 44.3 0.2 
CH3CHCHCHCH2 (Z) -33.6 19.5 0.3 
CH3CHCHCHCH2 (E) -32.7 18.2 0.2 
(CH2CH)2CH2 -32.2 25.2 0.3 
Cyclopentene -32.1 8.1 0.3 
Bicyclo[2.1.0]pentane -31.3 37.8 0.2 
CH3(CH2)2CH3 -26.4 -30.0 0.2 
(CH3)3CH -26.7 -32.1 0.2 
Bicyclo[2.2.0]hex-2-ene -37.2 62.4 0.3 
1,3,5-cycloheptatriene -45.2 43.2 0.5 
Norbornadiene -42.0 58.8 0.7 
Toluene -44.2 12.0 0.1 
Quadricyclane -42.7 81.0 0.6 
Bicyclopropyl -40.0 30.9 0.9 
Cis-bicyclo[2.2.0]hexane -38.4 29.8 0.3 
1,3,5,7-cyclooctatetraene -50.9 70.7 0.4 
C6H5CHCH2 -50.2 35.3 0.4 
C(CH3)4 -33.8 -40.3 0.3 
CH3(CH2)3CH3 -32.9 -35.1 0.2 
Cyclohexane -39.0 -29.5 0.2 
o-C6H4(CH3)2 -50.3 4.6 0.3 
m-C6H4(CH3)2 -50.9 4.1 0.2 
p-C6H4(CH3)2 -50.3 4.3 0.2 
Napthalene -60.8 36.1 0.3 
Azulene -63.6 69.1 0.8 
Bicyclo[2.2.1]heptane -44.1 -13.1 1.1 
CH3(CH2)4CH3 -39.1 -39.9 0.2 
Bullvalene -63.4 79.9 0.8 
Triquinacene -62.4 57.5 0.7 
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Molecule CCSD(T)/cc-pVTZ1 Experimentb Experimental Uncertaintyb 
Biphenylene -72.6 99.9 0.8 
Acenaphthylene -73.4 62.1 1.1 
Bicyclo[2.2.2]octane -51.9 -23.7 0.2 
Acenapthene -73.3 37.3 0.7 
Biphenyl -73.2 43.4 0.5 
Phenanthrene -84.7 49.5 1.1 
Anthracene -84.8 55.2 0.5 
Adamantane -62.4 -31.8 0.3 
MSD -39.28 - - 
MAD 39.28 - - 
Standard Deviation 18.20 - - 

a B3LYP/cc-pVTZ geometry optimization and frequency calculations. 
b Ref 161  
c Ref 171 
 
 
4.3.1 Composite Method Energies 
 

When the ΔHf’s were calculated based on atomization energies (Table 4.3), the ccCA-S3 

variation provided the most accurate results of any ccCA variant for the 60 ΔHf’s studied.  The 

ccCA-S3 variant resulted in a MAD of 1.10 kcal mol-1, the next lowest MAD was obtained by 

the ccCA-PS3 variation at 1.35 kcal mol-1, and the ccCA-P and ccCA-S4 variations were 

considerably higher in MAD at 2.37 kcal mol-1 and 2.24 kcal mol-1, respectively.  For 

comparison the G4, G3 and G3(MP2) methods were also used to calculate the ΔHf’s. (Table 4.3). 

When calculating ΔHf’s by the atomization energy scheme, the G3 and G4 methods achieve 

MADs of 1.12 and 0.94 kcal mol-1 respectively, while the G3(MP2) method achieves a MAD of  

0.99 kcal mol-1, which is smaller than the lowest MAD achieved by ccCA: 1.10 kcal mol-1.  It 

should be noted that the ccCA-P, ccCA-S4 and ccCA-PS3 variants show negative mean signed 

deviations (MSD’s): -2.35, -2.20 and -1.05 kcal mol-1, respectively.  The ccCA-S3 variation does 

show a small positive MSD (0.26 kcal mol-1) and achieves the lowest MAD of the ccCA 

variants.  The Gn methods achieve their lower MADs through the use of an HLC which is 

optimized to reduce deviation from experimental values.   
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Table 4.3. Signed deviations of 60 hydrocarbon ΔHf’s by atomization energy (kcal mol-1). 
 

Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Methane 0.1 0.2 0.7 0.4 -0.1 0.2 -0.1 
Acetylene -1.1 -1.0 -0.3 -0.7 -0.3 -0.6 0.0 
Ethylene -0.3 -0.2 0.6 0.2 -0.1 0.0 0.4 
Ethane 0.1 0.2 1.2 0.6 -0.3 0.1 -0.2 
CH2CHCCH -0.3 -0.3 1.2 0.4 1.2 1.0 2.0 
CH3CHCH2 -0.5 -0.4 0.8 0.2 -0.4 -0.3 0.1 
Cyclopropane -0.8 -0.7 0.6 -0.1 -0.7 -1.1 -1.2 
CH2CHCHCH2 -1.6 -1.5 0.1 -0.8 -0.8 -0.9 0.2 
CH3CCCH3 -1.9 -1.8 -0.2 -1.1 -1.1 -0.4 0.0 
Methylenecyclopropane 0.4 0.5 2.1 1.3 1.4 1.0 1.5 
Bicyclobutane -2.9 -2.8 -1.2 -2.1 -2.0 -3.2 -2.8 
Cyclobutene -2.2 -2.1 -0.5 -1.3 -1.9 -2.6 -1.9 
CH3CHCCH2 -1.4 -1.3 0.3 -0.5 -0.4 -0.3 0.6 
CH3CH2CH3 0.0 0.1 1.5 0.7 -0.6 -0.1 -0.3 
Cyclopentadiene -1.7 -1.6 0.3 -0.7 -0.9 -1.5 -0.1 
Bicyclo[2.1.0]pentene -0.6 -0.5 1.4 0.4 0.8 -0.5 0.4 
Cyclobutane -1.2 -1.0 0.7 -0.3 -1.6 -1.9 -1.9 
(CH3)2CCH2 -0.8 -0.7 1.0 0.1 -0.5 -0.6 -0.2 
CH3CH2CHCH2 -0.9 -0.8 0.9 0.0 -0.9 -0.7 -0.2 
CH3CHCHCH3 (Z) -1.1 -0.9 0.7 -0.2 -1.0 -1.0 -0.5 
CH3CHCHCH3 (E) -0.9 -0.8 0.9 0.0 -0.7 -0.6 -0.3 
Benzene -2.4 -2.3 -0.1 -1.2 -0.9 -1.3 0.5 
Fulvene -0.4 -0.3 1.9 0.7 1.5 0.7 2.6 
Spiropentane -1.3 -1.2 0.9 -0.2 -0.2 -1.0 -1.2 
CH3CHCHCHCH2 (Z) -2.9 -2.8 -0.8 -1.9 -4.3 -4.3 -3.2 
CH3CHCHCHCH2 (E) -2.1 -2.0 0.0 -1.1 -1.2 -1.3 -0.3 
(CH2CH)2CH2 -1.6 -1.5 0.5 -0.5 -0.7 -0.8 0.3 
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Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Cyclopentene -1.7 -1.5 0.5 -0.6 -1.5 -1.5 -0.8 
Bicyclo[2.1.0]pentane -0.8 -0.7 1.3 0.3 -0.2 -1.0 -0.8 
CH3(CH2)2CH3 -0.1 0.1 1.9 0.9 -0.6 -0.1 -0.4 
(CH3)3CH -0.4 -0.2 1.6 0.6 -0.8 -0.3 -0.6 
Bicyclo[2.2.0]hex-2-ene -1.4 -1.3 1.0 -0.2 -0.4 -1.5 -0.7 
1,3,5-cycloheptatriene -4.2 -4.0 -1.4 -2.8 -1.9 -2.7 -0.8 
Norbornadiene -1.1 -1.0 1.6 0.3 1.2 0.4 1.9 
Toluene -2.9 -2.8 -0.2 -1.6 -0.9 -0.7 0.9 
Quadricyclane -1.4 -1.2 1.4 0.0 0.7 -1.0 -0.3 
Bicyclopropyl -3.0 -2.8 -0.4 -1.7 -1.9 -2.8 -2.8 
Cis-bicyclo[2.2.0]hexane -1.6 -1.4 1.0 -0.3 -2.0 -2.1 -1.9 
1,3,5,7-cyclooctatetraene -4.7 -4.6 -1.7 -3.2 -1.8 -2.5 0.1 
C6H5CHCH2 -3.8 -3.7 -0.8 -2.3 -1.0 -1.1 1.1 
C(CH3)4 -1.2 -0.9 1.2 0.0 -1.0 -0.3 -0.6 
CH3(CH2)3CH3 -0.4 -0.1 2.0 0.8 -0.9 -0.3 -0.6 
Cyclohexane -1.5 -1.2 1.2 -0.2 -1.4 -1.0 -1.0 
o-C6H4(CH3)2 -2.7 -2.5 0.5 -1.1 -0.3 -0.7 0.7 
m-C6H4(CH3)2 -3.5 -3.4 -0.3 -1.9 -1.0 -0.8 0.6 
p-C6H4(CH3)2 -2.8 -2.7 0.3 -1.2 -0.3 -0.7 0.7 
Napthalene -4.1 -4.0 -0.4 -2.2 0.1 -0.7 2.0 
Azulene -7.0 -6.9 -3.4 -5.2 -2.3 -1.9 1.1 
Bicyclo[2.2.1]heptane -1.5 -1.2 1.6 0.0 -0.6 -0.3 -0.3 
CH3(CH2)4CH3 -0.3 0.0 2.6 1.1 -0.7 -0.2 -0.4 
Bullvalene -5.8 -5.6 -2.0 -3.9 -1.3 -2.9 -0.9 
Triquinacene -4.9 -4.7 -1.2 -3.0 -1.5 -2.7 -0.7 
Biphenylene -6.2 -6.1 -1.9 -4.1 -0.3 -1.5 1.8 
Acenaphthylene -6.6 -6.5 -2.3 -4.5 -0.4 -1.8 1.3 
Bicyclo[2.2.2]octane -3.0 -2.7 0.5 -1.3 -1.9 -1.2 -1.2 
Acenapthene -5.6 -5.5 -1.3 -3.5 -0.2 -1.1 1.3 
Biphenyl -5.1 -5.0 -0.7 -2.9 -0.1 -0.8 2.3 
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Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Phenanthrene -6.4 -6.3 -1.4 -3.9 0.2 -1.0 2.6 
Anthracene -6.6 -6.5 -1.7 -4.1 0.3 -1.0 2.7 
Adamantane -2.8 -2.3 1.5 -0.7 0.2 1.0 0.9 
Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
MSD -2.35 -2.20 0.26 -1.05 -0.68 -0.17 0.03 
MAD 2.37 2.24 1.10 1.35 0.94 1.12 0.99 
Standard Deviation 1.98 1.99 1.28 1.60 0.98 1.04 1.30 
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The HLC’s used by the Gn methods contain parameters which change their predicted atomic and 

molecular energies with the intent of reducing the MADs obtained when calculating ΔHf’s by 

atomization energy reactions.  The energetic importance of the HLC is shown in Table 4.4 which 

contains the deviations which would be obtained by the Gn methods without the use of an HLC.  

All of the Gn methods calculated the ΔHf’s with a MAD greater than 20 kcal mol-1; the G4 and 

G3 methods achieve similar levels of accuracy with MADs of 26.30 and 27.21 kcal mol-1, 

respectively, while the G3(MP2) method achieves a MAD of 43.75 kcal mol-1.  The G4 and 

G3(MP2) methods may achieve chemical accuracy (when using an HLC), but achieve this 

accuracy due to heavy reliance on semi-empirical parameterization.  Further investigation is 

carried out in order to determine if it is possible for an ab initio approach to achieve chemical 

accuracy for these ΔHf’s. 

Table 4.4. Signed deviations obtained by the Gn methods without an HLC (kcal mol-1). 
Molecule G4 G3 G3(MP2) 
Methane -10.1 -10.2 -17.5 
Acetylene -9.5 -8.2 -12.1 
Ethylene -7.6 -7.4 -14.9 
Ethane -12.9 -12.5 -24.0 
CH2CHCCH -13.5 -14.2 -22.2 
CH3CHCH2 -15.3 -15.5 -26.8 
Cyclopropane -15.6 -16.3 -28.1 
CH2CHCHCH2 -18.1 -18.6 -29.9 
CH3CCCH3 -18.4 -18.1 -30.1 
Methylenecyclopropane -16.0 -16.8 -28.6 
Bicyclobutane -19.3 -20.9 -32.9 
Cyclobutene -19.2 -20.3 -32.0 
CH3CHCCH2 -17.7 -18.0 -29.5 
CH3CH2CH3 -18.1 -17.8 -33.1 
Cyclopentadiene -20.6 -21.7 -33.3 
Bicyclo[2.1.0]pentene -18.9 -20.8 -32.8 
Cyclobutane -21.5 -22.1 -37.8 
(CH3)2CCH2 -20.4 -20.8 -36.1 
CH3CH2CHCH2 -20.8 -20.9 -36.1 
CH3CHCHCH3 (Z) -20.9 -21.2 -36.4 
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Molecule G4 G3 G3(MP2) 
CH3CHCHCH3 (E) -20.6 -20.9 -36.2 
Benzene -23.0 -24.1 -36.0 
Fulvene -20.6 -22.1 -33.8 
Spiropentane -22.5 -23.8 -40.2 
CH3CHCHCHCH2 (Z) -26.6 -27.0 -42.2 
CH3CHCHCHCH2 (E) -23.5 -24.1 -39.4 
(CH2CH)2CH2 -23.0 -23.6 -38.8 
Cyclopentene -23.8 -24.3 -39.9 
Bicyclo[2.1.0]pentane -22.5 -23.8 -39.8 
CH3(CH2)2CH3 -23.1 -22.9 -42.1 
(CH3)3CH -23.3 -23.1 -42.3 
Bicyclo[2.2.0]hex-2-ene -25.1 -26.8 -42.9 
1,3,5-cycloheptatriene -29.0 -30.6 -46.2 
Norbornadiene -25.9 -27.5 -43.5 
Toluene -28.0 -28.6 -44.5 
Quadricyclane -26.4 -28.8 -45.7 
Bicyclopropyl -29.2 -30.6 -50.8 
Cis-bicyclo[2.2.0]hexane -29.2 -29.9 -49.9 
1,3,5,7-cyclooctatetraene -31.2 -32.9 -48.5 
C6H5CHCH2 -30.5 -31.5 -47.4 
C(CH3)4 -28.5 -28.2 -51.3 
CH3(CH2)3CH3 -28.3 -28.1 -51.3 
Cyclohexane -31.2 -31.3 -54.9 
o-C6H4(CH3)2 -32.4 -33.6 -53.6 
m-C6H4(CH3)2 -33.1 -33.7 -53.8 
p-C6H4(CH3)2 -32.4 -33.6 -53.7 
Napthalene -34.1 -36.1 -52.9 
Azulene -36.5 -37.4 -53.7 
Bicyclo[2.2.1]heptane -32.9 -33.2 -57.3 
CH3(CH2)4CH3 -33.1 -33.0 -60.1 
Bullvalene -38.1 -40.9 -61.5 
Triquinacene -38.4 -40.7 -61.4 
Biphenylene -39.3 -42.0 -59.4 
Acenaphthylene -39.4 -42.3 -59.8 
Bicyclo[2.2.2]octane -39.1 -39.1 -67.2 
Acenapthene -41.8 -44.1 -65.6 
Biphenyl -41.7 -43.8 -64.7 
Phenanthrene -46.2 -49.1 -70.7 
Anthracene -46.1 -49.1 -70.6 
Adamantane -44.4 -44.6 -77.3 
MSD -26.30 -27.21 -43.75 
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Molecule G4 G3 G3(MP2) 
MAD 26.30 27.21 43.75 
Standard Deviation 9.36 9.96 14.44 

 
The deviations that resulted when the I1 reaction schemes are used to calculate the ΔHf’s 

are shown in Table 4.5.  The smallest molecules from Tables 4.2, 4.3 and 4.4 are not included as 

they are the fundamental products or reactants in the I1 schemes. The ccCA-P and ccCA-S4 

variants show significantly decreased deviation compared to using atomization energies, 

achieving a MAD at 1.82 kcal mol-1 each (where by atomization energy they had MADs of 2.37 

and 2.24 kcal mol-1, respectively).  The ccCA-S3 and ccCA-PS3 increase in MAD, as compared 

to calculation through atomization energy, to 1.84 and 1.83 kcal mol-1 (1.10 and 1.35 kcal mol-1, 

respectively by atomization energy).  While the MADs of two of the ccCA variants increased as 

a result of the use of the I1 reaction energies as compared to the results achieved by using the 

atomization energies, the energetic differences between the variants of ccCA are virtually 

eliminated when the I1 reaction schemes are employed. This shows a consistent convergence of 

the calculated molecular energies by the various extrapolation schemes.  The ccCA variants also 

achieve similar MSD’s (-1.72, -1.72, -1.75 and -1.74 kcal mol-1). 

The G4, G3 and G3(MP2) methods do not show large MSD’s, 0.41, 0.43 and -0.73 kcal 

mol-1, respectively, though these MSD’s are larger in magnitude for the G3 and G3(MP2) 

methods than the MSD’s that these methods achieve via atomization energy (-0.17 and 0.03 kcal 

mol-1). The G4, G3 and G3(MP2) methods achieve MADs of 0.89, 1.02 and 0.97 kcal mol-1, 

respectively.  The G4 and G3 methods both show a slight decrease in MAD upon the adoption of 

the I1 reactions as compared to atomization energy.  The I1 reactions, however, should not 

necessarily be expected to provide significant improvement over atomization schemes for the 

calculation of ΔHf’s.  
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Table 4.5. Signed deviations of 56 hydrocarbon ΔHf’s by I1 reaction energy (kcal mol-1). 
Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
CH2CHCCH 1.1 1.1 1.1 1.1 1.8 1.9 1.5 
CH3CHCH2 -0.3 -0.3 -0.3 -0.3 0.0 -0.1 -0.3 
Cyclopropane -0.9 -0.9 -0.9 -0.9 0.1 -0.5 -1.0 
CH2CHCHCH2 -1.0 -1.0 -1.1 -1.1 -0.3 -0.4 -0.7 
CH3CCCH3 -0.9 -0.9 -0.9 -0.9 -0.2 0.4 0.1 
Methylenecyclopropane 0.7 0.7 0.7 0.7 2.2 1.9 1.1 
Bicyclobutane -3.0 -3.1 -3.0 -3.0 -1.0 -1.8 -2.6 
Cyclobutene -1.9 -2.0 -1.9 -1.9 -1.3 -1.7 -2.2 
CH3CHCCH2 -0.8 -0.8 -0.8 -0.8 -0.4 0.2 -0.4 
CH3CH2CH3 -0.2 -0.2 -0.2 -0.2 -0.2 0.0 -0.1 
Cyclopentadiene -1.1 -1.1 -1.1 -1.1 -0.3 -0.4 -1.0 
Bicyclo[2.1.0]pentene -0.3 -0.3 -0.3 -0.3 1.9 1.1 0.1 
Cyclobutane -1.3 -1.3 -1.3 -1.3 -0.5 -1.2 -1.6 
(CH3)2CCH2 -0.6 -0.6 -0.6 -0.6 0.2 -0.2 -0.5 
CH3CH2CHCH2 -0.8 -0.7 -0.8 -0.8 -0.2 -0.3 -0.5 
CH3CHCHCH3 (Z) -0.9 -0.9 -0.9 -0.9 -0.6 -0.6 -0.8 
CH3CHCHCH3 (E) -0.7 -0.7 -0.7 -0.7 -0.4 -0.3 -0.6 
Benzene -1.3 -1.3 -1.3 -1.3 0.1 0.0 -1.0 
Fulvene 0.6 0.6 0.6 0.6 2.5 2.1 1.1 
Spiropentane -1.4 -1.5 -1.4 -1.4 1.0 0.4 -0.9 
CH3CHCHCHCH2 (Z) -2.3 -2.3 -2.4 -2.3 -3.8 -3.6 -4.0 
CH3CHCHCHCH2 (E) -1.5 -1.5 -1.5 -1.5 -0.6 -0.6 -1.1 
(CH2CH)2CH2 -0.9 -0.9 -0.9 -0.9 0.2 -0.1 -0.5 
Cyclopentene -1.5 -1.5 -1.5 -1.5 -0.4 -0.6 -1.1 
Bicyclo[2.1.0]pentane -0.9 -1.0 -0.9 -0.9 0.8 0.4 -0.5 
CH3(CH2)2CH3 -0.2 -0.2 -0.2 -0.2 0.0 0.1 0.0 
(CH3)3CH -0.5 -0.5 -0.5 -0.5 -0.1 0.0 -0.2 
Bicyclo[2.2.0]hex-2-ene -1.2 -1.2 -1.2 -1.2 1.0 0.2 -0.9 
1,3,5-cycloheptatriene -3.2 -3.1 -3.2 -3.2 -0.9 -1.3 -2.2 
Norbornadiene -0.4 -0.4 -0.4 -0.4 2.6 2.3 1.0 
Toluene -1.9 -1.9 -1.9 -1.9 0.0 0.8 -0.6 
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Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Quadricyclane -1.4 -1.5 -1.4 -1.4 2.9 1.8 0.0 
Bicyclopropyl -3.0 -3.2 -3.1 -3.1 -0.3 -1.2 -2.4 
Cis-bicyclo[2.2.0]hexane -1.7 -1.8 -1.8 -1.8 -0.7 -0.5 -1.5 
1,3,5,7-cyclooctatetraene -3.4 -3.3 -3.4 -3.4 -0.9 -0.8 -1.9 
C6H5CHCH2 -2.4 -2.4 -2.4 -2.4 0.2 0.7 -0.9 
C(CH3)4 -1.3 -1.3 -1.4 -1.4 0.0 0.1 -0.2 
CH3(CH2)3CH3 -0.5 -0.5 -0.5 -0.5 0.2 0.0 -0.1 
Cyclohexane -1.6 -1.6 -1.7 -1.6 -0.1 -0.1 -0.6 
o-C6H4(CH3)2 -1.7 -1.7 -1.7 -1.7 0.9 0.9 -0.6 
m-C6H4(CH3)2 -2.6 -2.5 -2.6 -2.6 0.4 0.9 -0.7 
p-C6H4(CH3)2 -1.9 -1.9 -1.9 -1.9 0.6 1.0 -0.7 
Napthalene -2.0 -2.0 -2.1 -2.0 1.8 2.2 -0.2 
Azulene -5.0 -4.9 -5.0 -5.0 -0.3 1.1 -1.1 
Bicyclo[2.2.1]heptane -1.6 -1.6 -1.6 -1.6 1.1 1.2 0.2 
CH3(CH2)4CH3 -0.5 -0.5 -0.5 -0.5 0.6 0.3 0.1 
Bullvalene -4.7 -4.8 -4.8 -4.8 0.6 0.0 -2.2 
Triquinacene -3.9 -3.9 -4.0 -3.9 0.2 0.2 -2.0 
Biphenylene -4.1 -4.0 -4.1 -4.1 1.3 2.1 -1.3 
Acenaphthylene -4.5 -4.4 -4.5 -4.5 1.1 1.8 -1.8 
Bicyclo[2.2.2]octane -3.1 -3.1 -3.2 -3.2 0.1 0.5 -0.7 
Acenapthene -3.9 -3.9 -4.0 -3.9 1.5 2.4 -1.1 
Biphenyl -3.0 -3.0 -3.1 -3.1 1.6 2.2 -0.7 
Phenanthrene -4.0 -3.9 -4.0 -4.0 2.0 2.9 -1.0 
Anthracene -4.2 -4.2 -4.3 -4.2 2.0 2.9 -0.9 
Adamantane -2.8 -2.8 -3.0 -2.9 2.8 3.3 1.5 
MSD -1.72 -1.72 -1.75 -1.74 0.41 0.43 -0.73 
MAD 1.82 1.82 1.84 1.83 0.89 1.02 0.97 
Standard Deviation 1.44 1.43 1.46 1.45 1.19 1.33 1.01 
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This is due to the fact that their advantage (elimination of differential correlation and size 

extensivity effects) may be offset by a disadvantage resulting from an increased experimental 

uncertainty introduced due to the product and reactant molecules of the I1 reactions. 

An example of this increased experimental uncertainty was demonstrated in a study174 

which used the G2 method, and demonstrated this accumulation of uncertainty through an 

isodesmic reaction for C2F4H2;  one of the products in this reaction was CH3F. The experimental 

ΔHf of CH3F was determined with an uncertainty of 2.0 kcal mol-1, and the isodesmic reaction 

contained four CH3F’s in the products, thus introducing an 8.0 kcal mol-1 uncertainty into the 

calculation of the ΔHf of C2F4H2 by this isodesmic reaction.174  As an example, for one of the 

largest molecules studied within this work, an I1 reaction to determine the ΔHf of adamantane 

would make use of fourteen methane molecules and twelve ethane molecules. Though 

experimental ΔHf’s for methane and ethane were each determined with an uncertainty of 0.07 

and 0.05 kcal mol-1 respectively,171 this still introduces a total uncertainty of 1.16 kcal mol-1 into 

the theoretical ΔHf of adamantine (via I1 reaction).  In contrast, the use of an atomization 

reaction introduces an uncertainty of only 0.52 kcal mol-1 from the carbon and hydrogen atomic 

values (ΔHf’s- C: 170.122 ± 0.05, H: 51.63 ± 0.001 kcal mol-1).114,145  The additional uncertainty 

(over 1 kcal mol-1) introduced by the I1 reaction for adamantane is above the threshold of 

chemical accuracy, and the effect of using an isodesmic reaction scheme for molecules which 

contain large numbers of product and reactant molecules may be responsible for the greater 

MADs achieved by some of the ccCA and Gn methods through the use of the I1 reactions.   

In addition to introducing a greater experimental uncertainty, the I1 reaction schemes 

simply use ethane, ethylene, and acetylene as products and methane as a reactant. These 

reactions do not make use of species which could provide a greater reduction of differential 
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correlation and size extensivity effects.  When I2 reaction schemes are used to calculate the 

ΔHf’s (Table 4.6) the MAD of all of the variants of ccCA is reduced by a factor greater than two 

(compared to using I1 reaction energies).  The ccCA variants achieve similar levels of accuracy: 

0.87, 0.88, 0.87 and 0.87 kcal mol-1 for ccCA-P, ccCA-S4, ccCA-S3 and ccCA-PS3 respectively.  

The MSD’s of the ccCA variants are also greatly reduced. Through the adoption of the I2 

reactions, the variants of ccCA achieve MSD’s of 0.11, 0.13, 0.11 and 0.12.  The standard 

deviations achieved by the variants of ccCA are also greatly reduced by the use of the I2 

reactions.  When the atomization energy approach is used, the ccCA-P, ccCA-S3, ccCA-S4 and 

ccCA-PS3 variants achieved standard deviations of: 1.98, 1.99, 1.28 and 1.60 kcal mol-1, 

respectively.  The use of the I1 reactions yields standard deviations of 1.44, 1.43, 1.46 and 1.45 

kcal mol-1.   When the I2 reactions are adopted, however, the ccCA variants achieved standard 

deviations of 1.09, 1.10, 1.09 and 1.09 kcal mol-1.  This reduction in standard deviation 

represents a more uniform performance for ccCA for molecules of increasing size.  Considering 

the I2 reactions with the Gn methods, the G4 method produces a MAD of 1.17 kcal mol-1; the G3 

method obtains 1.18 kcal mol-1 and the G3(MP2) method results in 1.28 kcal mol-1.  Through the 

use of the I2 reactions, all of the Gn methods achieve MADs which are greater than the 

corresponding ccCA MADs.  Additionally, for all of the Gn methods the MAD increased as 

compared to using either the I1 reactions or atomization energies.   
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Table 4.6. Signed deviations of 51 hydrocarbon ΔHf’s by I2 reaction energy (kcal mol-1). 
Molecule ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3 G3(MP2) 
CH2CHCCH 1.4 1.4 1.4 1.4 1.6 1.2 1.7 
Cyclopropane -0.4 -0.4 -0.4 -0.4 0.0 -0.5 -0.8 
CH2CHCHCH2 -0.5 -0.5 -0.5 -0.5 -0.3 -0.2 -0.3 
CH3CCCH3 -0.7 -0.7 -0.7 -0.7 -0.7 -1.1 0.0 
Methylenecyclopropane 1.8 1.8 1.8 1.8 2.2 0.4 1.9 
Bicyclobutane -1.5 -1.4 -1.5 -1.4 -0.9 -1.6 -2.0 
Cyclobutene -1.1 -1.0 -1.1 -1.0 -1.1 -1.5 -1.7 
CH3CHCCH2 -2.1 -2.2 -2.1 -2.1 -2.1 -2.6 -2.1 
Cyclopentadiene 0.1 0.2 0.2 0.2 0.0 0.1 -0.1 
Bicyclo[2.1.0]pentene 1.6 1.7 1.6 1.6 2.0 1.5 1.1 
Cyclobutane -0.6 -0.6 -0.6 -0.6 -0.6 -1.1 -1.3 
CH3CH2CHCH2 -0.3 -0.3 -0.3 -0.3 -0.3 -0.2 -0.2 
CH3CHCHCH3 (Z) -0.3 -0.3 -0.3 -0.3 -0.4 -0.4 -0.4 
CH3CHCHCH3 (E) -0.2 -0.2 -0.2 -0.2 -0.1 -0.1 -0.2 
Benzene 0.2 0.2 0.2 0.2 0.1 0.6 0.3 
Fulvene 2.4 2.4 2.4 2.4 2.6 1.0 2.6 
Spiropentane 0.4 0.5 0.4 0.5 0.9 -3.0 -0.7 
CH3CHCHCHCH2 (Z) -1.6 -1.6 -1.6 -1.6 -3.6 -3.4 -3.4 
CH3CHCHCHCH2 (E) -0.8 -0.8 -0.8 -0.8 -0.5 -0.4 -0.6 
(CH2CH)2CH2 -0.3 -0.3 -0.3 -0.3 0.0 0.1 -0.1 
Cyclopentene -0.7 -0.6 -0.7 -0.7 -0.8 -0.6 -0.8 
Bicyclo[2.1.0]pentane 0.7 0.8 0.7 0.8 1.1 0.6 0.1 
CH3(CH2)2CH3 0.1 0.1 0.1 0.1 0.2 0.1 0.1 
Bicyclo[2.2.0]hex-2-ene 0.8 0.9 0.8 0.9 0.9 0.6 0.0 
1,3,5-cycloheptatriene -1.4 -1.4 -1.4 -1.4 -0.7 -0.6 -0.8 
Norbornadiene 1.9 1.9 1.9 1.9 2.6 2.9 2.3 
Toluene 0.1 0.1 0.1 0.1 0.4 -0.3 1.2 
Quadricyclane 2.3 2.5 2.3 2.4 2.7 2.5 1.4 
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Molecule ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3 G3(MP2) 
Bicyclopropyl -1.2 -1.2 -1.3 -1.2 -0.4 -0.9 -1.8 
Cis-bicyclo[2.2.0]hexane 0.1 0.1 0.0 0.1 -0.5 -0.3 -0.9 
1,3,5,7-cyclooctatetraene -1.3 -1.3 -1.2 -1.3 -0.4 0.1 -0.1 
C6H5CHCH2 -0.1 -0.1 -0.1 -0.1 0.4 -0.2 1.1 
CH3(CH2)3CH3 -0.1 -0.1 -0.1 -0.1 0.1 0.1 0.0 
Cyclohexane -0.7 -0.7 -0.7 -0.7 0.0 0.0 -0.3 
o-C6H4(CH3)2 0.8 0.9 0.9 0.9 1.4 -1.7 1.6 
m-C6H4(CH3)2 0.0 0.0 0.0 0.0 0.7 -1.7 1.5 
p-C6H4(CH3)2 0.7 0.7 0.7 0.7 1.4 -1.6 1.6 
Napthalene 1.3 1.3 1.3 1.3 2.2 -0.3 2.6 
Azulene -1.7 -1.7 -1.6 -1.7 -0.2 -1.3 1.7 
Bicyclo[2.2.1]heptane 0.4 0.4 0.4 0.4 1.1 1.5 0.9 
CH3(CH2)4CH3 0.2 0.1 0.2 0.2 0.6 0.4 0.3 
Bullvalene -0.9 -0.8 -0.9 -0.9 0.9 1.1 0.1 
Triquinacene 0.0 0.0 0.0 0.0 0.7 1.3 0.2 
Biphenylene 1.0 1.1 1.1 1.1 2.5 -3.1 3.1 
Acenaphthylene 0.7 0.7 0.7 0.7 2.4 -3.4 2.7 
Bicyclo[2.2.2]octane -0.9 -0.9 -0.9 -0.9 0.1 0.9 0.1 
Acenapthene 1.1 1.1 1.1 1.1 2.7 -3.0 3.1 
Biphenyl 1.0 1.0 1.1 1.0 2.2 0.2 2.8 
Phenanthrene 1.8 1.8 1.8 1.8 3.3 -2.0 3.9 
Anthracene 1.5 1.5 1.5 1.5 3.4 -2.0 4.0 
Adamantane 0.5 0.5 0.5 0.5 2.8 3.9 2.7 
MSD 0.11 0.13 0.11 0.12 0.64 -0.36 0.56 
MAD 0.87 0.88 0.87 0.87 1.17 1.18 1.28 
Standard Deviation 1.09 1.10 1.09 1.09 1.44 1.55 1.62 
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If the results of using atomization energies, I1 and I2 reactions are examined by category 

of molecules (Table 4.7), then it may be seen that the ccCA and Gn methods achieve the 

threshold of chemical accuracy for acyclic molecules with all three of the thermochemical 

schemes.  Cyclic molecules, aromatic molecules and π-bond containing molecules were 

problematic for both the ccCA variants and the Gn methods.  The use of either atomization 

energies or I1 reactions (with the exception of the G4 method using atomization energy) did not 

achieve results within the threshold of chemical accuracy for these categories (acyclic, cyclic, π-

bonded, alkane, aromatic) of molecules. All variants of ccCA, however, did achieve this 

threshold of accuracy via the more rigorous I2 reactions.   

Since ccCA showed such large deviations (greater than 2.0 kcal mol-1 with the exception 

of using ccCA-S3 in combination with the atomization energy reactions) compared to 

experiment for the aromatic molecules using either the I1 reactions or by using atomization 

energy (Table 4.7).  The I3 reactions of Sivaramakrishnan162 were used for the calculation of the 

ΔHf’s (deviations shown in Table 4.8) of the 12 aromatic molecules (i.e., all aromatic molecules 

except for benzene, for which there is no I3 reaction scheme as benzene is used within these 

schemes as a fundamental product molecule).   The ccCA-S4 variation showed the lowest MAD 

for the 12 aromatic molecules with a MAD of 0.91 kcal mol-1, the ccCA-P variation achieved the 

next lowest MAD when calculating the ΔHf’s by I3 reaction, 0.92 kcal mol-1. The ccCA-S3 and 

ccCA-PS3 variations showed MADs of 0.99 and 0.96 kcal mol-1.  The G4, G3 and G3(MP2) 

methods obtained MADs of 1.40, 1.53 and 0.69 kcal mol-1 respectively.  The I3 reactions show a 

pattern similar to the I2 reactions in that providing a greater cancellation of error between 

product and reactant energies (due to the delocalization and bonding energy similarity between 

product and reactant molecules) resulted in a reduced MAD for the ccCA methods and an 
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increase in MAD for two of the Gn methods (G4 and G3).  It should be noted that ccCA methods 

achieve lower MADs for the aromatic ΔHf’s using the I2 reactions (0.79, 0.81, 0.82 and 0.87 

kcal mol-1) as compared to using the I3 reactions (0.92, 0.91, 0.99 and 0.96 kcal mol-1).  

The prediction of the ΔHf’s of hydrocarbons to within chemical accuracy on average 

across all categories (in the case of ccCA using the I2 reactions or G4 via atomization energy) 

has been achieved.  The manner in which these methods achieve this target accuracy, however, is 

a matter of importance.  The Gn methods employ an HLC which is optimized to reduce deviation 

from experimental values by modifying the energy of atoms and molecules, and this may explain 

the decreased MADs achieved by the Gn methods when the ΔHf’s are calculated via atomization 

energy.  The ccCA method and the Gn methods do not show a great increase in accuracy upon 

the adoption of the I1 reactions (as compared to atomization energy) and the Gn methods show 

an increase in MAD when the I2 reactions are used as compared to the I1 reactions.  It would, 

however, be expected (vida supra) that compared to the results achieved when calculating the 

ΔHf’s by atomization, there should be a decrease in MAD energy upon the adoption of the I1 

reactions, and a subsequent decrease in MAD upon the adoption of the I2 reactions.  In order to 

address the cause of these somewhat counterintuitive results, a breakdown of the constituent 

energies of ccCA and the Gn methods is examined within this work. 
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Table 4.7. Mean absolute deviations of the hydrocarbon ΔHf’s by category (kcal mol-1). 
 
Atomization ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Acyclic 0.91 0.81 0.95 0.58 0.84 0.66 0.52 
Cyclic 3.07 2.92 1.14 1.72 0.99 1.40 1.27 
π-bonds 2.81 2.70 0.98 1.65 0.95 1.21 1.01 
Alkanes 1.22 1.05 1.25 0.62 0.92 0.96 0.98 
Aromatic 4.52 4.41 0.92 2.65 0.46 1.02 1.42 
Overall 2.37 2.24 1.10 1.35 0.94 1.12 0.99 

        Isodesmic (I1) ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Acyclic 0.83 0.83 0.85 0.84 0.54 0.51 0.65 
Cyclic 2.32 2.32 2.35 2.33 1.05 1.25 1.13 
π-bonds 2.07 2.05 2.09 2.08 0.95 1.12 1.06 
Alkanes 1.33 1.36 1.36 1.35 0.50 0.52 0.68 
Aromatic 2.88 2.85 2.92 2.89 1.04 1.60 0.88 
Overall 1.82 1.82 1.84 1.83 0.89 1.02 0.97 

        Hypohomodesmotic (I2) ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Acyclic 0.66 0.66 0.66 0.66 0.81 0.79 0.72 
Cyclic 0.94 0.95 0.94 0.95 1.30 1.31 1.47 
π-bonds 0.95 0.96 0.96 0.96 1.33 1.19 1.44 
Alkanes 0.67 0.69 0.67 0.69 0.80 1.15 0.89 
Aromatic 0.79 0.81 0.82 0.81 1.78 1.55 2.27 
Overall 0.87 0.88 0.87 0.87 1.17 1.18 1.28 
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Table 4.8. Signed deviations of 12 aromatic hydrocarbon ΔHf’s as calculated by I3 reaction energy (kcal mol-1). 
Molecule ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
Toluene -0.5 -0.5 -0.5 -0.5 0.3 -1.7 0.3 
C6H5CHCH2 -1.1 -1.1 -1.1 -1.1 0.1 -1.8 0.1 
o-C6H4(CH3)2 -0.4 -0.4 -0.4 -0.4 1.0 -2.2 1.0 
m-C6H4(CH3)2 -1.2 -1.2 -1.3 -1.3 0.3 -2.2 0.3 
p-C6H4(CH3)2 -0.5 -0.5 -0.6 -0.6 1.0 -2.2 1.0 
Napthalene 0.4 0.5 0.4 0.4 1.8 -1.0 1.8 
Biphenylene -1.3 -1.3 -1.4 -1.3 1.8 -1.2 1.8 
Acenaphthylene -1.7 -1.6 -1.8 -1.7 1.7 -1.5 1.7 
Acenapthene -1.2 -1.1 -1.3 -1.2 2.1 -1.6 2.1 
Biphenyl 0.0 0.1 0.0 0.0 1.9 -1.1 1.9 
Phenanthrene -1.3 -1.2 -1.4 -1.3 2.4 -1.0 2.4 
Anthracene -1.4 -1.5 -1.7 -1.6 2.5 -1.0 2.5 
MSD -0.84 -0.82 -0.92 -0.89 1.40 -1.53 0.69 
MAD 0.92 0.91 0.99 0.96 1.40 1.53 0.69 
Standard Deviation 0.64 0.65 0.67 0.66 0.84 0.46 0.49 
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4.3.2 Constituent Energy Breakdown 

The constituent calculations of all the composite approaches [ccCA, G4, G3 and 

G3(MP2)] were examined.  It should be noted that these constituent energies were calculated at 

the reference geometry of the composite method with which they are associated [ex: the 

CCSD(T)/cc-pVTZ calculations used the B3LYP/cc-pVTZ geometries and frequencies].  The 

B3LYP calculations (Table 4.9), however, provide the reference geometry and vibrational data 

for the ccCA and G4 methods.  When the B3LYP reference geometry results are considered, the 

B3LYP/6-31G(2df,p) calculations (G4 reference geometry) predict the ΔHf’s with MADs of 

3.12, 4.37 and 4.08 kcal mol-1 via the atomization, I1 and I2 reaction energies, while the 

B3LYP/cc-pVTZ calculations (ccCA reference geometry) predict the ΔHf’s with MADs of 

12.74, 3.20 and 4.32 kcal mol-1 respectively.  Though there is a significant difference in the 

atomization energy results, neither DFT calculation is close to predicting the ΔHf’s within the 

threshold of chemical accuracy with any reaction scheme. 

Table 4.9.  Results obtained using DFT component energies (kcal mol-1). 
Atomization B3LYP/6-31G(2df,p) B3LYP/cc-pVTZ 
MSD -0.32 -12.72 
MAD 3.12 12.74 
Standard Deviation 4.13 8.98 

   Isodesmic (I1) 
  MSD -0.90 -2.51 

MAD 4.37 3.20 
Standard Deviation 5.58 4.15 

   Hypohomodesmotic (I2) 
  MSD 3.64 3.76 

MAD 4.08 4.32 
Standard Deviation 4.33 4.68 
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If the MP2 (valence) calculations are considered (Table 4.10 and Figure 4.4) it is shown 

that the MAD is most effectively decreased via the I2 reaction schemes: for the MP2/aug-cc-

pVnZ (n is D, T, Q) series there is a monotonic decrease in MAD from double to triple to 

quadruple ζ level (4.56, 4.47 and 4.37 kcal mol-1).  For the I1 reactions, however, the aug-cc-

pVDZ basis set produces a lower MAD (4.18 kcal mol-1) than either the aug-cc-pVTZ or aug-cc-

pVQZ basis sets (5.59 and 5.31 kcal mol-1 respectively).  Considering the atomization energy 

MADs the aug-cc-pVTZ basis set produces the lowest MAD (9.83 kcal mol-1).  It should be 

noted that with the exception of MP2/aug-cc-pVDZ; (for which there is an increase from 4.18 to 

4.56 kcal mol-1 upon adoption of the I2 reactions compared to the I1 reactions) calculating the 

ΔHf’s via I1 reaction produced a lower MAD compared to using atomization energy, and using 

the I2 reactions produced the lowest MAD for all basis sets with the MP2 method.  An 

examination of the MP2 (core-valence) energies (Table 4.11 and Figure 4.5) reveals that the 

MP2(Full)/aug-cc-pCVTZ calculation (equivalent to MP2(FC1)/aug-cc-pCVTZ used by ccCA in 

this study) achieved a lower MAD (5.91 and 4.43 kcal mol-1) than either the MP2(Full)/G3Large 

or MP2(Full)/G3LargeXP calculations by either the I1 or I2 reaction energies.  The keyword 

“Full” designates that all electrons are correlated, while “FC1” designates that the valence and 

outermost core electrons are correlated – in the case of hydrocarbons these keywords are 

equivalent.   When the ΔHf’s are calculated via atomization energy, however, the MP2(Full)/aug-

cc-pCVTZ energies produce a much greater MAD (104.77 kcal mol-1) compared to 

MP2(Full)/G3Large (12.62 kcal mol-1) or MP2(Full)/G3LargeXP (13.28 kcal mol-1).  Another 

point of interest is that every method/basis set combination shows a lowering of the MAD from 

using atomization to I1 reaction to I2 reaction.  Finally, there is no basis set/reaction scheme 

combination for which the MP2 method (valence or core-valence) produces a MAD less than 4.0 



81 

kcal mol-1, in order to predict “chemically accurate” large hydrocarbon thermodynamic 

properties higher order correlation energy terms are required. 

The MP4 energy constituent calculations (Table 4.12 and Figure 4.6) show a general 

trend of decreasing in MAD with increasing basis set size when the atomization energies are 

used to calculate the ΔHf’s.  The cc-pVTZ basis set achieves the lowest MAD (12.32 kcal mol-1) 

and the 6-31G(2df,p) basis set calculates the ΔHf’s with a MAD of 29.74 kcal mol-1 compared to 

105.17 kcal mol-1 for the 6-31G(d) basis set.  The 6-31+G(d) basis set (MAD: 111.72 kcal mol-

1), however, does show an increase in MAD compared to the 6-31G(d) basis set.  When the 

ΔHf’s are calculated via I1 reaction, however, the 6-31+G(d) basis set achieves the lowest MAD 

(1.39 kcal mol-1), which is near the threshold of chemical accuracy.  All of the MP4 

method/basis set combinations, however, show an increase in MAD when the I2 reactions are 

adopted as compared to using the I1 reactions.  The fact that MP4/6-31+G(d) produced the 

greatest MAD using atomization energies (111.72 kcal mol-1) while also giving the lowest MAD 

via the I1 reactions (1.39 kcal mol-1), combined with an increase in MAD across all basis sets 

upon the adoption of the I2 reactions in place of the I1 reactions, suggests that a fortuitous 

cancellation of error is the cause of the quite low MAD achieved by MP4/6-31+G(d) via the I1 

reactions (though the additional diffuse functions of 6-31+G(d) were optimized175 by MP4).  
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Table 4.10. Results obtained using the MP2 (valence) energies (kcal mol-1). 

Atomization 
MP2/cc-
pVTZ1 

MP2/cc-pVTZ-
DK1 

MP2/aug-cc-
pVDZ1 

MP2/aug-cc-
pVTZ1 

MP2/aug-cc-
pVQZ1 MP2/G3MP2Large2 

MSD -9.42 -38.69 -68.28 -2.89 14.61 -10.10 
MAD 12.32 38.69 68.28 9.83 15.69 14.83 
Standard Deviation 10.07 10.78 19.17 11.93 18.21 13.92 

       Isodesmic (I1) 
      MSD 5.03 5.05 3.13 5.41 5.20 6.11 

MAD 5.21 5.22 4.18 5.59 5.31 6.27 
Standard Deviation 7.49 7.49 5.93 7.62 7.34 8.24 

       Hypohomodesmotic (I2) 
      MSD 4.63 4.62 2.11 3.85 3.92 4.70 

MAD 4.95 4.94 4.56 4.47 4.37 5.21 
Standard Deviation 6.76 6.75 6.43 6.36 6.15 7.09 

1 B3LYP/cc-pVTZ Geometries and Frequencies 
2 MP2(Full)/6-31G(d) Geometries and HF/6-31G(d) Frequencies 
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Table 4.11.  Results obtained using the MP2 (core-valence) energies (kcal mol-1). 
Atomization MP2(Full)/aug-cc-pCVTZ1 MP2(Full)/G3Large2 MP2(Full)/G3LargeXP3 
MSD 104.77 -2.39 -1.25 
MAD 104.77 12.62 13.28 
Standard Deviation 62.71 15.79 16.94 

    Isodesmic (I1) 
   MSD 5.79 6.75 6.11 

MAD 5.91 6.88 6.27 
Standard Deviation 7.85 8.83 8.24 

    Hypohomodesmotic (I2) 
   MSD 3.81 4.79 4.16 

MAD 4.43 5.30 4.63 
Standard Deviation 6.33 7.24 6.23 

1 B3LYP/cc-pVTZ Geometries and Frequencies 
2 MP2(Full)/6-31G(d) Geometries and HF/6-31G(d) Frequencies 
3 B3LYP/6-31G(2df,p) Geometries and Frequencies 
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Figure 4.4. MADs obtained using MP2 (valence) energies with varying reaction types (kcal mol-1). 
1 B3LYP/cc-pVTZ geometries and frequencies 
2 MP2(Full)/6-31G(d) geometries and HF/6-31G(d) frequencies 
 
 

 
Figure 4.5. MADs obtained using MP2 (core-valence) energies with varying reaction types (kcal 
mol-1). 
1 B3LYP/cc-pVTZ geometries and frequencies 
2 MP2(Full)/6-31G(d) geometries and HF/6-31G(d) frequencies 
3 B3LYP/6-31G(2df,p) geometries and frequencies 
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The QCISD(T) and CCSD(T) results (Table 4.13 and Figure 4.8) show quite high MADs 

when using atomization energy; the lowest MAD achieved (39.28 kcal mol-1) is for  

CCSD(T)/cc-pVTZ, though the CCSD(T) MADs do decrease with increasing basis set size from 

6-31G(d) to cc-pVDZ to cc-pVTZ.  Considering the MADs calculated via the I1 reaction 

scheme, it is shown that the QCISD(T) approach achieves the lowest MAD (1.77 kcal mol-1), 

however, unlike the CCSD(T) calculations, QCISD(T) showed an increase rather than a decrease 

in MAD upon the adoption of the I2 reactions compared to the I1 reactions.  Not only do all of 

the CCSD(T) calculations show a decrease in MAD upon the adoption of the I1 reactions as 

compared to the atomization reactions and upon the I2 reactions as compared to the I1 reactions, 

but the CCSD(T) calculations also show a reduction in MAD with increasing basis set size using 

any of the reaction schemes (atomization, I1 or I2).  The reduction in MAD for the CCSD(T) 

calculations (used by ccCA and G4) with increasing basis set size and up the reaction hierarchy 

of Wheeler et al.163 is consistent with expected physical behavior, while the MP4 energies, used 

by the G4 and G3 methods, and QCISD(T), used by G3 and G3(MP2), theories do not always 

behave according to expected physical principles in this regard. 

If the results obtained by the constituent energies are analyzed across different methods 

using the cc-pVTZ basis set it may be seen that the B3LYP and MP2 methods show a similar 

level of accuracy via atomization energy (MADs: 12.74 and 12.32 kcal mol-1 respectively) and 

that there is a great increase in MAD when calculating the ΔHf’s via atomization with more 

sophisticated levels of theory from MP2 to MP4 (MAD: 12.32 to 26.81 kcal mol-1) and from 

MP4 to CCSD(T) [26.81 to 39.28 kcal mol-1].  Considering the I1 reaction MADs it is significant 

that the MP4 method achieves a lower MAD compared to CCSD(T), while for the I2 reactions 
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there is a decrease in MAD from MP2 (4.95 kcal mol-1) to MP4 (2.90 kcal mol-1) to CCSD(T) 

[1.30 kcal mol-1].   

In examining the constituent energies of the ccCA and Gn methods, several trends may 

be seen. As previously stated, the Gn methods achieve a lesser MAD via an atomization energy 

approach due to their use of an HLC – a statistically derived parameter specifically designed to 

reduce MAD for a test set of energies.  Without the use of these HLC’s each of the Gn methods 

achieved a MAD deviation greater than 20 kcal mol-1; greater than the MADs achieved by their 

best performing (lowest MAD) constituent energy.  When atomization energies are used to 

calculate the ΔHf’s these MADs are: G4 – 26.30 kcal mol-1 vs. MP2(Full)/G3LargeXP – 13.28 

kcal mol-1; G3 – 27.21 kcal mol-1 vs. MP2(Full)/G3Large – 12.62 kcal mol-1; G3(MP2) – 43.75 

kcal mol-1 vs. MP2/G3MP2Large – 14.83 kcal mol-1. Though the Gn methods do achieve lower 

MADs than the lowest MAD achieved by a constituent energy calculation (using either the I1 or 

I2 reactions), the cause of the superior performance of the Gn methods when using the I1 

reactions is likely due to a fortuitous cancellation of error due to the use of MP4 theory (G4 and 

G3) and QCISD(T) theory [G3 and G3(MP2)].  For MP4 theory there is an unexpectedly low 

MAD deviation obtained with the 6-31+G(d) basis set (1.39 kcal mol-1) which is not obtained 

using either the larger 6-31G(2df,p) basis set (4.05 kcal mol-1) or the much larger cc-pVTZ basis 

set (1.85 kcal mol-1).  Though the MP2/aug-cc-pVnZ series (where n is D, T, Q) also shows a 

lack of decrease in MAD with increasing basis sets size when the ΔHf’s are calculated via I1 

reaction energy (4.18 to 5.59 to 5.31 kcal mol-1), it does show a decrease in MAD across this 

series using the I2 reactions (4.56 to 4.47 to 4.37 kcal mol-1).   
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Table 4.12.  Results obtained using the MP4 energies (kcal mol-1). 
Atomization MP4/6-31G(d)1 MP4/6-31+G(d)1 MP4/6-31G(2df,p)1 MP4/cc-pVTZ2 
MSD -105.17 -111.72 -29.74 -26.81 
MAD 105.17 111.72 29.74 26.81 
Standard Deviation 34.09 37.38 9.07 10.00 

     Isodesmic (I1) 
    MSD 0.94 0.24 3.46 0.74 

MAD 2.70 1.39 4.05 1.85 
Standard Deviation 3.74 1.86 5.52 2.73 

     Hypohomodesmotic (I2) 
    MSD 3.31 1.91 3.73 2.45 

MAD 3.78 2.50 4.29 2.90 
Standard Deviation 4.70 3.24 5.35 3.72 

1 MP2(Full)/6-31G(d) Geometries and HF/6-31G(d) Frequencies 
2 B3LYP/cc-pVTZ Geometries and Frequencies 
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Table 4.13.  Results obtained using the QCISD(T) and CCSD(T) energies (kcal mol-1). 
Atomization QCISD(T)/6-31G(d)1 CCSD(T)/6-31G(d)2 CCSD(T)/cc-pVDZ3 CCSD(T)/cc-pVTZ3 
MSD -113.71 -116.11 -109.20 -39.28 
MAD 113.71 116.11 109.20 39.28 
Standard Deviation 39.07 39.85 45.82 18.20 

     Isodesmic (I1) 
    MSD -1.65 -3.04 -4.41 -2.23 

MAD 1.77 3.08 4.45 2.28 
Standard Deviation 1.52 6.95 2.91 1.50 

     Hypohomodesmotic (I2) 
    MSD 1.89 1.63 0.48 0.82 

MAD 2.36 2.12 1.59 1.30 
Standard Deviation 2.72 2.50 2.16 1.58 

1 MP2(Full)/6-31G(d) Geometries and HF/6-31G(d) Frequencies 
2 B3LYP/6-31G(2df,p) Geometries and Frequencies 
3 B3LYP/cc-pVTZ Geometries and Frequencies 
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Figure 4.6. MADs obtained using MP4 energies with varying reaction types (kcal mol-1). 
1 MP2(Full)/6-31G(d) geometries and HF/6-31G(d) frequencies 
2 B3LYP/cc-pVTZ geometries and frequencies 
 

 
Figure 4.7. MADs obtained using QCISD(T) and CCSD(T) energies with varying reaction types 
(kcal mol-1). 
1 MP2(Full)/6-31G(d) geometries and HF/6-31G(d) frequencies 
2 B3LYP/6-31G(2df,p) geometries and frequencies 
3 B3LYP/cc-pVTZ geometries and frequencies 
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The use of ccCA in combination with the I2 reactions not only yields the lowest overall 

MADs, it also provides “chemically accurate” ΔHf’s across all of the subcategories of 

hydrocarbons. The reduction in MAD seen with increasing basis set size and for increasing 

levels of the isodesmic reaction scheme hierarchy of reactions suggests that ccCA achieves this 

performance by a first principles approach of thoroughly accounting for the energies of the 

examined hydrocarbon molecules.  All of ccCA’s energy constituents (with the exception of the 

MP2/aug-cc-pVDZ constituent and the B3LYP/cc-pVTZ electronic energy that is not an energy 

constituent of ccCA) show a decrease in MAD from the adoption of the I1 reactions compared to 

atomization energy and from the adoption of the I2 reactions in comparison to the I1 reactions. 

 

4.3.3 Performance with Increasing Molecular Size 

As this work is concerned with addressing the difficulties of predicting “chemically 

accurate” thermodynamic properties for molecules of increasing size, the various composite 

methods and reaction types should be examined with respect to varying molecular sizes.  A 

breakdown of the MADs achieved by each method and reaction scheme is offered in Table 4.14 

and Figure 4.9.  The most important result is that no composite method/reaction type achieves 

predictions within the threshold of chemical accuracy across the categories of molecular sizes 

other than ccCA in combination with the I2 reactions.  The G4 and G3(MP2) methods nearly 

achieves this with the I1 reactions, but do not compute the ΔHf’s of the largest molecules 

(containing more than eight carbon atoms) within the threshold of “chemical accuracy” – MADs: 

1.08 and 1.10 mol-1.  The G4 method predicts the ΔHf’s within “chemical accuracy” for the 

largest molecules (MAD: 0.78 kcal mol-1) via atomization energy but does not do so for the 
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molecules containing five to seven carbon atoms (MAD: 1.17 kcal mol-1), and it computes these 

values through the use of an HLC which may be problematic (vida supra).   

 

4.4 Conclusions 

 The theoretical study of molecules of increasing size presents a unique challenge.  The 

most computationally demanding quantum methods and basis sets may not be used for these 

molecules due to disk space, memory and time requirements, and therefore the development of 

theoretical approaches which increase computational efficiency are necessary.  Composite 

approaches provide one means of increasing computational efficiency, but must be thoroughly 

tested in order to be expected to provide results within “chemical accuracy”.  The ccCA method 

as well as the G4, G3 and G3(MP2) methods were tested by calculating ΔHf’s for a diverse set of 

60 hydrocarbon molecules of increasing size (up to the size of adamantane) from the training set 

of Cioslowski et al.161  When calculating ΔHf’s by atomization energy or I1 reaction, most of the 

variants of ccCA achieved a greater MAD for this set of energies compared to the Gn methods.  

The empirical parameters incorporated into the Gn methods, however, were optimized in order to 

reduce MAD for a set of ΔHf’s calculated based on atomization energy, and in fact all of the Gn 

methods tested were shown to produce MADs greater than 20 kcal mol-1 in the absence of this 

HLC – even greater than the MADs achieved by their best constituent energy calculation.  The 

Gn methods, additionally, showed behavior inconsistent with expected physical principles both 

when calculating the ΔHf’s using their total energies and in calculating the ΔHf’s using their 

MP4 and QCISD(T) energy constituents (greater MADs achieved with I2 reactions as compared 

to I1 reactions, and lack of improvement with increasing basis set size in the case of MP4).  
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Table 4.14. MADs obtained by the composite methods via varying reaction types across molecular sizes (kcal mol-1). 
Atomization ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
One to Four Carbons 0.90 0.84 0.90 0.60 0.83 0.81 0.73 
Five to Seven Carbons 1.64 1.47 1.06 0.75 1.17 1.24 1.02 
Eight or More Carbons 4.80 4.65 1.29 2.88 0.78 1.38 1.29 

        Isodesmic (I1) ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
One to Four Carbons 0.93 0.94 0.94 0.94 0.56 0.68 0.84 
Five to Seven Carbons 1.37 1.39 1.39 1.38 1.00 0.87 0.96 
Eight or More Carbons 3.35 3.40 3.32 3.37 1.08 1.56 1.10 

        Hypohomodesmotic (I2) ccCA-P ccCA-S4 ccCA-S3 ccCA-PS3 G4 G3 G3(MP2) 
One to Four Carbons 0.85 0.84 0.85 0.83 0.78 0.85 0.98 
Five to Seven Carbons 0.86 0.88 0.86 0.88 1.12 1.11 1.06 
Eight or More Carbons 0.85 0.85 0.85 0.85 1.46 1.95 1.68 
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The ccCA method does not contain such parameters and achieves a lower MAD when the ΔHf’s 

are calculated with the I2 reaction energies compared to using either atomization energies or I1 

reaction energies (in its total energies as well as in its energy constituents).  When ccCA is used 

in combination with the I2 reactions it additionally provides results to within chemical accuracy 

across both the different subcategories of hydrocarbon molecules (acyclic, cyclic, alkanes, π-

bond containing molecules and aromatic species) and the varied sizes of hydrocarbon molecules.  

The use of isodesmic reaction energies, (hypohomodesmotic or higher) rather than atomization 

energies, is recommended for the calculation of the ΔHf’s of hydrocarbons.  Since all of the 

variants of ccCA were shown to produce such similar results, any of the variants of ccCA could 

be used for such calculations.  It should be noted, however, that ccCA-PS3 has previously been 

shown to be the most widely applicable variant of ccCA.2 Since ccCA-PS3 produces excellent 

ΔHf’s in combination with either the I2 or I3 reaction schemes, it is recommended for the 

calculation of the thermodynamics properties of hydrocarbons.  

The necessity of both a composite approach and the use of an isodesmic reaction has 

been demonstrated for the “chemically accurate” prediction of ΔHf’s for hydrocarbons.  No 

single calculation in combination with the atomization, I1 reactions, I2 reactions, could produce 

results within “chemical accuracy” for all of the hydrocarbons tested in this work.   
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CHAPTER 5 

THEORETICAL PREDICTION OF FKrOH 

5.1 Introduction 

The rare gas elements have long been considered inert and unable to form molecules with 

other atoms, but this notion was refuted by the synthesis of Xe+[PtF6]- by Bartlett in 1962.176 

Subsequently, many compounds containing rare gas elements have been theoretically predicted 

and/or experimentally synthesized. Many of these newly discovered molecules are of the form 

HRgX, where Rg is a rare gas and X is an electronegative fragment.177 These compounds, rare 

gas hydrides, often contain either xenon or krypton and are made primarily by matrix 

isolation.178 An experimentally prepared neutral compound containing argon, HArF, was 

synthesized by photolyzing hydrogen fluoride in a solid argon matrix.179 Some rare gas cations 

containing argon, neon, or helium (ArX+, NeX+, and HeXn+ respectively, where X = Li–Ne and n 

= 1,2), have also been theoretically predicted at the MP4(SDTQ) and MP2 levels using the 6-

311G(2df, 2pd) and 6-31G(d,p) basis sets respectively [MP4(SDTQ)/6-311G(2df, 2pd) and 

MP2/6-31G(d,p)].180,181 

In addition to rare gas hydrides, other rare gas compounds containing silicon have been 

theoretically predicted, including an argon compound, FArSiF3, which was predicted to be a 

stable molecule by the MP2 and CCSD(T) methods182-184 in conjunction with the correlation 

consistent basis sets (cc-pVnZ and aug-cc-pVnZ where n = D, T, Q, and 5) as well as the 6-

311++G(2d,2p) basis sets. Two low-energy isomers of F3SiXe+ have also been experimentally 

detected185 via the selected-ion flow tube method.186,187 A prior study conducted in our laboratory 

also predicted the first krypton-germanium compound, FKrGeF3.184  Previous research conducted 
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by our laboratory predicted the existence of novel rare gas compounds HKrCl,188 FKrAF3 (A = 

C, Si, and Ge),184  XRgCCX and XRgCCRgX (Rg = Kr, Ar; X = F, Cl).189  

DFT is often used due to its relatively lower computational cost compared to ab initio 

post-HF methods, however DFT’s utility in the prediction of novel rare gas compounds is 

uncertain. For example, in a study which compared DFT optimal geometries, dissociation 

energies, and frequencies to those computed by the ab initio methods, MP2 and CCSD(T), both 

B3LYP and B1LYP predicted minimum energy structures for the molecules HHeI, HNeCl, 

HNeBr, and HNeI that could not be reproduced with MP2 or CCSD(T).183 This prior work, 

therefore, recommended that no DFT functional be used independently to predict new rare gas 

molecules; instead, high-level ab initio methods should be used to verify results calculated using 

the DFT method. 

In this study, the B3LYP functional, MP2, and CCSD(T) to were used identify and 

characterize possible new rare gas compounds.  Forty-seven potential molecules have been 

considered, and a new potential compound has been identified, FKrOH.  

 

5.2 Methodology 

The hybrid density functional, B3LYP,190,191 was employed due to its widespread use, 

and utility in prior rare gas studies,184,189 and the ab initio methods, MP280 and CCSD(T)11  to 

compute the optimal geometries, vibrational frequencies, and relative energies of HKrOF and 

FKrOH. These methods were used in combination with the augmented correlation consistent 

basis sets, aug-cc-pVnZ (where n = D, T, and Q).192,193 The correlation consistent basis sets are 

useful; as they were designed to recover increasing amounts of correlation energy with 

increasing basis set size. The augmented basis sets include diffuse functions in order to better 
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account for long range interactions. B3LYP was used as a survey method due to its greater 

computational efficiency compared to either MP2 or CCSD(T). Molecules which were similar to 

previously discovered were examined rare gas compounds in order to increase the likelihood of 

identifying a new metastable compound. Those species for which B3LYP did not predict an 

energy minimum were not studied further. The compounds for which DFT did predict a bound 

structure were studied with MP2 and CCSD(T).  In this work the optimized geometries, 

vibrational frequencies and relative energies are reported for the species which were predicted to 

be metastable.  The B3LYP and MP2 calculations were performed with Gaussian 03.149 The 

CCSD(T) computations were performed with Molpro 2006.150 

 

5.3 Results and Discussion 

Forty-seven compounds were considered as potential bound structures.  A list of these 

possible molecules is provided in Table 5.1 (excluding two species which are further examined 

in Tables 5.2-5 and Figures 5.1 and 5.2). Of the 47 structures examined, B3LYP calculations 

predicted a bound structure for nine different species.  In comparison to the results which were 

obtained using the MP2 and CCSD(T) methods, the B3LYP method tended to over predict the 

stability of these potential compounds as seven of the nine species which B3LYP predicted to 

exist as energy minimum structures were not predicted to exist as bound structures by our 

subsequent MP2 and CCSD(T) calculations. The only novel species for which minimum energy 

geometries could be found with both MP2 and CCSD(T) across the full series of aug-cc-pVnZ 

(where n = D, T, Q) basis sets are HKrOF and FKrOH.  As HKrOH was predicted to be stable 

relative to its constituent, isolated atoms by previous theoretical studies,194,195 and in a separate 
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study27 HXeOF was found to be lower in energy than its isolated atoms, our consideration of the 

stability of HKrOF and FKrOH has precedent. 

Table 5.1. List of molecules considered in this study. 
Molecule Type Ia Type IIb Type IIIc 
HArN   x 
HKrN   x 
HKrS   x 
HKrSe  x  
HKrAr  x  
HKrNe  x  
ArCAr  x  
FArKr  x  
FKrAr  x  
HArKr  x  
HArO   x 
HKrO x   
HKrKr  x  
FKrN   x 
ArCCCAr  x  
ArCCAr  x  
HeCCHe  x  
KrCCCKr  x  
KrCCKr  x  
ClKrCCKrCl   x 
FArCCArF   x 
FKrCCKrCCKrCCKrF x   
FKrSiSiKrF x   
ClArSiSiArCl  x  
ClArCCArCl  x  
BrKrGeGeKrBr  x  
ClArCCCArCl  x  
ClArCCArCCArCl x   
ClNeCCCNeCl  x  
FNeCCCNeF  x  
FNeCCNeCCNeF x   
FNeCCNeF x   
FNeCNeCCCNeCNeF x   
ClNeCCNeCCNeCl x   
ClArCArCCCArCArCl  x  
ClArCCArCl  x  
ClKrPPKrCl x   
ClNeCCNeCl x   
ClNeCNeCCCNeCNeCl x   
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Molecule Type Ia Type IIb Type IIIc 
FKrCCKrCCCKrCCKrF  x  
FKrKrCCCKrKrF x   
FKrSiCKrF x   
HeCCCHe x   
KrCKr  x  
Kr(CO)6  x  

a A converged geometry was not found for at least one (but not all) of the aug-cc-pVnZ (n= D, T, 
Q) series  
b Convergent geometry found with B3LYP/aug-cc-pVnZ, but with the presence of imaginary 
frequencies (indicating a non-minimum energy geometry) 
c Minimum energy geometry found with B3LYP/aug-cc-pVnZ calculations, but not with MP2 
and CCSD(T) calculations 
 

The optimized geometries for HKrOF and FKrOH are listed in Tables 5.2 and 5.3.  At the 

B3LYP level of theory there is a decrease in the predicted bond lengths for each species with 

respect to increasing ζ-level (i.e., from aug-cc-pVDZ to aug-cc-pVTZ), as well as a slight 

increase in bond angle (Kr-O-F or Kr-O-H).  For FKrOH this behavior also occurred for MP2 

and CCSD(T).  For HKrOF, convergence in the H-Kr bond length is essentially reached with the 

aug-cc-pVTZ basis set, even for MP2 and CCSD(T), while the other bond lengths decrease with 

respect to increasing basis set size.  In HKrOF and FKrOH, the H-Kr-O and F-Kr-O bond angles, 

respectively, are linear.  The MP2 and CCSD(T) bond angles (Kr-O-F) changed very little (<1°) 

with respect to basis set size, as shown in the table. The calculated geometric values of our 

compounds are similar to previously predicted metastable rare gas species.  In comparison to 

HKrOH194, where  the  Kr-O bond length was calculated (MP2/aug-cc-pVTZ) as  2.101 Ǻ in 

comparison to our MP2/aug-cc-pVTZ values of 2.120 Ǻ (HKrOF) and 1.963  Ǻ (FKrOH). 

HKrOH was also calculated to have an H-Kr bond length of 1.545 Ǻ where in HKrOF this bond 

length is shorter at 1.497 Ǻ. To confirm that our optimized geometries were minima on the 

potential energy surface, computed harmonic vibrational frequencies were computed using each 

method and basis set combination for both HKrOF and FKrOH (see Table 5.3).   
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Table 5.2.  Optimized bond lengths (Å) and bond angles (degrees) for HKrOF and FKrOH at various theory/basis set combinations. 
 HKrOF  FKrOH 

B3LYP r(H-Kr) r(Kr-O) r(O-F) a(Kr-O-F)  r(F-Kr) r(Kr-O) r(O-H) a(Kr-O-H) 
aug-cc-pVDZ 1.557 2.199 1.447 99.376  1.974 1.978 0.973 103.157 
aug-cc-pVTZ 1.545 2.187 1.444 99.523  1.958 1.961 0.969 103.280 
aug-cc-pVQZ 1.545 2.185 1.443 99.733  1.955 1.956 0.968 103.429 
                   

MP2          
aug-cc-pVDZ 1.515 2.148 1.454 97.527  1.959 2.010 0.979 100.668 
aug-cc-pVTZ 1.497 2.120 1.437 97.940  1.929 1.963 0.973 101.299 
aug-cc-pVQZ 1.500 2.112 1.433 97.877  1.920 1.951 0.971 101.419 
                   

CCSD(T)          
aug-cc-pVDZ 1.573 2.196 1.484 96.629  2.000 2.038 0.977 100.177 
aug-cc-pVTZ 1.541 2.165 1.462 96.898  1.954 1.973 0.970 101.365 
aug-cc-pVQZ 1.542 2.157 1.456 96.879  1.942 1.960 0.967 101.594 
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Table 5.3.  Frequencies (cm-1) for HKrOF and FKrOH at various theory/basis set combinations. 

HKrOF    FKrOH    

B3LYP 
aug-cc-
pVDZ 

aug-cc-
pVTZ 

aug-cc-
pVQZ B3LYP 

aug-cc-
pVDZ 

aug-cc-
pVTZ 

aug-cc-
pVQZ 

F-O-Kr bend 157.1 159.1 157.2 F-Kr-O in plane bend 204.9 216.7 215.1 
Kr-O stretch 388.9 388.3 388.7 F-Kr-O out of plane bend 210.9 220.4 216.7 
H out of plane bend 603.5 618.7 620.4 F-Kr-O symmetric stretch 433.2 441.2 439.2 
O-Kr-H bend 662.7 670.6 671.3 F-Kr-O asymmetric stretch 540.2 544.9 540.7 
O-F stretch 913.7 928.9 924.2 O-H wag 1077.7 1087.3 1087.8 
Kr-H stretch 1792.2 1835.4 1832.2 O-H stretch 3744.6 3757.6 3763.7 
                
MP2    MP2    
F-O-Kr bend 178 .0 175.4 179.3 F-Kr-O in plane bend 206.8 220.4 224.5 
Kr-O stretch 435.5 446.8 449.9 F-Kr-O out of plane bend 210.7 225.3 229.8 
H out of plane bend 678.3 697.5 696.6 F-Kr-O symmetric stretch 401.2 429.2 441.5 
O-Kr-H bend 726.1 746.9 745.5 F-Kr-O asymmetric stretch 569.1 576.6 586.3 
O-F stretch 961.3 997.9 995.6 O-H wag 1053.2 1065.8 1075.7 
Kr-H stretch 1873.8 1923.9 1907.2 O-H stretch 3682.1 3718.1 3734.1 
                
CCSD(T)     CCSD(T)     
F-O-Kr bend 163.8 169.3 173.5 F-Kr-O in plane bend 188.8 211.3 217.5 
Kr-O stretch 402.2 415 419.2 F-Kr-O out of plane bend 189.8 213.2 219.3 
H out of plane bend 604.1 640 644.6 F-Kr-O symmetric stretch 309.8 381.2 400.2 
O-Kr-H bend 643.5 684.1 687.1 F-Kr-O asymmetric stretch 516.3 542.9 553.2 
O-F stretch 797.3 860.4 865.6 O-H wag 1056.5 1083.1 1094.0 
Kr-H stretch 1359.0 1585.1 1598.75 O-H stretch 3709.1 3751.1 3769.8 
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For each of the molecules, the highest energy mode is a stretch of the bond which contains 

hydrogen.  For HKrOF, the H-Kr stretching mode is the highest energy mode [~ 1598 cm-1 by 

CCSD(T)/aug-cc-pVQZ)] and for FKrOH the O-H stretching mode is the highest in energy [~ 

3769 cm-1 by CCSD(T)/aug-cc-pVQZ)].  Another similarity between the two molecules is that 

both HKrOF and FKrOH are predicted to have a bending mode (involving F-O-Kr or F-Kr-O 

respectively) at approximately 200 cm-1.  The other four vibrational modes of HKrOF do not 

have analogues in FKrOH. 

To examine the stability of HKrOF and FKrOH, the relative energies of these compounds 

as well as their fragments and constitutional isomers (see Table 5.4) were computed. Using 

CCSD(T)/aug-cc-pVQZ, FKrOH is the most energetically favored species.  Fragments of 

FKrOH were the next lowest in relative energy with the energies of [F + KrOH] and [F + Kr + 

OH] being of similar energy to each other and 0.355 and 0.377 eV higher in energy, respectively 

than FKrOH.  Three fragments of HKrOF, [H + KrOF], [HKr + OF] and [H + Kr + OF] and 

produce the next lowest relative energies at 2.753, 2.766 and 2.771 eV respectively.  The 

compound, HKrOF, was predicted as being 3.141 eV higher in energy than its constitutional 

isomer, FKrOH.  The importance of the bond between oxygen and either hydrogen or fluorine in 

both the HKrOF and FKrOH may be seen in the relative energies of [FKrO + H] and [HKrO + F] 

which are 5.090 and 6.454 eV higher than for FKrOH, respectively.  The fact that the isolated 

atoms are predicted to have the highest relative energy of all species studied, 7.163 eV higher 

than FKrOH, is evidence for the possible stability of HKrOF and FKrOH.  The similar HKrOH 

compound, was found to be 0.95 eV higher in energy than [H + Kr + OH] - the products of its 

favorable (three-body) dissociation channel.25  Additionally, HXeOF was found to be 0.59 eV 

higher in energy than [H + Xe + OF].27  
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Table 5.4. CCSD(T)/aug-cc-pVQZ energies (eV) relative to Kr + FOH in ascending order. 
Species Relative Energy 
FKrOH 0.000 
F + KrOH 0.355 
F + Kr + OH 0.377 
H + KrOF 2.753 
HKr + OF 2.766 
H + Kr + OF 2.771 
HKrOF 3.141 
FKrO + H 5.090 
HKrO + F 6.454 
H + Kr + O +F 7.163 

 

Though the species HKrOF and FKrOH are lower in energy compared to their isolated 

atoms, their synthesis is unlikely if they exist with a minimal barrier to dissociation.  Thus, the 

relative energetics were determined for these new species, their transition states and dissociation 

products (two-body dissociation) across the B3LYP, MP2 and CCSD(T) levels of theory with the 

aug-cc-pVTZ basis set (Table 5.5; Figures 5.1 and 5.2).  The CCSD(T) energies were calculated 

at the optimized MP2/aug-cc-pVTZ geometries.  For HKrOF, each of the levels of theory 

predicted a 1.2 eV barrier to dissociation (to [Kr + HFO]); while for FKrOH dissociation (to [HF 

+ KrO]) the barrier was nearly twice as large – greater than 2.1 eV.  Each of these barriers to 

dissociation is quite high and suggests a kinetic stability to two-body dissociation.   

Table 5.5. Relative energies (eV) of the transition states and dissociation products (two-body 
dissociation channel) of HKrOF and FKrOH using the bound molecule’s energy as a reference 
(all calculations used the aug-cc-pVTZ basis set). 
 HKrOF FKrOH 
 Transition State Product Transition State Product 
B3LYP 1.284 -2.320 2.146 -0.117 
MP2 1.213 -2.322 2.669 -0.010 
CCSD(T)a 1.199 -2.551 2.551 -0.260 

a Calculated using the MP2/aug-cc-pVTZ optimized geometries 
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The study of the three-body dissociation (to [H + Kr + OF] and [F + Kr + OH]) requires a 

sophisticated multi-reference treatment,25 though the barriers to the three-body dissociation of 

HKrOF and FKrOH, were not calculated, inferences may be drawn as to the possible stability of 

HKrOF and FKrOH based upon their energetic relative to similar compounds.  For HKrOF’s 

stability to dissociation, the calculated barrier height to HKrOH’s dissociation is informative.  

Previously, HKrOH was calculated as having a barrier to three-body dissociation of 0.15 eV, 

despite the fact that HKrOH was predicted to be only 0.95 eV higher in energy than [H + Kr + 

OH].25 The fact that HKrOF is much higher in energy (by 2.771 eV) than its three-body 

dissociation products in comparison to the difference between HKrOH and its three-body 

dissociation products does not bode well for HKrOF’s prospects to exist as a stable molecule.  

The compound, FKrOH, however, is lower (by 0.377 eV) than its three-body dissociation 

products, and as such, may exist as a stable molecule.   

 
Figure 5.1. Plot of reaction coordinate (steps of 0.1 amu1/2 Bohr) versus energy (eV) for the 
dissociation of HKrOF (calculated using MP2/aug-cc-pVTZ). 
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Figure 5.2. Plot of reaction coordinate (steps of 0.1 amu1/2 Bohr) versus energy (eV) for the 
dissociation of FKrOH (calculated using MP2/aug-cc-pVTZ). 
 

5.4 Conclusion 

Theoretical calculations have been used to predict the possible existence of FKrOH.  This 

prediction is supported by geometry optimization, harmonic frequency, relative energy and 

barrier height calculations.  A multi-reference treatment of the dissociation pathway of FKrOH to 

[F + Kr + OH] will be required to confirm the kinetic stability of FKrOH.  While the theoretical 

prediction of FKrOH is not entirely confirmed, there is circumstantial evidence to support its 

possible synthesis.  FKrOH is much lower in energy than its isolated atoms, has been calculated 

as having a substantial barrier to two-body dissociation and is lower in energy than the products 

which would be formed by its three-body dissociation.  It should also be noted that it is possible 

that a multi-reference study of the reaction pathway for the three-body dissociation of HKrOF 

may find a significant barrier to three-body dissociation.  The evidence presented in this work, 

however, suggests that is likely that FKrOH may be synthesized while HKrOF likely cannot be 

synthesized. 



105 

CHAPTER 6 

THE IMPORTANCE OF INTERCHAIN AMINO ACIDS AND FLEXIBLE LOOPS IN THE 

NEGATIVE COOPERATIVITY OF HUMAN GLUTATHIONE SYNTHETASE (HGS) 

6.1  Introduction 

The synthesis of glutathione (GSH), a naturally occurring tripeptide, is an important 

biological process because of GSH’s importance in processes such as amino acid transport, 

protection against oxidative damage and the metabolism of foreign chemicals.196  Many 

physiological ailments, such as Parkinson’s disease and Alzheimer’s disease,197,198 show a 

correlation with decreased cellular levels of GSH. Previous studies in our laboratory have 

investigated the mechanism of enzymatic action of human glutathione synthetase (hGS), which 

catalyzes the final step in the synthesis of GSH.197  GSH fulfills several important biological 

functions, and so the study of hGS is of interest for this reason alone, however, hGS is also the 

only member of the ATP-grasp family of enzymes whose structure has been well characterized 

by experiment.199  The ATP-grasp family of enzymes catalyze the formation of a bond between 

substrates; one of which contains a carboxyl group and the other of which contains an amino or 

thiol group.199  One important function of enzymes in the ATP-grasp family is the catalysis of 

the formation of peptide bonds.  The ATP-grasp family of enzymes includes members such as D-

alanine-D-alanine ligase, biotin carboxylase and carbamoyl phosphate synthetase.199  Insight 

gained through the elucidation of hGS’s mechanism of negative cooperativity would apply to the 

study of many other enzymes.   

Through a combination of experiments and modeling, three conserved loops were 

identified in hGS, which allow the substrate to access the active site.50  These loops are: the 

substrate-binding loop or S-loop (Phe266 to Ser276), the glycine-rich or G-loop (Gln366-
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Leu374) and the alanine-rich or A-loop (Ile454 to Ala466), collectively labeled the GAS loops.  

In this work, eight additional amino acid residues (Asp24, Ser41, Ser42, Glu43, Val44, Val45, 

Tyr47 and Arg221) that are involved in important interactions between the monomer subunits of 

the hGS dimer were assessed.  Molecular dynamics (MD) simulations were used to model the 

energetic impact of the mutation of each of these seven residues to alanine (resulting in seven 

singly mutated structures) and to examine the structural effect of mutation on the GAS loops and 

the conserved residues in the binding site of hGS (Glu144, Asn146, Lys305 and Lys346).197  

 

6.2  Computational Methods 

Molecular mechanics calculations make use of potential energy functions with terms to 

describe bond length stretching/compression, bond angle strain, torsional motion, and other 

terms, which account for other bonding phenomena, such as electrostatics, van der Waals 

interactions and hydrogen-bonding, to model the optimum structure of molecules.  For this study, 

the AMBER94 force field was chosen, as it was developed for the study of large biological 

molecules.200  Previous work by our group has successfully employed the AMBER force field in 

MD studies of hGS.51  

Minimization of the energy, however, may not yield the global minimum structure for the 

system, and the structure may only reach a local minimum.  To improve the likelihood that the 

protein structure has reached a global energy minimum, Molecular Dynamics (MD) simulations 

were used.  For this research, all of the calculations used the Molecular Operating Environment 

(MOE) software package.201 
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Figure 6.1 The structure of hGS:  The first subunit is green, the second subunit is red, the GSH  
substrate molecules are in orange and purple, while the G, A and S loops are teal in color. 
 

As an initial step, the crystal structure was obtained from the RCSB Protein Data Bank 

(PDB).202  The structure of hGS contained both of the subunits of protein, GSH, ADP, as well as 

sulfate (from the crystallization media) and magnesium(II) ions, bound in each of the subunits 

(denoted A and B) of the dimeric enzyme.  The product crystal structure provided the starting 

point for the study of hGS. Substrates other than GSH, such as the γ-glutamylcysteine found in 

the reactant form of hGS, were not considered.   
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The initial procedure used to obtain a reasonable low energy conformation for the four 

hGS structures is the same as was used in a previous study of hGS.51  A brief summary of the 

procedure follows (beginning with the structure obtained from the RCSB): 1) Hydrogen atoms 

were added to the crystal structure (using the “Add Hydrogens” function within MOE). 2) The 

water molecules were removed. 3) The structure was minimized, with the non-hydrogen atoms in 

a fixed position, using Partial Equalization of Orbital Electronegativities (PEOE) partial 

charges203 and the AMBER94 force field.200 4) The structure was minimized with all atoms free 

to move, again with the AMBER94 force field.200   

Each of the enzyme structures was submitted to a molecular dynamics simulation with 

the following specifications: 1) The MD simulations were run using PEOE partial charges.203 2) 

The AMBER94 force field200 was used.  3)  The simulations were carried out at constant NVT 

(fixed number of particles, volume and temperature) and a temperature of 300K with a step size 

of 0.001 ps.  4) The MD simulations were run for eight nanoseconds, with conformations taken 

at an interval of 0.8 ns; each of the ten conformations thus obtained was stored in a MOE 

database (.mdb) file.  The ten conformations for each of the four structures obtained were then 

minimized as described above to obtain the lowest energy conformation of each structure.   

Due to the time required for each 8 ns MD simulation (approximately eight weeks on a 

single processor machine), the effect of using a shorter simulation time was investigated in this 

work, particularly for the mutant forms of hGS, as previous experiments and calculations showed 

no large structural modifications upon going from wild-type to single point mutations.51  Further 

support for this decision is provided by the fact that hGS did not show major structural changes 

upon binding substrate, as determined by a superimposition (using SwissPdbViewer’s iterative 

“Magic Fit” functionality204) of the lowest energy structures with both substrates bound (A1B1) 
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and with both substrates removed (A0B0): the RMSD between these two structures was 1.76 Ǻ - 

less than the crystallographic resolution of hGS (2.10 Ǻ).  Rather than using 8 ns simulations, 1 

ns simulations were shown to replicate the results of the longer simulations, thus reducing the 

calculation time for each simulation to approximately one week and facilitating the study of the 

hGS mutants.     

In order to calculate the negative cooperativity of hGS, the energy of four different 

structures were calculated using the post-simulation geometries as a starting point.  The first 

structure (“apo” or A0B0) had both of the GSH substrates removed and was then energy 

minimized by using PEOE partial charges and the AMBER94 force field200 as described (with a 

gradient threshold of 0.01 kcal mol-1).  The second (A1B0) and third (A0B1) structures had one 

substrate removed, from each of the respective dimer subunits after each of these substrates was 

removed an energy minimization was carried out. The two subunits of the dimer may not be 

exactly symmetrical (this is even more likely due to the large size of hGS) during the MD 

simulations, therefore, it was deemed prudent to perform calculations on two structures in which 

one substrate has been removed (i.e., A1B0 and A0B1).  The fourth and last structure (A1B1) had 

neither GSH removed and was simply the lowest energy structure resulting from the MD 

simulation.  Properties of hGS with only one substrate removed were calculated as the average 

property resulting from the two calculations, A1B0 and A0B1, to account for the loss of symmetry 

throughout the MD simulations.  The reason for calculating the energy differences based upon 

one simulation for each enzyme (WT or the mutants), rather than four simulations (with a 

separate simulation for each binding case: A1B1, A1B0, A0B1, A0B0) is that the calculation of four 

separate simulations (one for each binding case) could possibly result in erroneous differences in 

energy between the different binding cases due to small changes in intramolecular interactions in 
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the protein entirely unrelated to the binding of GSH (possibly far removed from the binding site 

or dimer interface). 

 
Figure 6.2 The different simulations of hGS - each triangle represents one monomer subunit of 
the hGS dimer prior to substrate binding, each semi-oval represents one monomer subunit after 
substrate binding and each circle represents one substrate (GSH) bound in a particular subunit of 
the dimer. (1-A1B1, 2-A0B1, 3-A1B0, 4-A0B0)   
 

6.3  Results and Discussion 

6.3.1 Energetics 

A single one nanosecond MD simulation on the A1B1 state of dimeric hGS was carried 

out using the wild type (WT) hGS structure to obtain an energetic quantification of the negative 

cooperativity of hGS according to the AMBER force field energy.  This resulted in a first 

binding energy for GSH, ∆E1, of -128.24 kcal mol-1 and a second binding energy, ∆E2, of            

-127.94 kcal mol-1.  The WT enzyme, therefore, was shown to be energetically (∆ΔE1,2) 

negatively cooperative by -0.29 kcal mol-1 using our computational procedure.  Since the ∆ΔE1,2 

metric predicts negatively cooperative binding for the WT enzyme, this procedure was used to 

ΔE2 
ΔE2 

ΔE1 ΔE1 
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improve our understanding of the mechanism of hGS’s negative cooperativity by mutating 

several residues suggested to play a role in the mechanism of hGS negative allostery (via 

experiment, bioinformatics and structural analysis), to determine if a mutation will result in a 

loss of negative cooperativity. The absolute magnitude of ∆ΔE1,2 is not of great importance given 

the level of computational approximation, but rather below this metric is analyzed in relation to 

similar values for single-point mutants of hGS. 

The important residues for dimer interaction in hGS were determined by examining the 

experimental structure,202 and identifying residues separated by less than 3.0 Ǻ at the dimer 

interface.  Those residues that were deemed to be the most important (via this distance metric) 

were Asp24, Ser41, Ser42, Glu43, Val44, Val45, Tyr47 and Arg221.  These eight residues were 

each mutated one at time to alanine resulting in seven mutant structures of hGS.  Note that the 

mutations are symmetric, i.e., since hGS is a dimeric enzyme both residues in chain A and chain 

B were mutated to alanine. The same simulation procedure that was used for the WT enzyme 

was carried out for these singly mutated enzymes to compare their ∆ΔE1,2 binding energetics 

(Table 6.1).   

Table 6.1  Binding energies for the seven mutants of hGS (kcal mol-1). 
Mutation ∆E1 ∆E2 Cooperativity 
WT -128.24 -127.94 -0.29 
D24Aa -131.81 -136.32 4.51 
S41A -144.34 -143.38 -0.96 
S42A -150.11 -142.31 -7.80 
E43A -129.12 -128.76 -0.35 
V44A -144.01 -141.33 -2.68 
V45A -140.29 -137.65 -2.64 
Y47A -137.71 -125.75 -11.96 
R221A -140.73 -119.87 -20.85 

a Mutation shows loss of negative cooperativity 
 

The mutation D24A resulted in a loss of negative cooperativity and some degree of 

positive cooperativity.  The mutants S41A, S42A, E43A, V44A V45A, Y47A and R221A all 
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showed retention of negative cooperativity, with all of these enzymes displaying a greater degree 

of negative cooperativity than the WT enzyme via the ∆ΔE1,2metric.  The mutant that showed a 

loss of negative cooperativity (D24A) was structurally compared to the WT-hGS structure to 

study the structural aspects of this change to positive cooperativity.  

The iterative Magic Fit function204 of SwissPdbViewer was used to determine the best 

superposition of D24A versus the WT enzyme (for the A1B1 case – Figure 6.3).  The overall root 

mean square (RMS) deviation in atomic positions (heavy atoms only - hydrogens are excluded 

from the fit) for D24A compared against the WT was 1.42 Ǻ (the RMS deviations of individual 

residues is discussed in later sections).  The experimental structure was obtained via X-ray 

diffraction with an RMSD of 2.10 Ǻ. Since the overall RMSD of the D24A mutant in 

comparison to the WT is much lower than the experimental resolution our previous assertion that 

on a global scale, no large overall structural change to hGS has occurred upon mutation was 

confirmed - a conclusion supported by previous experimental data.197  Additionally this same 

fitting procedure (again for A1B1 structures) was used to study the structure of the WT enzyme 

post simulation in comparison to the structure of hGS from the experimental crystallographic 

data (our starting structure – before the simulation, with preparation steps 1-4 described above). 

This comparison was used to determine the relative mobility of the flexible loops (G, A and S) 

and the binding site residues throughout the course of our simulation (i.e. to determine if it was 

our mutation which caused a structural change or if those residues with a larger RMSD are 

simply more flexible and likely to move throughout our simulation).  The overall RMSD 

obtained for this comparison between the structure before our simulations and the structure after 

our simulations was 1.33 Ǻ. 
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Figure 6.3  The superimposition of the WT enzyme with the D24A enzyme (only alpha carbons 
pictured).  The WT structure is white and the D24A structure is colored by RMS with the 
residues of greatest RMS being red and those of least RMS being blue. 
 

6.3.2 Conserved Active Site Residues 

By comparing hGS with the six most structurally similar pre-ATP-grasp enzymes, it was 

shown that four residues were highly conserved in the ligand’s binding site: Glu144, Asn146, 

Lys305 and Lys346.197  For the four previously established197 important conserved residues of 

the ATP binding site, there was little structural mobility seen in these residues via the RMSDs of 

the four residues in the post simulation structure in comparison to the experimental structure 
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(Table 6.2).  Averaging the RMSDs between the A and B subunits, no residue showed an RMSD 

greater than the overall RMSD of 1.33 Ǻ.  For the structural comparison between D24A and the 

WT enzyme similar results were found; none of the residues were calculated to have RMSDs 

greater than the overall RMSD of 1.42 Ǻ (or even 1.33 Ǻ – from the WT comparison), though 

there was a slightly greater RMSD on average for the four active site residues in the D24A 

versus WT comparison (1.139 Ǻ compared to 0.995 Ǻ).  Additionally, N146 is the least 

conserved out of the four highly conserved residues, for example, being replaced by Val in 

synapsin Ia, by Ala in N5-carboxyaminoimidazole ribonucleotide synthetase and by Glu in yeast 

glutathione synthetase, though no increased mobility (compared to other conserved active site 

residues) for N146  in these calculations.51    

Table 6.2 RMS deviations between the WT and the experimental structure; and between the WT 
structure and the D24A structure (A1B1 cases) for the residues of the binding site of hGS (Å). 
Experimental A Chaina B Chainb A/B Averagec Overall Average 
Glu144 1.363 0.667 1.015 0.995 
Asn146 0.949 1.132 1.041 Standard Deviation 
Lys305 1.371 0.606 0.989 0.045 
Lys364 1.412 0.457 0.935 

 D24A A Chain B Chain A/B average Overall Average 
Glu144 1.707 0.806 1.257 1.139 
Asn146 1.727 0.371 1.049 Standard Deviation 
Lys305 1.303 0.738 1.021 0.121 
Lys364 2.004 0.458 1.231 

 a Values are for the change in one of the subunits of hGS 
b Values are for the change in the other subunit of hGS 

c Values are the average of the change of the A and B Chains 
  
 
 
6.3.3 GAS Loops 

In a previous work, it was discovered that the motion of three flexible loops (G, A and S) 

is critical to the enzymatic action of hGS.50  Since these loops change conformation in order to 

bind the substrate, examining the changes in these loops upon mutation of hGS may provide 
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insight into the mechanism of hGS’s negative cooperativity. The RMSDs for the individual 

residues of the GAS loops of hGS upon mutation were therefore calculated.  The relative 

mobility of these loops in the WT enzyme (pre and post simulation) was compared; (Table 6.3), 

the A- and S-loops were calculated to have average RMSDs lower than the overall RMSD of 

1.33 Ǻ (1.029 and 1.151 Ǻ), while the G-loop shows a greater mobility (Average RMSD: 1.833 

Ǻ).  This is consistent with previous results which established that the G-loop showed the 

greatest motion in hGS’s reactant structure compared to its product structure and the greatest 

motion comparing the product structure to the free structure.50   

The A- and S-loops showed considerably less movement when comparing the mutant 

structure (D24A) to the WT (Table 6.4).  Though the S-loop showed a virtually identical RMSD 

in the D24A to WT comparison (1.170 Ǻ) as the WT before and after simulation comparison 

(1.151 Ǻ), the A-loop in the D24A structure deviated on average 1.476 Å compared to a 1.42 Å 

RMSD for the entire enzyme and compared to the previous average RMSD of 1.029 Ǻ (for the 

WT before and after simulation comparison).  A residue in the A-loop which showed a 

substantial deviation from the WT structure (calculated as having the greatest average deviation: 

1.871 Ǻ and the greatest deviation in for any A-loop residue in one subunit: 2.557 Ǻ).    Ile454 

was previously identified as showing great motion for the WT enzyme in the transition from the 

free structure to the reactant structure (3.16 Å) and from the product structure to the free 

structure (4.02 Å).50  The fact that Ile454 did not show great mobility in the WT simulation 

(average RMSD: 0.875 Ǻ - the second lowest RMSD for any residue in the A-loop), but did 

show a greater deviation in the only positively cooperative mutant structure, is indicative that 

Ile454 is relatively may be important to the negative cooperativity mechanism of hGS. 
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The G-loop was calculated as having a much greater average RMSD (2.298 Ǻ) than 

either the A-loop (RMSD: 1.476 Ǻ), the S-loop (RMSD: 1.170 Ǻ) or the entire enzyme (1.42 Ǻ) 

in the D24A to WT comparison, though it should be noted that the G-loop was found to be the 

most mobile of the flexible loops in the WT enzyme. It was recognized during a previous theory-

experiment study of hGS that the three consecutive glycine residues (Gly369, Gly370 and 

Gly371) are critical in the binding of ATP and controlling its orientation within the active site, 

due to the fact that these glycines form hydrogen bonds with ATP’s phosphate groups [4].  

Within the G-loop, these three glycine residues greatly changed position from the WT enzyme in 

the D24A enzyme.  Comparing the D24A mutant to the WT the RMSDs were: Gly369 – 2.360 

Å, Gly370 – 2.998 Å and Gly371 – 3.050 Å.  These residues were calculated as having the 

greatest average RMSDs in the G-loop (and of any residue studied) and the greatest RMSDs of 

in any one subunit (3.369, 4.654 and 4.475 Ǻ). Though they were found to be more mobile in the 

WT simulation (Average RMSDs: 1.937, 2.570 and 2.405 Ǻ), each of these residues was 

calculated to have a greater RMSD in the D24A structural comparison than in the WT structural 

comparison.  In both the product (P) and reactant (R) forms of hGS, Gly369 is bound to the γ-

phosphate whereas Gly370 is bound to the β-phosphate in the P state rather than the γ-phosphate, 

and Gly371 forms a hydrogen bond with the γ-nitrogen of Asn373 in the P form rather than with 

γ-phosphate in the R state.51  Gly370 and Gly371 show a greater deviation compared to Gly369. 

Additionally, both Gly370 and Gly371 form hydrogen bonds in the P conformation compared to 

the R conformation, where Gly369 does not. It is often the case that glycine rich loops are 

important for enzymatic activity such as the case of three highly conserved glycine residues in 

protein kinases.205-207  The residues of the G-loop and particularly the three consecutive glycine 

residues may be important in the allostery of hGS and should be considered for further study. 
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Table 6.3 RMS deviations from the WT for the residues of GAS-loops of hGS (Å) – comparison 
of experimental structure to wild type (A1B1). 

a Values are for the change in one of the subunits of hGS 
b Values are for the change in the other subunit of hGS 

c  Values are the average of the change of a and b 

 

 

 

G-loop A Chaina B Chainb A/B averagec Overall Average 
366Q 3.228 0.365 1.797 1.833 
367R 2.880 0.555 1.718 Standard Deviation 
368E 2.437 1.063 1.750 0.385 
369G 1.513 2.360 1.937 

 370G 1.353 3.787 2.570 
 371G 1.222 3.587 2.405 
 372N 1.882 1.617 1.750 
 373N 1.546 1.227 1.387 
 374L 1.394 1.437 1.416 
 375Y 1.194 2.015 1.605 
      A-loop A Chaina B Chainb A/B averagec Overall Average 

454I 1.110 0.640 0.875 1.029 
455E 1.037 1.264 1.151 Standard Deviation 
456H 0.768 1.052 0.910 0.256 
457A 1.058 1.280 1.169 

 458D 0.992 1.977 1.485 
 459G 0.744 2.032 1.388 
 460G 0.864 1.762 1.313 
 461V 0.563 0.719 0.641 
 462A 0.451 1.006 0.729 
 463A 0.751 1.137 0.944 
 464G 0.924 0.698 0.811 
 465V 0.846 1.051 0.949 
 466A 1.105 0.928 1.017 
      S-loop A Chaina B Chainb A/B averagec Overall Average 

266F 0.465 0.665 0.565 1.151 
267R 1.118 0.533 0.826 Standard Deviation 
268D 1.168 0.924 1.046 0.302 
269G 0.870 1.156 1.013 

 270Y 1.085 1.162 1.124 
 271M 1.172 1.239 1.206 
 272P 1.424 0.946 1.185 
 273R 1.355 1.151 1.253 
 274Q 1.427 1.038 1.233 
 275Y 2.011 1.261 1.636 
 276S 1.669 1.472 1.571 
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Table 6.4 RMS deviations from the WT for the residues of GAS-loops of hGS (Å) – comparison 
of D24A to wild type (A1B1). 
G-loop A Chaina B Chainb A/B averagec Overall Average 
366Q 3.339 0.618 1.979 2.298 
367R 2.873 1.195 2.034 Standard Deviation 
368E 2.299 1.286 1.793 0.424 
369G 1.350 3.369 2.360 

 370G 1.342 4.654 2.998 
 371G 1.624 4.475 3.050 
 372N 2.334 2.364 2.349 
 373N 2.457 2.121 2.289 
 374L 2.583 1.773 2.178 
 375Y 1.465 2.442 1.954 
 

     A-loop A Chaina B Chainb A/B averagec Overall Average 
454I 2.557 1.185 1.871 1.476 
455E 1.998 1.291 1.645 Standard Deviation 
456H 1.960 0.918 1.439 0.284 
457A 2.096 0.919 1.508 

 458D 1.912 1.631 1.772 
 459G 1.953 1.804 1.879 
 460G 1.510 1.684 1.597 
 461V 1.372 0.702 1.037 
 462A 1.584 0.401 0.993 
 463A 1.672 1.022 1.347 
 464G 1.608 1.381 1.495 
 465V 1.457 1.332 1.395 
 466A 1.373 1.066 1.220 
 

     S-loop A Chaina B Chainb A/B averagec Overall Average 
266F 0.477 0.783 0.630 1.170 
267R 0.845 0.705 0.775 Standard Deviation 
268D 0.951 0.995 0.973 0.368 
269G 1.577 1.655 1.616 

 270Y 1.648 1.483 1.566 
 271M 0.704 1.057 0.881 
 272P 1.032 0.769 0.901 
 273R 1.235 0.950 1.093 
 274Q 1.572 1.014 1.293 
 275Y 2.080 0.893 1.487 
 276S 1.814 1.499 1.657 
 a Values are for the change in one of the subunits of hGS 

b Values are for the change in the other subunit of hGS 

c  Values are the average of the change of a and b 
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6.4  Conclusions 

The negative cooperativity mechanism of hGS was examined by performing molecular 

dynamics calculations on mutants of residues previously identified as important to interactions 

between the subunits at the dimer interface.  The D24A mutation caused a loss of negative 

cooperativity (and energetically was calculated as being positively cooperative) – this was the 

only mutation to which caused this allosteric shift.  By comparing the structures of the D24A 

mutant to WT structure (and by computing differences between the WT structure before and 

after simulation as a frame of reference), it was determined that motion in the S-loops is likely 

less important to hGS’s negative cooperativity compared to motion in the A-loop or the G-loop, 

due the lesser changes observed in these loops.  Further study of the allostery of hGS should 

focus on the Asp24 residue (perhaps with ab initio calculations) and the A- and G- flexible 

loops. 
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CHAPTER 7 

THE FIRST PRINCIPLES PARAMETERIZATION OF A MEAM POTENTIAL FOR 

NICKEL-CARBON SYSTEMS 

7.1  Introduction 

 The use of computational modeling to address problems within the field of materials 

science often requires the simulation of a large numbers of atoms (~102-106).  Such a large 

number of atoms is required to study phenomena such as melting, crystal growth, defect motion, 

and materials strength.208   Bulk properties may be investigated by ab initio methods such as 

Hartree-Fock or DFT,209 with either GTOs (using a linear combination of atomic orbitals 

approach)209-211 or plane-wave basis sets.212,213  For systems of a size on the order of 106 atoms, 

explicit electronic structure (i.e. first principles) methods are not computationally tractable.214 

Strategies that have been devised for the reduction of computational cost (in comparison 

to first principles approaches) of such calculations include the creation of pseudopotentials,215,216 

and semi-empirical potentials such as the Lennard-Jones potential,217 the quasi-atom approach of 

Stott and Zaremba,103 the Tersoff-Brenner potential,218-220 Johnson’s first nearest neighbor 

potential,221 and the embedded atom method (EAM) of Daw and Baskes.53  This work focuses on 

the derivation of new parameters within the modified embedded atom method (MEAM) of 

Baskes et al.55  This particular potential was chosen due to its application to a variety of pure 

materials and alloys including silicon,54,222 a silicon-oxygen-gold ternary system,52 tantalum,223 

nickel,224,225 and nickel-carbon composites (including nanotubes).226,227   

 

7.2 Methodology 

7.2.1 The Modified Embedded-Atom Method (MEAM) 

 The equations of the EAM may be evaluated with sufficient efficiency that systems on 
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the order of thousands of atoms can be treated. EAM has successfully been used to calculate the 

mechanical properties (bulk modulus, elastic constants, shear modulus, specific heat) of a variety 

of metallic systems.54,55,223,225-228  The EAM, however, has limitations, specifically, it does not 

account for bond bending forces (i.e. MEAM includes an angle dependent term within the 

electron density where EAM does not).55  The modified EAM (MEAM), was therefore 

developed such as to provide an effective means for the computational prediction of physical 

properties of systems for which the angular bonding contributes significantly to the total 

energy.55 An abbreviated version of the summary55 of the derivation of the MEAM energy is 

presented here.  The total energy, as calculated by the MEAM consists of two terms: 

 

E = F ρ i( )+
1
2

φ Rij( )
i≠ j
∑

 

 
  

 

 
  

i
∑  

 

7.1 

in a sum over atoms i and j where the first term is the embedding function, F, and accounts for 

the energy necessary to embed atom i into the background electronic density, 

 

ρ i , and the second 

term accounts for the pair interactions between atoms i and j at a distance, 

 

Rij . The pair 

interactions are calculated within the MEAM formalism using the equation of states of Rose et 

al.229 The energy contribution from the pair interaction is of the form: 

 

E pair = −Ec 1+ a*( )e−a*

 
 

7.2 

 

a* = α
R
re

−1
 

 
 

 

 
  7.3 

 

α 2 =
9ΩB
Ec

 7.4 

 
where

 

Ec , 

 

re , Ω and B are the cohesive energy, nearest-neighbor distance, atomic volume and 

bulk modulus respectively.  The embedding function [

 

F ρ ( )] in MEAM is calculated as: 
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F ρ ( ) = AEc
ρ 
ρ0

ln
ρ 
ρ0

 

 
 

 

 
  7.5 

where A and 

 

ρ0 are adjustable parameters known as the embedding function scaling parameter 

and the density scaling parameter, respectively.  The background electron density, 

 

ρ i , for a 

particular atom, i, may be thought of as being composed of multiple partial electron densities 

 

ρi
l( ):  

 

ρ i( )2
= ti

l

l =0

3

∑ ρi
l( )2

 7.6 

where the values for 

 

ti
1, 

 

ti
2 and 

 

ti
3 are adjustable parameters known as the weighting functions.  

The partial electron densities, 

 

ρi
0, 

 

ρi
1, 

 

ρi
2 and 

 

ρi
3are composed by the equations:  

 

ρi
0 = ρ j

a 0( )

i≠ j
∑ Rij( ) 7.7 

 

ρi
1( )2

= ρ j
a 1( )xij

α

i≠ j
∑ Rij( )

 

 
  

 

 
  

α
∑
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ρi
2( )2

= ρ j
a 2( )xij

a

i≠ j
∑ xij

β Rij( )
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ρi
3( )2

= ρ j
a 3( )xij

a

i≠ j
∑ xij

β xij
γ Rij( )

 

 
  

 

 
  

α ,β ,γ
∑

2
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where 

 

xij
α  is equal to 

 

Rij
α Rij and 

 

Rij
α  is the α component of the distance vector between atoms i 

and j.  The atomic electron densities, 

 

ρi
a 0( ), 

 

ρi
a 1( ) , 

 

ρi
a 2( ) and 

 

ρi
a 3( ) are given by the exponential 

expression: 
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ρi
a( l ) R( ) = e

−β i
( l ) R

re
−1 

 
  

 
 

 
7.11 

where 

 

βi
(0), 

 

βi
(1), 

 

βi
(2) and 

 

βi
(3) are the adjustable atomic density weighting parameters.   

            The MEAM formalism additionally makes use of screening functions, which define the 

degree to which an interaction between two atoms, i and k, is reduced by the presence of other 

atoms j.  Both the pair interaction energy and the atomic electron densities are multiplied by a 

screening function Sik, for which a value of Sik = 1 defines a complete lack of screening and a 

value of Sik = 0 defines complete screening.  For intermediate values, MEAM makes use of 

ellipses passing through i, j and k (minor axis given by i and k), which may be described by the 

equation: 

 

x 2 +
1
C

y 2 =
1
2

rik

 
 
 

 
 
 

2
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where the screening is a smooth function of C. The adjustable parameter, Cmin, determines the 

value of C at which the atoms i and k are completely screened, and the adjustable parameter, 

Cmax, determines the value of C at which the atoms i and k are entirely unscreened.  The 

parameters of the MEAM formalism are chosen so that MEAM simulations will predict physical 

properties such as bulk modulus, the shear elastic constants, vacancy formation energy or 

stacking fault energy correctly (i.e. produce the same value as experimental data) or to 

approximate the results of local density approximation calculations.225,227  Within this chapter, 

however, the possibility of calculating the parameters based upon the fundamental, energetic 

interactions of dimer and trimer species using a generalized gradient approximation density 

functional is investigated.  The MEAM energies were calculated using the Dynamo code of 

Baskes et al. (version 8.7).230  
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7.2.2 First Principles Calculations  

 For the first principles calculations employed in this chapter it was important to choose a 

method that would be computationally efficient.  The M06 density functional24,25 was chosen as 

dimer and trimer single point calculations could be completed in a time scale on the order of 

minutes (approximately 23 minutes for the Ni3 trimer calculations). Additionally, M06 was 

parameterized for the study of multi-reference systems and transition metals (achieving a 5.6 

kcal mol-1 MAD for the TMRE48 set of 9 transition metal-metal bonds, 21-metal ligand bonds 

and 18 reaction energies involving 3d transition metals – the lowest MAD for any of the fourteen 

non Hartree-Fock exchange functional tested).24  Gaussian09 was used for the calculation of all 

of the ab initio energies.170 

 

7.3 Results 

7.3.1 Dimer Calculations for the Rose Equation of States 

 The Rose equation of states (Eqns. 7.2 – 7.4),229 determines the interaction energy 

between pairs of particles within the equations of MEAM.  In order to determine the parameters 

of the Rose equation of states (

 

Ec , 

 

re  and α), dimer interaction energy curves (energy vs. 

distance) were calculated using M06/aug-cc-pVQZ.  Upon the successful calculation of potential 

energy curves for both the Ni2 and C2 dimer species, the non-linear curve fitting feature of 

GNUPlot (version 3.7)231 was used to determine the relevant MEAM parameters of the dimer 

interaction potential (Table 7.1). 

Table 7.1. Pair interaction parameters for nickel and carbon dimers. 

 
Ec (eV) re (Ǻ) α 

Nickel 2.34 2.04 3.42 
Carbon 5.02 1.25 3.20 
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After these parameters were determined, MEAM calculations were performed with the Dynamo 

code of Baskes et al.53  The energies obtained using M06/aug-cc-pVQZ were compared with the 

MEAM energies for Ni2 (Figure 7.1) and C2 (Figure 7.2).  Using the parameters of Table 7.1, an 

excellent agreement is achieved between the M06 energies and the MEAM energies. 

 

Figure 7.1. Comparison between M06/aug-cc-pVQZ and MEAM for the Ni2 potential energy 
curve (eV/atom and Ǻ).  
 

 

Figure 7.2. Comparison between M06/aug-cc-pVQZ and MEAM for the C2 potential energy 
curve (eV/atom and Ǻ).  
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7.3.2 Trimer Calculations for Embedding Function Parameters 

 A MEAM potential’s total energy includes both pair interaction energy components and 

embedding function energy components.  After the Rose equation of states for the pair 

interactions was refit, the parameters of the embedding function were determined.  The 

parameters, A, t1, t2, t3, β0, β1, β2 and β3 were adjusted to best match the energies obtained by 

M06/aug-cc-pVQZ (the parameter, t0, was set equal to one by convention).55  The fitting of these 

parameters was accomplished in several phases: 1)  The relative energies of the linear trimers 

and equilateral triangles (at re) were used to adjust A, t1 and t2; 2)  The parameters β0, β1, β2 and 

β3 were adjusted to best reproduce the energy versus distance curve for the equilateral triangles; 

3) The parameters A, t1, t2, t3 were adjusted to reproduce the energies obtained by M06/aug-cc-

pVQZ as a function of the bond angle (at fixed bond distance: re); 4)  All of the parameters were 

readjusted such as to obtain the best fit possible for trimers as a function of both distance and 

bond angle.  At this stage the Cmin and Cmax parameters were also chosen as they were observed 

to affect the calculated MEAM energy less significantly than the other parameters. The final 

embedding function parameters obtained via this method are listed in Table 7.2. 

Table 7.2.  List of embedding function parameters (and angular screening parameters) for nickel 
and carbon. 

 
β0 β1 β2 β3 t1 t2 t3 Cmin Cmax 

Nickel 6.90 4.80 4.40 2.62 0.84 1.87 0.60 0.80 3.80 
Carbon 3.00 7.20 3.20 2.78 3.19 3.34 1.60 0.80 3.20 

 
The MEAM energies calculated using the newly obtained pair interaction parameters and 

embedding function parameters were compared to the M06/aug-cc-pVQZ energies for the 

trimers as a function of both bond distance and bond angle (Figures 7.2 – 7.6). 
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Figure 7.3 Comparison between M06/aug-cc-pVQZ and MEAM for the Ni3 equilateral triangle 
potential energy curve (eV/atom and Ǻ).  
 

 

Figure 7.4 Comparison between M06/aug-cc-pVQZ and MEAM for the Ni3 trimer potential 
energy curve (eV/atom and degrees).  
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Figure 7.5 Comparison between M06/aug-cc-pVQZ and MEAM for the C3 equilateral triangle 
potential energy curve (eV/atom and Ǻ).  
 

 

Figure 7.6 Comparison between M06/aug-cc-pVQZ and MEAM for the C3 trimer potential 
energy curve (eV/atom and degrees).  
 

 It was not possible to exactly reproduce  the M06/aug-cc-pVQZ energy for either nickel 

or carbon (as a function of distance or angle).  The potential energy curve for the equilateral 
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triangles as a function of distance was more easily fit than the angular potential energy curve in 

the case of the nickel trimers, though for the carbon trimers the distance potential was more 

problematicin comparison to the angular potential energy curve.  Forthe nickel potential, some of 

the accuracy of the potential energy curve in Figure 7.3 hadto be sacrificed in order to obtain an 

angular potential energy curve (Figure 7.4) which was even close to the M06/aug-cc-pVQZ 

results.  The carbon equilateral trimer curve (Figure 7.5) could more effectively be approximated 

in comparison to the nickel equilateral trimer curve for the repulsive (short distance) portion of 

the potential, however, its long distance energetics less resembled the M06 results.  For the 

carbon equilateral trimer curve both the M06/aug-cc-pVQZ and MEAM calculations predicted 

binding energies of -6.40 and -6.44 eV/atom, respectively.  Whereas for the nickel equilateral 

trimer the M06/aug-cc-pVQZ and MEAM values were: -2.90 and -2.74 eV/atom, respectively.   

For angular potential energy curves it was possible to approximate the M06/aug-cc-

pVQZ energy for bond angles near 180 degrees or less than 60 degrees for both the nickel and 

carbon trimers, but the MEAM parameters were not sufficiently flexible to reproduce the shape 

of the nickel potential energy curve for the intermediate angles.  In the case of the carbon 

angular, potential energy curve (Figure 7.6) there is good agreement throughout much of the 

curve at angles such as 180 degrees (M06/aug-cc-pVQZ: -6.93 eV/atom, MEAM: -6.85 

eV/atom),  160 degrees (M06/aug-cc-pVQZ: -6.93 eV/atom, MEAM: -6.86 eV/atom), 120 

degrees (M06/aug-cc-pVQZ: -6.91 eV/atom, MEAM: -6.99 eV/atom), 80 degrees (M06/aug-cc-

pVQZ: -6.80 eV/atom, MEAM: -6.75 eV/atom).  However, some slight deviation is seen for 

smaller angles less than 60 degrees, such as 56 degrees (M06/aug-cc-pVQZ: -5.81 eV/atom, 

MEAM: -5.98 eV/atom) or 44 degrees (M06/aug-cc-pVQZ: -4.24 eV/atom, MEAM: -4.46 

eV/atom).  The nickel angular potential energy curve shows good agreement for the linear and 
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nearly linear trimers for angles such as 180 degrees (M06/aug-cc-pVQZ: -2.34 eV/atom, 

MEAM: -2.33 eV/atom), 170 degrees (M06/aug-cc-pVQZ: -2.35 eV/atom, MEAM: -2.34 

eV/atom) or 156 degrees (M06/aug-cc-pVQZ: -2.37 eV/atom, MEAM: -2.38 eV/atom).  A 

divergence, however, was observed for angles less than 140 degrees and more than 60 degrees.  

Examples of this divergence include 132 degrees (M06/aug-cc-pVQZ: -2.43 eV/atom, MEAM: -

2.52 eV/atom), 100 degrees (M06/aug-cc-pVQZ: -2.52 eV/atom, MEAM: -2.70 eV/atom) or 76 

degrees (M06/aug-cc-pVQZ: -2.62 eV/atom, MEAM: -2.72 eV/atom).  For angles less than 60 

degrees, however, the MEAM energies begin to more closely resemble the M06 energies as is 

the case for 56 degrees (M06/aug-cc-pVQZ: -2.20 eV/atom, MEAM: -2.25 eV/atom). 

 

7.3.3  Testing the MEAM Parameters 

  As the parameterization of the MEAM potential based upon the ab initio calculation of 

dimer and trimer species is unprecedented, some evaluation of the accuracy of the newly derived 

potential is necessary.  The interaction enegy for both the carbon and nickel systems was 

evaluated to determine if the newly derived MEAM potential would correctly predict the 

reference phase crystal structure for both nickel and carbon.  The interaction energies obtained 

for these structures are shown in Table 7.3. 

Table 7.3. Interaction energies (eV/atom) for a single unit cell of several crystal structures.a 

 
Nickel Carbon 

Simple Cubic (SC) -7.20 -9.17 
Face Centered Cubic (FCC) -9.10 -5.72 
Diamond Cubic (DC) -5.49 -9.49 
Body Centered Cubic (BCC) -8.55 -4.88 
Hexagonal Close Packing (HCP) -9.05 -5.62 

a Crystal structures created by Michael I. Baskes using the Navy Crystal Lattice-Structures 
database232 
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The predicted lowest energy structures are FCC for nickel and DC for carbon; these predictions 

are in agreement with the lowest energy (reference phase) crystal structures for nickel233 and 

carbon.234   

 Table 7.4 Nickel crystal structure energies in comparison to previous MEAM values (eV/atom). 

 
Our Formulation Previous Formulationa Experimentalb 

Face Centered Cubic (FCC) - - - 
Hexagonal Close Packing (HCP) 0.05 0.16 0.09 
Body Centered Cubic (BCC) 0.55 0.02 0.01 
Simple Cubic (SC) 1.90 0.66 - 
 Diamond Cubic (DC) 3.61 1.42 - 

a Ref 235 
b Ref 236 
 
 The fact that our newly parameterized MEAM potential successfully predicts the correct 

reference phase crystal structure for both nickel and carbon is an encouraging sign for the utility 

of dimer and trimer calculations in parameterizing the MEAM potential.  Our potential, however, 

as currently parameterized has limitations.  Table 7.4 shows the predictions of MEAM potential 

for the relative energetic of several crystal structures for nickel (in comparison to both a previous 

formulation of MEAM235 and experimental data236).  Our new MEAM potential predicts the 

increase in energy from FCC to HCP with greater accuracy than the previous MEAM 

formulation (MSD’s of 0.04 and -0.07 eV/atom, respectively), but predicts a much larger energy 

difference (0.55 eV/atom) for the increase in energy from FCC to BCC than either the previous 

MEAM potential or experiment (0.02 and 0.01 eV/atom, respectively).  Additionally, our 

MEAM potential predicts much larger energetic differences for SC and DC relative to FCC (1.90 

and 3.61 eV/atom, respectively) than the previous MEAM potential (0.66 and 1.42 eV/atom, 

respectively).  The imperfect fitting of the MEAM energies to the M06/aug-cc-pVQZ energies 

may be responsible for these larger energetic differences as our MEAM potential predicts lower 
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energies (Figure 7.4) in comparison to the M06/aug-cc-pVQZ values (particularly for angles 

between 60 and 140 degrees – the FCC bond angle is 109.5 degrees). 

 

7.4 Conclusions  

 This chapter presents a novel method for deriving the parameters of the MEAM potential.  

The prediction of the correct reference phase crystal structures for both nickel and carbon by this 

newly derived potential has shown that first principles parameterization is a potential avenue to 

improve the quality of semi-empirical potentials.  The EAM potential was originally created to 

approximate the results of density functional methods.53  If it is possible to use the parameters of 

MEAM to approximate the results of M06/aug-cc-pVQZ calculations, as multi-reference studies 

have already been carried out for the Ni2,237 C2,238 and NiC dimers,239 it is plausible that MEAM 

could be parameterized using a multi-reference quantum treatment such as multi-reference ccCA 

(MR-ccCA).41,42  The imperfect fitting of the MEAM energy to the ab initio values may possibly 

be improved by the use of the new multistate MEAM formalism, which provides additional 

functional flexibility.56  Future work should focus on improving the MEAM potential through 

improving the fit between the MEAM potential energy curves and the ab initio curves and 

subsequently improving the quality of the ab initio calculations.  Such improvements may allow 

the simulation of large numbers of atoms (106 or greater) with an accuracy which approximates 

that of quite rigorous quantum mechanical approaches. 
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CHAPTER 8 

SUMMARY 

This work described projects that span a wide breadth of computational chemistry.  The 

first chapters focused on investigation of ab initio quantum chemistry through the improvement 

and application of the correlation consistent composite approach (ccCA).  An introduction to the 

development of quantum mechanics and its equations was given in Chapter 2.  Chapter 3 

discussed the development of ccCA as a means to provide chemically accurate predictions of 

thermodynamic properties and provided a comparison between ccCA and other composite 

methods.   The changes made to ccCA within this work improve its reliability and will facilitate 

further use as it is possible to run all of the calculations of ccCA within Gaussian09170.  Though 

much work using ccCA has been carried out within our laboratory, increasing ccCA’s ease of use 

should lead to its more frequent use by other research groups. 

Chapter 4 further examined ccCA’s applicability; via the calculation of the 

thermodynamic properties of hydrocarbons.    This investigation also examined the importance 

the difficulties associated with calculating the enthalpies of formation for molecules of 

increasing size.  The more reliable hypohomodesmotic reactions should be used whenever 

possible for the calculation of enthalpies of formation.  Our laboratory is currently working on 

extending the application of these reaction schemes to organosulfur compounds.240  As 

computing power increases and ever larger molecules may be studied using ab initio 

computational chemistry, accounting for differential correlation and size extensivity effects will 

be of increasing importance.  The accuracy of both ccCA and the Gn methods for the calculation 

of thermodynamic properties such as barrier heights and the relative energetics of constitutional 

isomers should also be carried out for hydrocarbons of increasing size to determine whether the 
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Gn methods will produce increased MADs in calculating properties for which their HLC is less 

relevant (in comparison to enthalpies of formation). 

The achievement of Chapter 5 is the prediction of a possible, novel rare gas compound: 

FKrOH. A search of possible new compounds (carried out using B3LYP) yielded several 

possible new compounds, subsequently, MP2 and CCSD(T) geometry optimizations, vibrational 

frequencies, relative energies and barrier heights supported the possible existence of FKrOH. 

This methodology provides a guide towards new searches for novel rare gas compounds by our 

laboratory and potential molecules predicted as unbound by our work are shown within the 

chapter.  A multi-reference study of FKrOH’s three-body dissociation pathway could provide 

further evidence towards its potential as a stable molecule. However, the calculation of this 

dissociation channel could prove quite challenging as FKrOH’s two-body dissociation transition 

was difficult to locate and required a great deal of trial and error – an indication that FKrOH 

exists on a complicated potential energy surface.  The fact that our CCSD(T) calculations predict 

FKrOH as lower in energy than its three-body dissociation products indicates that FKrOH is 

likely also stable with respect to this dissociation channel.  If FKrOH should be computationally 

predicted as stable to three-body dissociation, experimental synthesis should be attempted.   

Chapter 6 described a molecular mechanics investigation into the mechanism of human 

glutathione synthetase’s (hGS’s) negative cooperativity.  The study showed that the time 

consuming (~ 8 weeks) 8 ns simulations of hGS could be replaced with 1 ns simulations, which 

allowed for higher throughput.  Future work will focus upon the G- and A-loops which were 

identified as more likely to contribute to hGS’s negative cooperativity in comparison to the S-

loop.  The interchain interaction at the 24th aspartic acid residue could also be investigated using 

more sophisticated computational methods such as ccCA-ONIOM.40  A quantum mechanical 
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treatment of the residues at the dimer interface would provide more accurate energetics for the 

dimer-dimer interactions, and would be useful in identifying other residues involved in hGS’s 

allostery as subtle energetic changes in the interchain bonds could be more easily detected.  

Future experimental mutagenesis studies may make use of the conclusions of this chapter as a 

guide toward the particular residues that are most likely to alter the allostery of hGS. 

The final chapter of this dissertation was concerned with determining the viability of 

using ab initio calculations for an improved parameterization of the modified embedded-atom 

method (MEAM) potential.55  The work showed that a semi-empirical potential may be 

parameterized through the first principles calculation of dimer and trimer energies.  The MEAM 

potential would be improved by a more exact match between its energies and the energies of first 

principles calculations. Greater functional flexibility would be useful in achieving this more 

exact match, and the multi-state MEAM (MS-MEAM) implementation could provide this 

increased flexibility.56  MS-MEAM includes additional terms to account for angular energy 

changes by incorporating angularly dependent electron density terms into the embedding 

function. If it is shown that MS-MEAM can exactly reproduce the ab initio potential energy 

curves of M06/aug-cc-pVQZ, then further improvements to the potentials accuracy may be 

obtained by increasing the quality of the ab initio calculations (method and basis set).  

Considering that the MEAM approach has been parameterized and applied to such a broad range 

of systems in previous works, it is likely that a successful first principles approach to the nickel-

carbon system could easily be generalized toward the development of similar first principles, 

MEAM potentials for many other compounds. 
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