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 The primary focus of this dissertation is the advancement of the correlation 

consistent composite approach (ccCA) methodology from its original formulation to the 

current implementation.  Although for large main group test sets which contained both 

first- (Li-Ne) and second-row (Na-Ar) species ccCA produced chemical accuracy 

(generally estimated as a deviation of ~1 kcal mol-1 from reliable experiment), the 

second-row species were smaller in molecular size in comparison to their corresponding 

first-row species.   Previous theoretical work has shown that the accuracy for theoretical 

calculations involving second-row species (specifically sulfur-containing species) are 

more basis set dependent than first-row species.  Therefore, an analysis of the accuracy 

of ccCA for sulfur-containing species is warranted.  The ccCA methodology is used to 

evaluate both enthalpies of formation and bond dissociation energies of sulfur-

containing species as well as examine isomerization energies for three sets of sulfur-

containing isomers. 

During the testing of ccCA for sulfur-containing species two observations were 

made which led to further investigations.  First, there is no agreement between 

different theoretical methodologies on the lowest energetic isomer between SNO and 

NSO.  In fact, G3 and G3B3 which differ only by the geometry of the single-point 



 

 

calculations do not agree on the lowest isomer.  For this reason, larger, more complete 

theoretical treatments of SNO and NSO are investigated.  Second, for open-shell sulfur-

containing systems the accuracy of the ccCA methodology begins to degrade when spin-

contamination becomes non-negligible. Therefore, we investigate the accuracy of the 

ccCA methodology when spin-contamination is removed from the wavefunction.   

Finally, the ccCA methodology is utilized in a multilayer ONIOM approach as the high 

level of theory in conjunction with density functional theory as the low level for the C—

H bond dissociation energies of anthracene and fluorene analogues. 
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CHAPTER 1  

INTRODUCTION 

A theoretical model for any complex process is an 
approximate but well-defined mathematical procedure of 
simulation. 

J. A. Pople, Nobel Lecture, 1999 
 

Composite methodologies or model chemistries have become both an active 

area of research for theoreticians as well as an invaluable tool for furthering the field of 

chemistry.  Composite methodologies are important in that they approximate accurate 

results at a fraction of the computational cost (e.g. disk space, CPU time, etc.).  The most 

basic form of a composite methodology is the procedure where the lowest energy 

geometry is optimized using a relatively cheaper computational methodology, e.g. 

density functional theory (DFT) with a small basis set, and then a “single-point” 

calculation is carried out at this geometry with a more accurate methodology.   This 

simple, yet powerful procedure has been utilized since the beginning of modern 

computational chemistry.  Within the last few decades further approximations have 

been made and an active area of research has been composite methodologies.   Most 

notable are the Gn methods,1-6 the CBS-n methods,7-11 the Wn methods,12-15 the HEAT 

method,16,17 the multicoefficient correlation methods (MCCM),18,19 the CBS methods of 

Dixon, Feller, Peterson, and coworkers,20-23 the focal point method of Allen and 

coworkers,24-27 and more recently, the correlation consistent composite approach (ccCA) 
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developed in this laboratory.28-36 These methodologies only skim the surface of the 

amount of research being spent in furthering composite methodologies. 

Composite methodologies vary in both the computational cost as well as the 

availability, greatly due to the level of accuracy which the original authors intend to 

achieve.  In most cases the goal is the achievement of what is deemed “chemical 

accuracy” or ± 1-2 kcal mol-1 from reliable experimental properties.  Other 

methodologies have the more ambitious goal of “spectroscopic accuracy” or ±1 kJ mol-1 

from reliable experimental results, but these methods often require sizeable 

computational resources for even modest sized systems ( >6 non-hydrogen atoms).  

Within our research laboratory ccCA was developed with three goals in mind; 1) that it 

attained chemical accuracy, 2) that it was computationally tractable for larger systems   

( >10 non-hydrogen atoms), and 3) that it did not contain any fitting parameters to 

reduce its deviation from experiment for a given test set of diverse physical properties 

such as ionization potentials and enthalpies of formation.   To illustrate its success,  for 

large main group28,29,34,36 and s-block test sets,30,31 ccCA has been shown to provide 

accurate results as gauged by the mean absolute deviation (MAD) to within 1 kcal mol-1 

of reliable experimental values for enthalpies of formation, ionization potentials, 

electron affinities, and proton affinities. 

The primary focus of this dissertation is the advancement of the ccCA 

methodology from its original implementation to the current development.  Although 

the aforementioned large main group test set contained both first- (Li-Ne) and second-
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row (Na-Ar) species, the second-row species were smaller in molecular size in 

comparison to their corresponding first-row species.   Previous theoretical work has 

shown that the accuracy for theoretical calculations involving second-row species 

(specifically sulfur-containing species) are more basis set dependent than first-row 

species.  Therefore, an analysis of the accuracy of ccCA for sulfur-containing species is 

warranted.  In Chapter 3, ccCA is used to evaluate both enthalpies of formation and 

bond dissociation energies of sulfur-containing species as well as examine isomerization 

energies for three sets of sulfur-containing isomers.  During the testing of ccCA for 

sulfur-containing species two observations were made which led to further 

investigations.  First, there is no agreement between different theoretical 

methodologies on the lowest energetic isomer between SNO and NSO.  In fact, G3 and 

G3B3 which differ only by the geometry of the single-point calculations do not agree on 

the lowest isomer.  For this reason, larger, more complete theoretical treatments of 

SNO and NSO are investigated in Chapter 4.  Second, for open-shell sulfur-containing 

systems the accuracy of the ccCA methodology begins to degrade when spin-

contamination becomes non-negligible.  In Chapter 5, we investigate the accuracy of the 

ccCA methodology when spin-contamination is removed from the wavefunction.   In 

Chapter 6, the ccCA methodology is utilized in a multilayer ONIOM approach as the high 

level of theory in conjunction with density functional theory for the low level. 

The final two chapters of this dissertation will focus primarily on transition metal 

(TM) species as a vast majority of recent development in the ccCA methodology has 



 

4 

focused on TM species.  On a test set of enthalpies of formation of 15 transition metals 

species, ccCA resulted in an MAD near “transition metal chemical accuracy” ( ±3 kcal 

mol-1 from experiment), similar to the accuracy obtained from large basis set CCSD(T)-

DK calculations.32  In a much larger test set of 52 transition metal enthalpies of 

formation, the accuracy of ccCA was determined to still achieve transition metal 

chemical accuracy even for systems as large as Ni(PF3)4.  Although there is a plethora of 

experimental work being done on TM species, the field of computational chemistry lags 

substantially behind in the study of TM species as compared with main group species in 

both methodology as well as application.  Chapter 6 examines the fundamental basis set 

convergence of the Hartree-Fock energy for TM species in order to deduce the 

convergence behavior in comparison to main group species.   Similarly, Chapter 7 

examines the basis set convergence behavior for pseudopotential-based basis sets for 

TM species.  As TM species include more valence electrons and therefore, more basis 

functions are necessary, it is the intention of the final two chapters to measure the 

accuracy of theoretical calculations and test the computational requirements for this 

accuracy. 
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CHAPTER 2  

GENERAL COMPUTATIONAL METHODOLOGY 

2.1. Introduction to the Schrödinger Equation 

The failings of classical mechanics for particles with masses equal to or less than 

a proton have been well-known for over a century and, due to these failures, the field of 

quantum mechanics was born and has since prospered.  Particles such as electrons 

exhibit wave-like properties, can move at speeds approaching the speed of light, and do 

not conform to the classical laws of physics.  When describing the distribution and 

motion of these particles, quantum mechanics has become the theoretical method of 

choice.  Central to modern quantum mechanics is the time-independent Schrödinger 

equation:37-40  

Ĥ𝛹 = 𝐸𝛹         2.1 

In this eigenvalue equation, Ĥ is a Hamiltonian operator which operates on a 

wavefunction (an eigenvector), 𝛹, to yield the total energy eigenvalue, 𝐸.  Concealed in 

this deceptively straight-forward-looking equation is the complexity of both the 

Hamiltonian operator and the wavefunction. 

The time-independent Hamiltonian operator takes the form:
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for a system of N electrons (𝑖, 𝑗,…) interacting with M nuclei (𝐴, 𝐵,…) of charge Z.  The 

Hamiltonian can be divided into five terms, respectively; 1) the kinetic energy of the 

electrons, Te, 2) the electron-electron Coulumbic repulsion where r𝑖𝑗 is the distance 

between the two electrons, Vee, 3) the kinetic energy of the nuclei, Tn, 4) the nuclear-

nuclear repulsion where r𝐴𝐵 is the distance between the two nuclei, Vnn, and 5) the 

nuclear-electron attraction, Vne.  One important observation that can be made about 

this equation is that it contains terms which couple with one another, e.g. the electronic 

motion in Vee is coupled with the nuclear motion via Vne.  This equation, therefore, 

brings about a number of complex equations due to many-body interactions, e.g. two 

electrons interacting simultaneously with two nuclei. 

 For most systems the nuclear motion is orders of magnitude slower than the 

electronic motion allowing for an invaluable approximation referred to as the Born-

Oppenheimer approximation.   The Born-Oppenheimer approximation41 decouples the 

electronic motion from the nuclear motion by assuming that the nuclei are fixed at a 

certain geometry and the electrons are in a static nuclear potential.  This effectively 

removes the Tn  (becomes zero) and Vnn (is treated as a constant) terms from Eq. 2.2 and 

only leaves three terms: 

Ĥ𝒆𝒍𝒆𝒄 = Te + Vee + Vne + a constant.     2.3 
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Eq. 2.3 is utilized as the Hamiltonian for all following discussion in the remainder of this 

chapter, and if substituted into Eq. 2.1, the resulting equation is known as the time-

independent, electronic Schrödinger equation.   Although the electronic motion is 

effectively decoupled from the nuclear motion, each electron in a given system is still 

coupled with all other electrons.  This coupling creates the many-body electron 

problem, and therefore further approximations must be made. 

  Within the time-independent Schrödinger equation, the wavefunction is a 

complex vector dependent on the position and spin, and it is often called a probability 

amplitude.42  The square of the absolute value of the wavefunction can be interpreted 

as the electron density.  Therefore, not only can energetics be deduced from the 

electronic energy, E, but also density-dependent properties such as the dipole moment 

can be gained from the wavefunction.  As discussed previously, there is no simple 

analytical solution to directly solve the Schrödinger equation except for hydrogen-like 

atoms.  Indirectly solving for the wavefunction can be accomplished utilizing the 

variational principle.  The eigenfunction can be approximated by an expansion of well-

constructed functions with an initial guess of weights, where the weighting coefficients 

can be iteratively optimized to  minimize the energy of the trial wavefunction to a value 

equal to or greater than the true wavefunction.  By computing the expectation value of 

the electronic energy: 

〈𝐸〉 = ∫ Ψ𝒆
* Ĥ𝒆𝒍𝒆𝒄Ψ𝒆        2.4 
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the lowest energy wavefunction can be deduced under the assumption that the 

wavefunction is normalized, i.e. ∫ Ψ𝒆
* Ψ𝒆 = 𝟏. 

One aspect of the quantum mechanics unaddressed until now is relativistic 

effects, e.g. unique quantum effects due to the finite speed of light.43  Eq. 2.3 assumes 

that the speed of electrons is negligible in comparison to the speed of light.   This 

assumption holds true for lighter elements, e.g.  elements up to argon, but upon 

increasing the mass  of the nucleus, the velocity of the electrons in orbitals closest to 

the core, such as in the 1s orbital of a heavy metal, must increase.  An example of these 

relativistic effects not included is the mass-velocity term: 

𝑚𝑟𝑒𝑙 = 𝑚

�1−𝑣2

𝑐2

          2.5 

where 𝑚𝑟𝑒𝑙 is the relativistic mass of the electron adjusted for its increased velocity, 𝑣 is 

the velocity of the electron with the rest mass, 𝑚, and 𝑐 is the speed of light.  Although 

not included in the electronic Schrödinger equation, as the nuclear charge of the 

nucleus is increased these relativistic effects become non-negligible and must be 

included.43  (Further discussion is provided in the composite methodology section 

focusing on how to include these effects.) 

Until now, the most logical and efficient way of solving the non-relativistic 

electronic Schrödinger equation has not been addressed.  There currently exist many 

different ways to approximate the solution to the Schrödinger equation as well as 
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construct the electronic wavefunction.  The following sections discuss both the method 

of solving the Schrödinger equation as well as the construction of wavefunction.  

2.2. Ab Initio Computational Methods 

Ab initio or “from the beginning” is a term utilized in quantum chemistry to 

indicate that a theory does not contain experimentally derived parameters rather only 

constants from first principles, e.g. the speed of light or the mass of an electron.44  The 

simplest ab initio approximation to solve the Schrödinger equation is the Hartree-Fock 

(HF) approximation.45-49   This approximation does not solve Vee  exactly, but solves the 

repulsion of each electron in an average electronic potential utilizing a Slater 

determinant.   Utilizing a Slater determinant50 is a straightforward method of allowing 

the wavefunction to obey the Pauli Exclusion Principle,51 i.e. the wavefunction must be 

antisymmetric with respect to the exchange of two electrons.  This requirement is not 

rigorously intrinsic to the nonrelativistic Schrödinger equation and must be forced into 

the equation.   

By constructing an average electronic density, the coefficients of individual 

atomic orbitals are iteratively optimized within this density until the lowest energy 

wavefunction is obtained.  This simple yet effective method recovers more than 99% of 

the electronic energy, but does not recover what is termed the dynamic correlation or 

individual opposite spin electron-electron repulsion.  This dynamic correlation is 

referred to in most cases as the general term, “electron correlation”, 

𝐸𝑐𝑜𝑟𝑟 = 𝐸 − 𝐸HF         2.6 
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where 𝐸𝑐𝑜𝑟𝑟 is the electron correlation energy, 𝐸 is the exact electronic energy, and  

𝐸HF is the Hartree-Fock energy.  This electron correlation, although only accounting for 

<1% of the total electronic energy, is responsible for numerous chemical phenomena, 

and a good description of the electron correlation is necessary for accurate prediction of 

chemical properties.52  The HF model can be a good starting point for further 

approximate methods which account for electron correlation.  Unfortunately, 

recovering electron correlation comes at an increase in computational cost (e.g. disk 

space, memory, and CPU time) in comparison to the HF method.44  A common standard 

in the comparison of computational methods is how the computational cost scales with 

respect to the number of basis functions, N; usually indicated as Nx.  The HF method 

generally scales as N4 while common electron correlation methods are orders of 

magnitude more expensive, N5-N7. 

Ideally, a correlated method would give the exact solution for a given set of basis 

functions. One methodology that achieves this goal is commonly referred to as full 

configuration interaction (FCI).53-56 To include this correlation completely a 

wavefunction would have to be created that, in addition to the HF determinant, also 

encompasses all possible electronic configurations that rise from excitations of electrons 

from the occupied orbitals of the HF determinant to the virtual orbitals.  Unfortunately, 

this methodology scales as a factorial with respect to the number of basis functions in 

computation cost, and FCI calculations are limited in most cases to small diatomic 
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molecules with only small- to modest-sized basis sets even with current computational 

resources.57 

Early solutions to reduce the scaling of computational methodology included 

truncating the excited determinants to only allow certain excitations.  For example 

configuration interaction with single and double excitations (CISD) only includes 

determinants with single and double excitations into the virtual orbitals (see Figure 2.1 

for examples of excitations).  A complication which arises with this procedure is 

commonly referred to as a lack of size consistency.44  As an illustration, imagine a two-

atom system separated by an infinite distance computed at CID which would allow only 

for double excitations and a single constituent atom also computed at CID.  The CID 

calculation on the infinitely separated is not sufficiently flexible to allow double 

excitations on both atoms at the same time (a quadruple excitation), while a single 

atomic calculation multiplied by two would account for this.  Therefore, CID for the 

infinitely separated atoms will be higher in energy than for single constituent atom and 

is called size inconsistent.  
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Figure 2.1 Representation of the single (S), double (D), triple (T), and 
quadruple (Q) excited determinants generated from a reference Hartree-
Fock (HF) wavefunction. 
 

A sophisticated alternative to the truncated CI procedure is known as the 

coupled cluster (CC) method.58  Rather than have the wavefunction be a simple 

expansion of determinants, the CC method invokes a cluster operator (𝑒T) which 

operates on the HF wavefunction and takes the form: 

𝑒T = 1 + 𝑇1 + �𝑇2 + 1
2

𝑇1𝑇1� + �𝑇3 + 𝑇1𝑇2 + 1
6

𝑇1𝑇1𝑇1� + ⋯   2.7 

where 𝑇𝑖 operates on the HF wavefunction to give the 𝑖th excited determinant.  Eq. 2.7 

is grouped into terms which indicate the order of excitation given, e.g. the truncated CC 

theory includes doubles excitations from double excitations (𝑇2) as well as the product 

of two single excitations (𝑇1𝑇1).   The latter are generally denoted as “disconnected 

doubles” and these disconnected excitations allow for size consistency in the 

methodology. 
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Due to the cluster operator, both CCSD and CISD formally scale as N6 while CCSD 

recovers more correlation energy which indicates why the CC methods have become 

popular in the last two decades.  CC theory recovers electron correlation energy at a 

much faster rate as the number of excitations increased in comparison to CI because of 

the rapid increase in disconnected excitations. In fact, CCSD(T), coupled cluster including 

all single and double excitations along with quasiperturbative triple excitations, has 

become the “gold standard” for accurate computational chemistry and scales as N6 

iteratively with a perturbative N7  step.44 

A complete discussion of all ab initio methodologies is too broad for the context 

of this dissertation, but a final ab initio methodology will be discussed as it is found 

throughout the manuscript in the context of the correlation consistent composite 

approach (ccCA).   As discussed in the context of coupled cluster theory some 

excitations can be included by perturbation, i.e. allowing a perturbation to enter the 

Hamiltonian to return correlation energy beyond the HF energy by slightly changing the 

wavefunction.  Generally speaking, the Hamiltonian operator in Many Body Perturbation 

Theory (MBPT)52,59 is separated into two terms, 

    Ĥ = Ĥ𝟎+λĤ'         2.8 

where Ĥ𝟎 is the reference Hartree-Fock Hamiltonian operator and  Ĥ' is a perturbation 

with a variable (λ) indicating the weight of the perturbed wavefunction, i.e. if λ is zero 

then the equation leads to the Hartree-Fock solution (E0).  The total energy and 

wavefunction of the 𝑖th eigenstate, 



 

14 

𝐸𝑖 = 𝐸𝑖
(0) + 𝜆𝐸𝑖

(1) + 𝜆2𝐸𝑖
(2) + 𝜆3𝐸𝑖

(3) + 𝜆4𝐸𝑖
(4) + ⋯     2.9 

𝛹𝑖 = 𝛹𝑖
(0) + 𝜆𝛹𝑖

(1) + 𝜆2𝛹𝑖
(2) + 𝜆3𝛹𝑖

(3) + 𝜆4𝛹𝑖
(4) + ⋯    2.10 

are expanded infinitely by Taylor expansions.  It is convenient to constrain the equation 

such that the perturbed wavefunctions are orthogonal to the unperturbed wavefunction 

(sometimes called intermediate orthogonalization).52  Finally, substituting Eqs. 2.8, 2.9, 

and 2.10 into the Schrödinger equation Eq. 2.11 is obtained. 

�Ĥ0 + λĤ′��𝛹𝑖
(0) + 𝜆𝛹𝑖

(1) + ⋯ � = �𝐸𝑖
(0) + 𝜆𝐸𝑖

(1) + ⋯ ��𝛹𝑖
(0) + 𝜆𝛹𝑖

(1) + ⋯ �2.11 

By gathering terms with respect to 𝜆𝑛 a general formula for the 𝑛th order 

perturbation can be described as: 

Ĥ0𝛹𝑖
(𝑛) + Ĥ′𝛹𝑖

(𝑛−1) = ∑ 𝐸𝑖
(𝑗)𝛹𝑖

(𝑛−𝑗)𝑛
𝑗       2.12 

The 𝑛th order correction to the energy 𝐸𝑖
(𝑛) is therefore found by multiplying Eq. 2.12 

by the zeroth order wavefunction due to intermediate orthogonalization.  

∫ 𝛹𝑖
(0)Ĥ′𝛹𝑖

(𝑛−1) = 𝐸𝑖
(𝑛)        2.13 

The math as well as implementation of MBPT theory is beyond the scope of this 

dissertation, but the correlation consistent composite approach utilizes Møller-Plesset 

perturbation theory60 (denoted MPn where n is the order of perturbation), more 

specifically MP2.  The solution to the second-order correction to the ground state  

energy is given: 

𝐸0
(2) = � �

�∫ 𝛹𝑖𝑗Ĥ′𝛹𝑖𝑗
𝑎𝑏�2

𝐸0 − 𝐸𝑖𝑗
𝑎𝑏

𝑣𝑖𝑟

𝑎<𝑏

𝑜𝑐𝑐

𝑖<𝑗

                                                                                2.14 
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where the occupied orbitals (𝑖, 𝑗) are excited to  unoccupied orbitals (𝑎, 𝑏).  To compare 

with previous theoretical methods, MP2 scales formally as N5 versus N4 for HF and N6 for 

CCSD.   

2.3. Basis Sets 

Prior to this section, little discussion has focused on the mathematical 

formulation and approximations in the wavefunction.  Inherent in ab initio calculations 

is the use of a basis set, in this case to expand the molecular orbital, an unknown, in a 

series of known functions which can be optimized to lower the electronic energy.  The 

wavefunction generally takes the form: 

Ψ𝑛,𝑙,𝑚(r, 𝜃, 𝜑) = 𝑅𝑛,𝑙(r)𝑌𝑙,𝑚(𝜃, 𝜑)      2.15 

where the wavefunction has been broken into two terms: the radial term (𝑅) and the 

angular term (𝑌).44  The angular term is known as the “spherical harmonic function” and 

is described by the angular and magnetic quantum numbers, 𝑙 and 𝑚, respectively.  The 

spherical harmonic term depends upon both the colatitude angle (θ) as well as the 

azimuth angle (𝜑).  The angular term gives an orbital its respective shape based on the 

angular momentum (i.e. s, p, d, f… orbitals). 

More important in the context of basis sets is the radial term which is described 

by the principle and angular quantum numbers, 𝑛 and 𝑙, respectively.  The radial term is 

function dependent only upon the distance from the nuclei.  A general formula for the 

radial term is: 

𝑅𝑛,𝑙(r) = (polynomial in r) × (exponential decay WRT r) = rx(𝑛,𝑙)e−𝑦(r)  2.16 
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where the polynomial in r is an associated Laguerre polynomial.  Basis sets broadly fall 

into two categories: 1) Slater-type orbitals (STOs)61 and 2) Gaussian-type orbitals 

(GTOs).62  The radial forms of STOs and GTOs are defined, respectively as: 

𝑅𝑛(r) = r𝑛−1e−ζr         2.17 

𝑅𝑛,𝑙(r) = r2𝑛−1−𝑙e−ζr2
        2.18 

where ζ is an optimized coefficient.   

The major difference between the two types of function is the ability to 

reproduce the correct electronic behavior.  First, the GTOs due to their square 

dependence on r cannot create the “electron cusp” condition, i.e. that the slope of the 

radial function is discontinuous at the nucleus (See Figure 2.2).  Second, GTOs rapidly fall 

off in the “tail” of the radial function which requires additional GTOs to mimic the 

correct behavior in the distance far from the nucleus.  It has been estimated that a 

linear combination of roughly 3 times as many GTOs are required to achieve similar 

accuracy to STOs.44 
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Figure 2.2 Plot of a Slater-type orbital (STO), a Gaussian-type 
orbital (GTO), and a contracted Gaussian-type orbital (cGTO) 
created from three GTOs. 

 
Although STOs are more accurate than GTOs, there is no analytical solution to 

three- and four-centered integrals for STOs and the numerical solution is difficult to 

solve.  On the other hand, the numerical solution for  GTOs are efficiently soluble for 

these cases as they allow the reduction from four-centered to two-centered integrals so 

the increase in number of GTOs required to reproduce the accuracy is offset by the 

reduced computational cost. Generally, the GTOs which are contracted are considered 

“primitive basis functions,” and their subsequent contractions form “contracted basis 

function.” To truly get the correct description of the wavefunction, an infinite number of 

GTOs would need to be used which is computationally intractable.   Instead the number 

of GTOs are truncated in various ways resulting in the creation families of basis sets.44 
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The family of basis sets which will be used throughout this dissertation are 

known as the correlation consistent basis sets, denoted cc-pVnZ where 

n=D(2),T(3),Q(4),5, developed by Dunning and coworkers.63-73  Generally speaking, the 

minimum basis set, i.e. one basis function to describe each individual orbital while 

maintaining overall symmetry (e.g. three p functions for boron rather than one), results 

in poor accuracy.44  This is because the functions do not allow the flexibility required to 

accurately describe complex orbital descriptions, e.g. polarization of the orbital in the 

asymmetric bonding between a heteronuclear diatomic.  Therefore, the smallest basis 

set usually has two sets of functions for the orbitals and is commonly referred to as 

double-ζ [n=D(2)].  In the case of the cc-pVDZ basis set, only valence orbitals have two 

basis functions, as indicated in their naming (correlation consistent polarized valence 

double-ζ) and the core orbitals (e.g. 1s for Li through Ne) are only described by one basis 

function. These basis functions are combined with the minimum basis set in a 

systematic fashion (See Figure 2.3) such that with each increase in basis set size one 

additional polarization function up to 𝑙max (the maximum angular momentum function 

present) is added as well as a polarization function of 𝑙max+1.  For example, the minimum 

basis set for carbon is 2s1p so the additional double-ζ polarization functions will be 

1s1p1d.  
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Figure 2.3.  Diagram of the systematic construction 
of the correlation consistent for first-row systems, 
i.e. Li-Ne.  
 

The most important feature in the design of the correlation consistent basis sets 

is that each function, i.e. s, p and d, in the systematic “shells” of polarization functions 

recover similar amounts of correlation energy.  This is important because by recovering 

correlation energy in a systematic fashion the basis sets can be built such that as the 

basis set quality is increased, the error in the basis set is reduced and the energy 

converges monotonically toward a limit.   Infinite-ζ would effectively remove all of the 

error associated with the basis set, and it is often referred to as the complete basis set 

(CBS) limit.  Because the electron correlation energy converges monotonically to the CBS 

limit, lower quality basis sets can be used to produce energies which can be 

extrapolated to estimate the CBS limit without utilizing basis sets remotely close in size 
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to the true CBS limit.  Utilizing smaller basis sets reduces the computational cost and can 

accurately estimate higher quality basis set results within 1 kcal mol-1.74,75  There are 

numerous schemes to extrapolate the energies and properties derived from calculations 

utilizing smaller basis sets.  Rather than discuss them here, the various schemes will be 

discussed in the following chapters as the scheme utilized varied with the study. 

2.4. Composite Approaches 

A reoccurring concern discussed in the preceding sections is the computational 

cost of the overall calculation, be it from the methodology, basis set, or both.  Additional 

approximations, not discussed previously, are therefore necessary if reliable theoretical 

predictions on large molecules are desired.  Composite approaches, sometimes referred 

to as model chemistries, are a common solution to the increase in computational cost as 

the system gets larger.  Composite approaches generally take smaller, faster calculations 

and combine them in some way to approximate a larger, more accurate methodology.  

Some composite methodologies follow rigidly designed formulas (i.e. all calculations are 

done identical no matter what is in the system), whereas others are adapted to the 

system of interest (i.e. no relativistic calculations for a system with negligible relativistic 

effects), although they contain a standard “core” set of approximations.   

The simplest and arguably one of the most powerful approximations Is the use of 

a geometry optimization from a methodology which is far smaller in computational cost 

than the desired high accuracy methodology.  This is, of course, dependent upon the 

faster optimization giving a reliable estimate of the geometry of interest, usually defined 
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as within a few degrees of the bond angles and dihedral angles and less than 0.05 Å of 

bond length.  This geometry can then be used to run a “single-point” calculation on the 

optimized structure.  Early work utilizing this kind of approximation often employed a 

smaller basis set for the optimization and a larger basis set for the single-point 

calculation but retained the same methodology in both calculations, e.g. MP2/6-31G(d) 

geometry optimization and then a MP2/6-311+G(2df,p) calculation at that geometry.76  

(The angular momentum functions in parenthesis indicate the extra polarization 

functions added to the heavy atoms and hydrogen, separated by a comma.)  As more 

efficient calculations have become available there has been a notable change from this 

procedure, rather than using the same methodology for both the optimization and the 

following single-point calculations a more efficient methodology such as Density 

Functional Theory (DFT) is used for the geometry optimization.  DFT, which will not be 

discussed in detail in this work (see reference 77 for a recent review), has been shown 

to scale between N3 and N5 depending on the functional chosen and can produce 

geometries consistent with CCSD(T).  For examples, see Chapter 4. 

In modern computational chemistry, the single-point energy calculation that 

follows the geometry optimization is often considered the reference calculation or 

energy for which all other calculations build upon. Composite methodologies are 

designed by examining the shortcomings of the reference methodology and adding 

corrections to account for or minimize those shortcomings.  Clearly, for a composite 

method to predict meaningful results the chosen reference must be able to describe the 
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system at least somewhat reliably as it is the foundation on which all other corrections 

build.  The reference calculation(s) and all the subsequent approximations define the 

composite methodology, the cost of which is dependent on the methods and basis sets 

utilized.   There currently exist numerous composite methodologies, but this work will 

focus on the correlation consistent composite approach (ccCA) whose development has 

borrowed heavily upon the Gaussian-n (Gn)1-6 and the Weizmann-n (Wn)12-15 

methodologies.  Discussion will therefore be limited to these composite approaches in a 

broad context as there exist dozens of formulations for both the Gn and Wn methods. 

The Gaussian-n methods were developed in 1989 and are still actively evolving 

as the field of computational chemistry expands to larger and more diverse chemical 

systems.  The G2, more common than G1, method originally incorporated a single-point 

MP4/6-311G(d) calculation based on an MP2/6-31G(d) geometry optimization and a 

HF/6-31G(d) frequency calculation.  Because the frequency calculation is based on a 

relatively inexpensive methodology and the 6-311G(d) basis set in their reference 

calculation is small, the Gn methodologies are readily applicable to systems of dozens of 

non-hydrogen atoms. The MP4/6-311G(d) calculation, though, has some notable 

shortcomings in both the basis set (no diffuse functions, few polarization functions) as 

well as methodology (no core electrons are correlated, lack of higher-order correlation).  

Various versions of the Gn approach have been designed which include different 

methodological choices to account for these shortcomings, e.g. CCSD(T) or QCISD(T) for 

higher-order correlation.  In addition, the selection of both the reference energy and 
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geometry/frequency calculations have changed with time and new versions of the 

methodology exist that utilize a MP2 reference calculation and/or DFT geometry and 

frequency calculations.  This has produced a family of composite methodologies with 

names such as G3B3, which indicates a geometry optimization and frequency DFT 

calculation utilizing the B3LYP functional or G3B3(MP2) which indicates the use of an 

MP2 calculation as the reference energy as well as the use of B3LYP.  Other effects not 

included in the methodology, e.g. relativistic effects and core-valence effects, are also 

included in some of the various formulations as well.  Constant to this family of 

composite methodologies, though, is the use of an empirically derived “higher-level 

correction” or HLC, which accounts for the difference between the methodology and 

experimental findings.  The HLC is derived from a standard benchmark test set of 

experimental results (often named after the method being studied and the year). 

The Weizmann-n methods, on the other hand, were designed a decade later 

with the intention to avoid reliance upon empirical corrections and improve the target 

level of accuracy.  Of course, with this lofty goal comes tremendous increase in 

computational cost, which limits the size of molecular system to around 6-7 non-

hydrogen atoms.  This increased cost is due to the reference energy in the Wn methods, 

which is based on CCSD(T)/CBS energies, where the HF energies are extrapolated 

separately from the CCSD and (T) energies.  It must be noted that the least 

computationally expensive version, W1, did in fact include an empirical parameter in the 

extrapolation procedure.  According to the authors, this empirical factor is often not 
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seen as such since the extrapolation procedure is already only an estimation of the CBS 

limit and their extrapolation constant is within 10% of the accepted value of 3.12  

Notably, the accepted value of 3 is also empirical, in that it was based off of the 

observation that the energy seemed to converge as an inverse cubic function as angular 

momentum functions were added systematically.78,79  (See following chapters for  

further discussion of extrapolation schemes).    

Because the Wn methods calculate CBS limit values, the basis set deficiencies are 

minimal, which leaves shortcomings in additional correlation beyond CCSD(T), 

correlation due to the frozen-core electrons, and relativistic effects.  To account for 

these shortcomings they include the effects of the core electrons as well as scalar-

relativistic effects at the CCSD(T) level of theory.  Depending upon the version of the Wn 

methods, higher order effects beyond triple-excitations may also be included in addition 

to Born-Oppenheimer effects.  Ultimately, this intensive procedure can produce results 

with deviations from experiment on the scale of 1 kJ mol-1, but is limited in its 

applicability due to computational cost. 

Combining the benefits of the Gn and Wn methodologies the correlation 

consistent composite approach was created with two goals in mind.  First, the 

methodology should be broadly applicable to large chemical systems ( >15 non-

hydrogen atoms) across the periodic table.  For example, both the Gn and Wn were 

shown to noticeably lose accuracy with respect to experiment when examining systems 

with alkali metal and alkaline earth metals.30,31  This prompted the reformulation of the 



 

25 

methodologies specifically for s-block, which is something that should be avoided if 

possible.   Second, the Gn methods rely heavily on the HLC (and more so as the size of 

the molecule increases), and taken that the HLC is parameterized to only one set of data 

which does not include all chemical properties or chemical systems it should be avoided 

if possible. 

 The most recent formulation of ccCA will not be discussed here as it is the 

purpose of this work to illustrate its evolution to its current form, but some general 

guidelines can be put forth from previous works.  First, the geometry optimization and 

frequency calculation should reproduce reliable experimental results while maintaining 

a small computational cost as the optimization and frequency calculation can quickly 

become the bottleneck of any methodology.  This restriction leads, in most cases, to DFT 

geometry optimizations and frequency calculations, although in work outside of this 

dissertation MP2 has been examined.28,29  Second, the reference energy should reliably 

estimate the CBS limit to remove any possible basis set deficiencies, but not be 

computationally demanding, i.e. MP2 rather than CCSD(T).  Third, higher-order valence 

correlation, core-valence correlation, and scalar-relativistic effects should all be included 

so that the ccCA procedure will produce reliable predictions for a wide variety of 

chemically important systems.   In many cases, the level of theory at which to include 

these three effects is unknown and so work in our laboratory has examined these 

effects as well, noting that:  1)  CCSD(T) should be utilized instead of QCISD or CCSD as 

the perturbative step is only slightly more expensive but much more accurate,28,29 2) 
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MP2 works well for main group species for the core-valence but for transition metal 

species it is insufficient,32 and 3) The spin-free Douglas-Kroll-Hess (DKH) Hamiltonian80-82 

leads to one-electron scalar-relativistic effects which are identical at almost all levels of 

theory.29  
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CHAPTER 3  

PERFORMANCE OF THE CORRELATION CONSISTENT COMPOSITE APPROACH FOR 

SULFUR-CONTAINING SYSTEM * 

3.1. Introduction 

There is a tremendous need to accurately predict thermodynamic and kinetic 

properties of sulfur species in atmospheric, biological, industrial, and interstellar 

processes. Whether it be the SOx processes responsible for large amounts of acid 

precipitation in the Northern Hemisphere83 or detecting CS, OCS, H2S, and other small 

sulfur-containing species in interstellar comets,84 numerous problems arise when trying 

to accurately model such systems. Impurities and side reactions can plague 

experimental work due largely to the instability of these gaseous molecules. Errors are 

not only limited to laboratory-related experimental uncertainties (uniformly expressed 

in experimental thermochemistry as the best estimate of the 95% confidence interval), 

but additionally, problems have been discovered in large compendiums of 

thermochemical data, such as the JANAF tables. For example, Lodders recently 

discovered four errors due to incorrect conversion data entry for sulfur-containing 

molecules as reported in the third and fourth edition of the JANAF tables, specifically for 

the molecules HS(g), S2O(g), NS(g), and PS(g).85 

                                                      
*Reprinted with permission from T. G. Williams and A. K. Wilson, J. Sulf. Chem. “Performance of the 
correlation-consistent composite approach for sulfur species.” 2008, 29, 353, with permission of Taylor & 
Francis. 
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Computational chemistry has become one of the most powerful aids for 

predicting accurate structural and energetic properties for sulfur species, especially for 

small molecules.86-92 However, despite this, there have been a number of challenges 

inherent in the computational study of sulfur-containing systems. In particular, sulfur 

species have shown sensitivity to basis set construction and basis set choice, as 

evidenced by numerous examples in the literature.12,93-101 To illustrate, in the 1990’s, a 

deficiency was noted in the correlation consistent basis sets, which are known for their 

utility in predicting accurate molecular and energetic properties. These sets (cc-pVnZ 

where n=D,T,Q, etc.), first introduced by Dunning in 1989,63 were designed in such a way 

that as the basis set quality is increased, the energy or property of interest converges 

toward the complete basis set (CBS) limit.  When paired with methodology such as 

coupled cluster theory with single, double, and perturbative triple excitations [CCSD(T)],  

the CBS limit obtained utilizing the correlation consistent basis sets is known to provide 

“chemical accuracy” (±1 kcal mol-1 from reliable experiment) in energetic properties, 

particularly for small, main group species; though additional corrections (e.g. core-

valence correlation, spin-orbit coupling, etc.) often must be taken into account to reach 

this level of accuracy. (Chemical accuracy is generally considered to be ±1 kcal mol-1 and 

is similar in definition to experimental uncertainty in that it should give a best estimate 

of the 95% confidence interval of the methodology.) Thus, the roughly 6 kcal mol-1 error 

in the CCSD(T)/CBS binding energy for SO2 reported in 1995 by Bauschlicher and 

Partridge was quite surprising,95 and pointed to a possible deficiency in the original 
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formulation of the correlation consistent basis sets for sulfur. They noted a substantial 

decrease in this error by adding tight (high exponent) d functions to the sulfur basis 

sets.95,96 Studies by Martin and coworkers suggested the necessity of additional tight 

functions in the correlation consistent basis sets for not only sulfur, but for all second-

row atoms, and they considered adding not only d functions, but additional higher 

angular momentum functions (f,g) as well.98,102 

These findings led Dunning, Peterson, and Wilson to re-examine the second-row 

correlation consistent basis sets for aluminum through argon.70 In their study, they 

noted deficiencies in the description of the sets, and developed revised sets, preserving 

the essential systematic behavior of the sets upon increasing basis set size. (The 

challenge of basis set development is that the addition of any function to the basis set 

will improve the total energy, but, unfortunately, arbitrary additions to a basis set will 

ruin the systematic behavior needed to provide accurate extrapolations toward the CBS 

limit.) These revised basis sets are denoted cc-pV(n+d)Z  (where n=D, T, Q, or 5) to 

indicate the inclusion of one tight d function.70 The modified basis set only slightly 

increases the computational demands of the calculation.  Numerous studies have been 

carried out utilizing these modified basis sets in combination with methods such as 

second-order Møller-Plesset perturbation theory (MP2), CCSD(T), and several varieties 

of density functional theory (DFT).99-101 These prior studies have demonstrated the 

importance of the cc-pV(n+d)Z basis sets in calculations on second-row species to 
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achieve improved accuracy and correct convergence behavior to the CBS limit of 

energetic properties as the size of the basis set is increased. 

Numerous sulfur studies have been performed in the past with model methods 

such as the Gn methods on molecules such as SFx, CH3SOXH, and other small 

compounds.87,90,103 Although the Gn methods have been shown to provide accurate 

thermodynamic data for sulfur species,87 the Gn methods are wholly dependent upon 

an empirical correction (called the higher level correction, or HLC) for accuracy.29 As the 

HLC is dependent upon the number of electrons in the system, the factor grows 

substantially with respect to increasing system size. To illustrate, for the enthalpy of 

formation of linear alkanes, the HLC for G3B3 increases linearly as the size of the alkane 

chain is increased from methane to n-octane. For n-butane, the HLC is 21 kcal mol-1 and 

for n-octane, the HLC is over 45 kcal mol-1!29 This is substantial, considering a target 

accuracy of ±1 kcal mol-1. The ccCA method is able to achieve similar (or better) accuracy 

than G3B3 and G3, without the inclusion of empirical factors such as the HLC. 

In this work, the ccCA method is benchmarked against a wide variety of 

properties for sulfur-containing species including enthalpies of formation (ΔHf°) and for 

the first time, bond dissociation enthalpies (BDEs). Additional calculations on sulfur 

species are performed where no clear consensus or experimental data is available in an 

effort to aid in the discussion. 
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3.2. Computational Details 

In the ccCA formalism, geometry optimizations and frequency calculations are 

carried out utilizing the B3LYP density functional in combination with the cc-pVTZ basis 

set (denoted as B3LYP/cc-pVTZ). At this geometry, a series of three single-point MP2 

calculations are performed, utilizing the correlation consistent basis sets (cc-pVnZ, 

where n=D,T, and Q). The resulting energies are extrapolated to the CBS limit using the 

Peterson extrapolation:104 

2)1()1( expexp)()( −−−− ++∞= nn CBEnE       3.1 

where n is the cardinal number (cc-pVDZ = 2, cc-pVTZ = 3, etc.), E(n) is the energy 

utilizing the corresponding cc-pVnZ basis set, E(∞) is the energy at the CBS limit, and 

both B and C are extrapolation parameters. A second extrapolation scheme, the two 

point Schwartz-type fit,78,79,105 has also been successfully utilized for the ccCA 

methodology, and utilizes the MP2/cc-pVTZ and MP2/cc-pVQZ energies: 

 
4

max )2/1()()( −++∞= lBEnE       3.2 

where 𝑙max is the highest angular function for the basis set (e.g. for the cc-pVTZ basis set 

n= 𝑙max=3 for main group species). The MP2 CBS limit energy, which can be expressed as 

MP2/cc-pV∞Z, serves as the reference energy for the ccCA calculations. When ccCA 

utilizes Eq. 3.1 for the extrapolation, the approach is referred to as the ccCA-P scheme, 

whereas for Eq. 3.2, the approach is referred to as the ccCA-S4 scheme. 
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A number of terms are included additively to the reference energy including 

factors which help to account for higher-level [ΔE(CC)], core-valence [ΔE(CV)], scalar-

relativistic [ΔE(SR)], spin-orbit [ΔE(SO)], and zero-point (ZPE) energy effects. The ccCA 

expression is: 

E(ccCA) = E(MP2/aug-cc-pV∞Z)+ΔE(CC)+ΔE(CV)+ΔE(SR)+ΔE(SO)+ZPE  3.3 

where the ZPE is determined from a B3LYP/aug-cc-pVTZ calculation, and the appropriate 

ZPE scaling is applied. The other terms are defined as follows: 

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

 ΔE(CV) = E[MP2(full)/aug-cc-pCVTZ] - E(MP2/cc-pVTZ)   3.5 

 ΔE(SR) = E[MP2(DK)/aug-cc-pVTZ-DK] - E(MP2/cc-pVTZ)   3.6 

The spin-orbit correction [ΔE(SO)] has been applied to the energies using the 

data from reference 106 for the atoms. Experimental spin-orbit effects for molecules, 

however, have not been included in this test set due to the lack of experimental values 

for all of the molecules within this set. It must be noted that spin-orbit effects can be 

quite large for second-row systems such as SF (1.1 kcal mol-1).107 The ccCA methodology, 

as outlined above, has been successfully used to predict over 1,000 energetics to 

date.28,30,31,33  

To provide contrast to ccCA, G3 is based upon MP2/6-31G(d) geometries and 

UHF/6-31G(d) frequencies, while the G3B3 composite approach uses B3LYP/6-31G(d) 

geometries and frequency calculations,108 similar to ccCA. While G3 and G3B3 use a 

reference energy of MP4/6-31G(d), the ccCA formalism uses a reference energy of 
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MP2/aug-cc-pV∞Z. Additionally, the G3 and G3B3 schemes include the HLC which has 

been shown to be largely a correction for the deficiency in basis set size,29 while  ccCA 

does not include this empirical factor. Further additive corrections are added to the 

reference energies for both composite approaches and a more detailed comparison can 

be found in reference 29. 

A benchmark test set was also constructed based upon 40 experimental 

enthalpies of formation [ΔHf°(298.15K)] for a number of sulfur species including sulfur in 

various bonding environments (see Table 3.1). As the average deviation from 

experiment for ccCA has been shown in earlier studies to be ~1 kcal mol-1 for 

thermodynamic properties, the benchmark species were selected so that no single 

species has an uncertainty greater than 2.5 kcal mol-1. Further comparisons include 

BDE’s as well as isomerization energies of several molecules for which theoretical results 

have not been in agreement (e.g. FSSF vs. SSF2). 

All G3, G3B3 and ccCA calculations were carried out utilizing the G03 program 

package.109  For correct convergence and accuracy in second-row systems the inclusion 

of a tight-d function in the basis set is necessary, and therefore, for all ccCA calculations, 

the “n” was replaced by “n+d” varieties of all families of the correlation consistent basis 

sets for sulfur, in each step of the ccCA calculation [e.g., aug-cc-pVTZ was replaced by 

aug-cc-pV(T+d)Z, cc-pCVTZ was replaced by cc-pCV(T+d)Z,...].  
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3.3. Results and Discussion 

3.3.1.  Enthalpies of Formation 

For the 40 ΔHf° values in our test suite, the ccCA method shows improved 

accuracy over both the G3 and G3B3 methodology as shown in Table 3.1. The mean 

absolute deviations (MADs) for ccCA-P and ccCA-S4 are both 0.9 kcal mol-1, respectively, 

similar to that shown previously for ccCA applied to the large G3/99 benchmark test set, 

0.9 kcal mol-1.29 The 95% confidence intervals, which correspond to two times the root 

mean square, are ±2.6 and ±2.5 kcal mol-1, respectively, for ccCA-P and ccCA-S4. This 

leads to the conclusion similar to what has been seen in previous main group studies for 

ccCA that the inverse quartic extrapolation scheme, Eq. 3.2, provides slightly superior 

results than the mixed/Gaussian exponential scheme, Eq. 3.1.  The G3 and G3B3 

methods result in MADs of 2.5 and 2.8 kcal mol-1, respectively, which is much larger 

than the MAD previously shown for G3 for the G3/99 test set, which was 1.0 kcal       

mol-1.110 For a subset of the G3/99 test set, the G2/97 set, the MADs were 0.9 kcal mol-1 

for both G3 and G3B3.108 As compared with ccCA, both G3 and G3B3 have a much 

higher thermodynamic uncertainty, resulting in 95% confidence levels of ±5.5 and ±6.6 

kcal mol-1, respectively. In the original formulation of the G3B3 method it was shown 

that one of the successes of the G3B3 method over G3 was for the sulfur-containing 

molecule SO2, and that the use of the B3LYP geometries and frequencies in the SO2 

calculations reduced the overall error as compared with experiment by 1.3 kcal mol-1.108 

Interestingly, in the current study, while G3B3 results in improved accuracy for some 
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sulfur-containing molecules, overall, it does far worse for the sulfur species than G3. In 

the worst cases, the use of the G3B3 method as compared with the G3 method 

increases the deviation from experiment for the molecule SF6 from 6.2 to 8.9 kcal mol-1 

and for HOSO2F from 6.3 to 9.4 kcal mol-1. For SF6 ccCA-P and ccCA-S4 resulted in 

deviations from experiment of 2.0 and 1.4 kcal mol-1, respectively, while for HOSO2F the 

deviations for ccCA-P and ccCA-S4 were 3.5 and 3.1 kcal mol-1, respectively. For both of 

these molecules the ccCA methodology shows dramatic improvements over the G3 and 

G3B3 values.   

For ccCA, the poorest performance is for the molecule PS (X 2Π). Both ccCA-P and 

ccCA-S4 underestimate the ΔHf° by 3.9 and 4.0 kcal mol-1, respectively. Previous 

CCSD(T)/CBS calculations by Denis111 predicted a value for the enthalpy of formation of 

38.1 ± 0.5 kcal mol-1 as compared with the experimental value which was reevaluated, 

based upon previous JANAF tables, by K. Lodders (36.43  ± 2.5 kcal mol-1).85,111 Although 

the values by Denis and Lodders are in good agreement, ccCA is not in agreement. This 

is most likely due to the occurrence of spin contamination and the lack of 

multireference treatment.  In the study by Denis, it was noted that for PS there was a 

large spin contamination of S(S+1)=1.0 which could only be reduced to S(S+1)=0.8 and it 

should also be noted in that the T1 diagnostic is 0.033 suggesting a multireference 

procedure might be necessary.111  In light of these findings, a revision to the ccCA 

procedure in which the unrestricted formalism was exchanged for a restricted open-

shell formalism was examined in order to gauge the effect of spin contamination in PS. 
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Utilizing this procedure the enthalpy of formation of PS was determined to be 38.9 and 

39.0 kcal  mol-1 for ccCA-P and ccCA-S4, respectively. These values are in good 

agreement with the previous CCSD(T)/CBS calculations by Denis.111 

Table 3.2 lists an additional set of molecules that do not have published 

experimental values, have experimental values that have been questioned, or have 

experimental uncertainties greater than 2.5 kcal mol-1. The values in Table 3.2 can be 

particularly helpful for estimating the ΔHf° where no experimental values exist or 

highlighting cases where experimental values may be in error. Two of the molecules, AlS 

and CH3CHS, which have experimental uncertainties which are under 2.5 kcal mol-1, 

have resulted in substantial disagreement in previous studies. For the AlS molecule, 

previous CCSD(T) calculations at the CBS limit predict the enthalpy of formation to be 

47.4 kcal mol-1, which is ~10 kcal mol-1 lower than experiment.111 Other methods such as 

B3LYP and B3PW91 also result in comparable energies to the CCSD(T) calculations.111 

The experimental ΔHf° was determined in two different cases using mass spectrometric 

ion intensity data112,113 which produced values of 58.8 ± 2.0 and 55.2 ± 1.8 kcal mol-1, 

respectively, utilizing atomic enthalpy of formation data from the JANAF tables.  For the 

JANAF tables, these values were then averaged to produce the tabulated value of 57.0 ± 

2.0 kcal mol-1. The reported value for AlS in the JANAF tables also utilized the   



 

37 

Table 3.1.  Enthalpy of formation (ΔHf°) and deviation from experiment [Δ(ΔHf°)] at 298.15K for 40 sulfur-
containing molecules reported in kcal mol-1. 

 ΔHf° Δ(ΔHf°) 
  ccCA-P ccCA-S4 G3 G3B3 Expt.a Uncert.b ccCA-P ccCA-S4 G3 G3B3 
 cyclo-CH2CH2CH2S 15.3 15.0 15.7c 16.0 14.6 0.3 0.7 0.4 1.1 1.4 
CH2S 28.1 28.0 27.6d 27.6 27.4 1.9 0.7 0.6 0.2 0.2 
(CH3)2CHSH -18.2 -18.6 -18.2d -17.8 -18.4 0.2 0.1 -0.2 0.2 0.6 
(CH3)3CSH -26.0 -26.4 -26.7d -26.2 -26.0 0.2 0.0 -0.5 -0.7 -0.2 
cyclo-CH3CH2CHS 10.5 10.2 10.5d 10.8 11.0 0.5 -0.5 -0.9 -0.5 -0.2 
CH3CH2CH2SH -15.8 -16.1 -15.4d -15.1 -16.4 0.2 0.6 0.3 1.0 1.3 
CH3CH2SCH2CH3 -19.2 -19.8 -19.6 -19.0 -20.0 0.5 0.7 0.2 0.4 1.0 
CH3CH2SCH3 -14.2 -14.6 -14.1 -13.6 -14.4 0.3 0.2 -0.2 0.3 0.8 
CH3CH2SH -10.9 -11.2 -10.4d -10.1 -11.0 0.1 0.1 -0.2 0.6 0.9 
CH3OSOOCH3 -113.2 -113.8 -111.3 -110.9 -115.5 0.5 2.3 1.7 4.2 4.7 
CH3S 29.5 29.4 29.2 29.2 29.8f 0.4 -0.2 -0.4 -0.6 -0.6 
CH3SCH3 -9.1 -9.4 -8.6d -8.2 -9.0 0.5 -0.1 -0.5 0.4 0.8 
CH3SH -5.8 -6.0 -4.9d -4.8 -5.5 0.1 -0.4 -0.5 0.5 0.7 
CH3SOOCH3 -88.5 -89.1 -86.6 -85.7e -89.1 0.8 0.6 0.0 2.5 3.4 
CH3SOCH3 -35.9 -36.4 -34.5 -33.8e -36.0 0.4 0.0 -0.4 1.5 2.2 
CH3SSCH3 -6.0 -6.3 -4.7 -4.0 -5.8 0.5 -0.2 -0.5 1.0 1.8 
ClS2 15.8 15.8 16.2 17.4 18.8 2.0 -3.0 -3.0 -2.6 -1.4 
ClSSCl -5.9 -5.9 -4.1 -2.4 -4.0 1.0 -1.9 -1.9 -0.1 1.6 
CS 67.0 67.0 66.0c 66.0 66.6 0.9 0.4 0.5 -0.6 -0.5 
CS2 26.8 26.9 24.8 25.1 27.9 0.2 -1.1 -1.0 -3.1 -2.7 
H2SO4 -173.3 -173.6 -168.3 -167.9 -175.1 0.5 1.9 1.5 6.8 7.2 
HBS 11.6 11.6 10.6 10.9 12.0 2.4 -0.4 -0.4 -1.4 -1.1 
HOSO2F -176.5 -176.9 -173.7 -170.6 -180.0 2.0 3.5 3.1 6.3 9.4 
NH2CSNH2 4.3 4.3 5.2 5.1 5.5 0.4 -1.1 -1.1 -0.3 -0.4 
PS 40.4 40.4 39.7c 38.0 36.4g 2.4 3.9 4.0 3.3 1.6 
S2 31.0 31.0 31.6c 31.8 30.7 0.1 0.3 0.3 0.9 1.1 

(table is continued on next page) 
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 ΔHf° Δ(ΔHf°) 
  ccCA-P ccCA-S4 G3 G3B3 Expt.a Uncert.b ccCA-P ccCA-S4 G3 G3B3 
S2O -12.8 -12.8 -9.9 -10.4 -13.2g 0.3 0.5 0.4 3.4 2.9 
SCl2 -4.0 -4.0 -2.2 -0.9 -4.2 0.8 0.2 0.2 2.0 3.3 
SCO -34.2 -34.1 -35.8 -35.9 -33.9 0.5 -0.3 -0.2 -1.9 -2.0 
SF 1.6 1.6 2.0c 2.3 3.1 1.5 -1.5 -1.5 -1.1 -0.8 
SF2 -70.3 -70.4 -67.6 -66.8 -69.1 1.5 -1.1 -1.2 1.6 2.4 
SF6 -289.7 -290.3 -285.5 -282.8 -291.7 0.2 2.0 1.4 6.2 8.9 
SH 34.2 34.1 33.7 33.7e 34.2g 0.2 0.0 0.0 -0.4 -0.4 
SH2 -5.7 -5.8 -4.5 -4.5e -4.9 0.2 -0.8 -0.9 0.4 0.4 
SHCH2CH2SH -1.2 -1.5 0.0 0.3 -2.2 0.3 1.0 0.7 2.3 2.5 
SO 2.0 2.0 1.7c 1.5 1.2 0.3 0.8 0.8 0.5 0.3 
SO2 -70.7 -71.0 -67.1 -68.4e -70.9 0.0 0.2 0.0 3.8 2.5 
SO2Cl2 -82.8 -83.1 -80.4 -78.5 -84.8 0.5 2.0 1.7 4.3 6.3 
SO2F2 -180.9 -181.3 -175.6 -174.6 -181.3 2.0 0.5 0.0 5.7 6.7 
SO3 -93.3 -93.6 -89.5 -90.2e -94.6 0.2 1.3 1.0 5.1 4.4 
MAD       0.9 0.9 2.0 2.3 
Std. Dev.       1.3 1.2 2.5 2.8 
Thermo. Uncert.      0.7 2.6 2.5 5.5 6.6 
Max. Dev.       3.9 4.0 6.8 9.4 
a) All experimental values found in references 114, 115, 116, or 117 unless otherwise indicated.  
b) Thermochemical uncertainty corresponding to 95% confidence interval from experimental source. 
c) See reference 111.  Previous G3 values are updated with more accurate atomic enthalpy of formation 
data.  
d) See reference 87.  Previous G3 values are updated with more accurate atomic enthalpy of formation 
data. 
e) See reference 103.  Previous G3B3 values are updated with more accurate atomic enthalpy of formation 
data. 
f) See reference 118. 
g) See reference 85. 

(Table 3.1 continued) 
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thermodynamic value for Al(g) which has recently been questioned.119 In a study by 

Karton and Martin, the enthalpy of formation for Al(g) was predicted to be 1.9 kcal mol-1 

higher in energy than the JANAF value.119 It would be highly informative if a new 

experimental study could be performed for AlS(g) since the raw data from the two mass 

spectrometry experiments was never published and therefore the current value was not 

reevaluated in the more recent JANAF tables.114 

For the CH3CHS molecule, both ccCA-P and ccCA-S4 overestimate the ΔHf° by 6.5 

and 6.6 kcal mol-1, respectively, well outside the experimental uncertainty of 1.9 kcal 

mol-1 for the ion cyclotron resonance spectroscopic experiment performed by Butler 

and Baer.120 The ΔHf° at 298K for CH3CHS has been previously studied by Kieninger and 

Ventura with the CBS-QB3 method using various isodesmic reactions and was also found 

to be significantly higher than the reported experimental result (16.2 kcal mol-1 versus 

12 kcal mol-1).121 They suggested that the reason for this large deviation from 

experiment could be attributed to the fact that the same experimental procedure that 

produced the ΔHf° for CH3CHS was also utilized for the enthalpy of formation for H2CS in 

the early 1980s122 and was found later to underestimate the enthalpy of H2CS by 6.7 kcal 

mol-1.123  Under this assumption we suspect that the experimental value for the ΔHf° of 

CH3CHS also should be reexamined. 
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Table 3.2.  Enthalpy of formation at 298.15K calculated using the ccCA method for additional sulfur-
containing molecules (kcal mol-1). 

  Expt.a ccCA-P ccCA-S4     Expt. ccCA-P ccCA-S4 
AlS 57.0 ± 2.0 50.7 50.8  Na2SO4  -238.7 -239.0 
cyclo-CH2CH2S 19.69 18.5 18.3  NaHSO4  -210.9 -211.2 
CH2SO  -7.7 -7.9  NaSO2  -89.8 -89.9 
CH3CHS 12 ± 1.9 18.5 18.3  NaSO3  -126.1 -126.3 
CH3CH2S  24.2 23.9  NaSO3Cl  -168.9 -169.1 
CH3OSO  -50.0 -50.4  NS 67.7 ± 5.7b 66.5 66.5 
CH3SO  -16.3 -16.6  NSO  43.0 42.9 
CH3SO2  -50.8 -51.1  S2F2 -95.9 ±10.0 -77.4 -77.5 
CH3SOO  21.5 21.4  SF3 -120 ± 8 -85.8 -85.8 
ClS 13.5 ± 4.0 28.7 28.7  SF4 -182.4 ± 5.0 -183.8 -184.1 
FSSF -8.7 ± 10.0 -75.7 -75.7  SF5 -217.1 ±  3.6 -202.1 -202.4 
HOS  -1.7 -1.8  SF5Cl -248 ± 2.5 -234.5 -234.9 
HOSO2  -88.3 -88.6  SNO  44.0 44.1 
HSO  -5.1 -5.2  SO2H2  -56.5 -56.7 
HSO3  -43.9 -44.2  SO4  -62.0 -62.4 
HSOO  29.9 29.8  S(OH)2  -68.6 -68.6 
HSOOH  -9.9 -10.0   SON  98.3 98.4 

a) All experimental values found in references 114, 115, 116, or 117 unless otherwise indicated. 
b) See reference 85. 
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3.3.2. Bond Dissociation Enthalpies 

One of the few energetic properties that ccCA has not been extensively 

benchmarked against is BDEs. A previous study on BDEs in sulfur compounds by Maung 

has shown that a variety of methods including DFT, MP2, and CBS-n methods can 

produce results, which in some cases have errors as large as 10 kcal mol-1.91 As shown in 

Table 3.3, the nine smaller alkylthiols and dialkylthiols from Maung’s test set were 

evaluated with the ccCA, G3 and G3B3 methods. In the current study the experimental 

bond dissociation enthalpies were recalculated utilizing the enthalpy of formation data 

from Table 3.1 with experimental values of 35.1 ± 0.24 kcal mol-1 for CH3,114 and 28.9 ± 

0.4, 21.5 ± 0.4, and 12.3 ± 0.4 kcal mol-1 for CH3CH2, (CH3)2CH and (CH3)3C, 

respectively.124 This decision to recalculate the values for BDEs was made due to the 

large discrepancies between the values reported in Maung’s work and the experimental 

enthalpies of formation listed in Table 3.1. To illustrate the impact of recalculating the 

BDEs, the MAD for Maung’s CBS-4 results has been greatly decreased when utilizing 

these recalculated experimental values (1.1 kcal mol-1 versus 3.3 kcal mol-1). For the 

BDE’s ccCA-P and ccCA-S4 produce excellent results with MADs of 0.6 kcal mol-1 from 

experimental values. In all cases the ccCA methodology overestimates the BDEs, varying 

by just over 0.0 to 2.0 kcal mol-1. G3 and G3B3 produce results which show MADs of 1.1 

and 1.0 kcal mol-1, respectively and 95% confidence intervals of ±2.5 and ±2.4 kcal mol-1. 

The MADs for BDE of the Gn methods are reduced for this test set as compared to ΔHf°s.  
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Table 3.3.  Bond dissociation enthalpies (BDEs) for various alkylthiol and diakylthiol chains determined using BDE= 
ΔHf°(A) + ΔHf°(B) - ΔHf°(A—B) and deviation from experiment Δ(BDE) reported in kcal mol-1.  

 Bond Dissociation Enthalpies Δ(BDE) 
 ccCA-P ccCA-S4 G3 G3B3 CBS-4a Expt.b Uncert.c ccCA-P ccCA-S4 G3 G3B3 CBS-4a 

HS─H 92.0 92.0 90.3 90.3 91.2 91.1 0.3 0.8 0.9 -0.8 -0.8 0.1 
S─H 83.6 84.2 84.6 84.6 83.8 84.2 0.2 -0.6 0.0 0.4 0.4 -0.4 

MeS─H 87.5 87.5 86.2 86.0 86.3 87.3 0.5 0.1 0.1 -1.1 -1.3 -1.0 
Me─SH 75.3 75.3 72.8 72.9 75.3 74.7 0.3 0.5 0.6 -2.0 -1.8 0.6 
Me─S 72.0 72.1 71.2 71.5 72.8 71.6 0.5 0.4 0.5 -0.4 -0.1 1.2 

MeS─Me 74.0 74.0 71.8 71.8 73.6 73.9 0.7 0.1 0.1 -2.0 -2.1 -0.3 
Et─SH 74.8 74.8 73.1 73.0 76.2 74.0 0.5 0.7 0.8 -1.0 -1.1 1.1 
iPr─SH 74.8 74.8 73.8 73.5 86.3 87.3 0.5 0.8 0.8 -0.2 -0.5 2.2 
tBu─SH 74.4 74.4 73.9 73.6 73.6 73.9 0.7 2.0 2.0 1.5 1.2 2.7 

MAD        0.6 0.6 1.1 1.0 1.1 
Std. Dev.        0.6 0.6 1.1 1.1 1.2 

Thermo. Uncert.d       0.4e 1.7 1.7 2.5 2.4 2.7 
Max. Dev.        2.0 2.0 2.0 2.1 2.7 

a) CBS-4 values from reference 91. 
b) All experimental values are found in derived from experimental values listed in Table 3.1 and additional values 
for alkyl chains can be found in section 3.3.2 within this manuscript. 
c) Thermochemical uncertainty corresponding to 95% confidence interval from experimental source. 

d) Thermochemical uncertainty defined as the 95% confidence interval for the benchmarked methods estimated 
by twice the root mean square. 
e) Average of the reported experimental uncertainty. 
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3.3.3. Relative Stabilities of Selected Isomers 

The relative energies for three sets of isomers are shown in Table 3.4, 

determined using ccCA-P, ccCA-S4, G3, and G3B3. Prior theoretical results have not 

been in agreement. For the SNO/ NSO isomers, a study by Goumri and coworkers89 

shows NSO to be the most stable of the two isomers as determined by the CBS-QB3 

method. This is in disagreement with previous DFT calculations utilizing the functionals 

B3LYP, B3P86, and B3PW91 by Sun et al. which indicated that the SNO isomer is the 

lowest in energy.125 CBS-QB3 is a model chemistry which approximates CCSD(T) results 

at the CBS limit, and can be considered more rigorous and more reliable for relative 

energies than DFT and, thus, it is more likely that NSO is the lower of the two isomers.89 

In the absence of experimental data, CBS-QB3 results have been used simply for a 

means of comparison with the current results. Although CBS-QB3 predicted NSO to be 

lower in energy by 1.9 kcal mol-1 than SNO, ccCA-P and ccCA-S4 predict 1.1 and 1.4 kcal 

mol-1, respectively. G3, on the other hand, predicts a 5.0 kcal mol-1 difference in energy 

much higher than both CBS-QB3 and ccCA. Clearly, both of the ccCA formalisms and G3 

agree with the CBS-QB3 results at least in sign, but remarkably G3B3 does not agree. 

G3B3 shows that SNO is lower in energy than NSO by 1.8 kcal mol-1. This is interesting, 

considering that the only change from G3 to G3B3 is the use of B3LYP geometries and 

frequencies which both ccCA and CBS-QB3 utilize as well. This implies that the basis set 

utilized for the geometry optimization step can be critical, as ccCA, CBS-QB3, and G3B3 
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use B3LYP/cc-pVTZ, B3LYP/CBSB7, and B3LYP/6-31G(d) calculations for geometry 

optimizations, respectively. 

Table 3.4.  Relative energy separation (with respect to the first listed 
molecule) of the NSO/SNO, SSF2/FSSF, and HSO/SOH isomers reported in 
kcal mol-1. 

 ccCA-P ccCA-S4 G3 G3B3 Expt./Theor. 
ΔE0 (NSO─SNO) 1.1 1.4 5.0 -1.8  

ΔisoH298 (NSO─SNO) 1.1 1.3 4.9 -1.9 1.9a 
      

ΔE0 (SSF2─FSSF) 1.5 1.5 1.4 1.6  
ΔisoH298 

 

1.7 1.7 1.6b 1.8 2.7± 0.4c 
      

ΔE0 (HSO─SOH) 3.4 3.5 4.4 3.4 4.2d 
ΔisoH298 (HSO─SOH) 3.4 3.5 4.4 3.4  

a) CBS-QB3 results from reference 89. 
b) From reference 126. 
c) Experimental result from reference 127. 
d) CCSD(T) at the CBS limit results from reference 100. 

 
The second set of isomers is FSSF and SSF2 which have been studied 

experimentally by Lösking et al.127 using photoionization mass spectrometry and by Cao 

et al.128 using HeI photoelectron spectroscopy.  In the case of Lösking et al. they predict 

that SSF2 is lower in energy by 2.7 ± 0.4 kcal mol-1.127  Contrary to the work of Lösking, 

the study by Cao and coworkers found that FSSF is the lower of the two isomers in part 

because previous theoretical work had shown FSSF to be the lower isomer.128  However, 

previous theoretical studies produce mixed results such as the extensive study done by 

Jursic which showed that RHF, B3LYP, B3P86, BLYP and BP86 all predict incorrectly that 

FSSF is the lower isomer, while the only density functional which correctly predicted the 

lower of the two isomers was SVWN.129 In a study by Prascher and coworkers, 
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CCSD(T)/aug-cc-pVTZ calculation predicted SSF2 to be the lower isomer at 0K. Upon 

correction to 298K, however, FSSF was shown to be lower in energy by 0.01 kcal mol-1 at 

this level of theory.130 CCSD(T)/CBS calculations have also been done by Ornellas, which 

included corrections for spin-orbit coupling, relativistic effects and core-valence 

correlation, which is in agreement with the experimental work by Lösking which 

predicted the ΔisoH298 to be 2.1 kcal mol-1, favoring SSF2.131  MP2 calculations with B3P86 

geometries predicted correctly that SSF2 was the lower of the two isomers, which is an 

indication that the MP2-based ccCA should accurately predict the isomerization energy, 

as shown in Table 3.4.  In a previous study by Ball and coworkers, G2, G3, and CBS-QB3 

were shown to correctly predict that SSF2 was the lower of the two isomers 126.  ccCA-P, 

ccCA-S4, and G3B3 predict the isomerization energy to be within 1 kcal mol-1 of the 

experimental value, and G3 has a deviation of 1.1 kcal mol-1.  

The last set of isomers is the pair of molecules HSO and HOS which have 

previously been studied using MRCI, DFT, G2, and CCSD(T).93,94,100,101,132-139 Experimental 

work has predicted that HSO is the lower of the two isomers.140,141 Interestingly, it was 

not until 1993 that the HSO radical was shown to be more stable via computational 

methods.93,94 All prior theoretical studies predicted HOS to be the more stable species. 

In 1993, Xantheas and Dunning showed via multireference ab initio calculations (CASSCF 

and CASSCF+1+2) utilizing the correlation consistent basis sets that basis set choice has 

a substantial impact upon correct identification of the lower energy isomer.93,94 In fact, 

when cc-pVDZ or cc-pVTZ basis sets were used, the incorrect isomer, HOS, was 
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determined to be more stable. This can be attributed to the extraordinarily slow 

convergence of the energies of these species with respect to increasing basis set size.  

Once a basis set of at least quadruple-zeta quality (cc-pVQZ) is used, then the correct 

prediction is made. As the studies prior to 1993 utilized small basis sets, it is not 

surprising that they resulted in the incorrect prediction of the lower energy isomer.  

Since this time, there have been a number of studies, particularly those utilizing the 

tight d basis sets, which have correctly predicted the HSO isomer to be lower in energy, 

utilizing methods such as HF, CCSD, CCSD(T), G2,  and B3LYP, provided that a large 

enough basis set is used.100,101,136-139  

As is shown in Table 3.4, all four methods correctly predict that HSO is lower in 

energy than SOH. Although no experimental data exists which tries to quantify the 

energetic difference, CCSD(T) data at the CBS limit predicts 4.2 kcal mol-1.101 This is 

within good agreement with all four methods, although ccCA-P and ccCA-S4 

underestimate this value by 0.8 and 0.7 kcal mol-1, respectively. 

3.4. Conclusion 

Composite methods are invaluable in aiding experimentalists in numerous fields 

of chemistry. For sulfur-containing molecules, ccCA has been shown to be accurate. As 

compared to the G3 and G3B3 composite methods, ccCA has an improved accuracy and 

reliability for the systems studied as it produces a smaller MAD and does so without 

reliance upon an empirical fitting parameter. For enthalpies of formation, ccCA has a 

MAD of only 0.9 kcal mol-1 for the sulfur species studied, with a 95% confidence interval 
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of ±2.6 kcal mol-1. For bond dissociation enthalpies the MAD for ccCA is smaller, 0.6 kcal 

mol-1 and with a 95% confidence interval of 1.7 kcal mol-1. For BDEs, the ccCA method is 

still more accurate than G3 and G3B3 for BDE’s with a MAD 0.5 and 0.6 kcal mol-1 lower 

than the MAD for both Gn methods, and shows a lower maximum deviation as 

compared with previous theoretical results (2.0 kcal mol-1 for ccCA-P and ccCA-S4 versus 

2.7 and 2.1 kcal mol-1 for CBS-4 and G3, respectively). For isomerization energies, the 

ccCA method also correctly predicts the lowest isomers for three cases, SNO/NSO, 

FSSF/SSF2, and HSO/SOH. The G3B3 method does not correctly predict that NSO is lower 

in energy than SNO although the G3 method does.  ccCA provides agreement to within 

1.0 kcal mol-1 for the energy of isomerization.  Overall, the ccCA method does 

exceptionally well for energetic properties for sulfur-containing species due, in part, to 

the use of the cc-pV(n+d)Z basis sets, which composite methods such as Gn do not 

utilize.  
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CHAPTER 4  

THE LOWEST ENERGETIC ISOMER OF NSO 

4.1. Introduction 

For sulfur species comprised of as few as 2-3 atoms, computationally demanding 

methodologies such as coupled cluster theory combined with large basis sets are often 

required to accurately predict thermodynamic/energetic properties.12,70,93-98,138  As 

noted in the last chapter, it was not until 1993 that theory correctly predicted that HSO 

was the lower energy isomer as compared with HOS.93,94  All prior theoretical studies 

predicted HOS to be the lower isomer, contrary to experiment.  The 1993 study by 

Xantheas and Dunning showed that CASSCF with a correlation consistent basis set of at 

least triple-ζ quality was required.93,94  More recent work has shown that a single-

reference method such as CCSD(T) can be used to correctly predict HSO as the more 

stable isomer, provided a basis set of sufficient quality is used.100,101  

Likewise, prior theoretical studies have examined the geometries, frequencies, 

and enthalpies of formation of the SNO isomers and transition states and have 

produced differing results.86,89,125,142-144 Unfortunately, theoretical predictions have 

disagreed whether SNO or NSO was the lowest energetic isomer.  Although there is no 

disagreement that the SON isomer (X 2A`) is the highest energy isomer, the case for the  
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isomer SNO (X 2A`) versus NSO (X 2A`) as the lowest energy isomer is not so easily made 

as these two isomers are reported to be within a few kcal mol-1 in energy of one 

another.  In a density functional theory (DFT) study by Sun and coworkers, SNO was 

determined to be the lowest isomer by 19.8, 20.3, and 20.5 kcal mol-1 as compared to 

NSO utilizing the B3LYP, B3P86, and B3PW91 functionals, respectively, with a Pople-

style 6-311+G* basis set.125  Similarly, in a coupled cluster (CC) study which utilized the 

cc-pVTZ basis sets,  SNO was shown to be lower than NSO in energy by 5.8 and 5.6 kcal 

mol-1 for CCSD(T) and CCSDT, respectively.86  In a CBS-QB3 study by Gourmi, Shao, and 

Marshall, however, NSO was reported to be the lowest isomer by 1.9 kcal mol-1 as 

compared to SNO.89   

In the previous chapter, it was found that the correlation consistent composite 

approach (ccCA) as well G3 as indicated that NSO was the lowest energy isomer.35  It 

was also noted in the composite approach study that G3B3, a modification to G3 which 

utilizes B3LYP geometries and frequencies, indicated that SNO was the lowest energy 

isomer.  In this chapter, the basis set requirements for accurate predictions for the SNO, 

NSO, and SON isomers will be investigated as well as the causes of the disagreement 

between computational methodologies. 

4.2. Computational Details 

Coupled cluster [CCSD(T)] methods and composite methods have been used in 

this study.  For the CCSD(T) calculations geometry optimizations were carried out 

utilizing the aug-cc-pV(n+d)Z basis sets for sulfur, and the aug-cc-pVnZ basis sets for 



 

50 

oxygen and nitrogen, from double- to quintuple-ζ quality.  For all of the open-shell 

systems studied in this work, ROHF-UCCSD(T), often denoted R/UCCSD(T), calculations 

were carried out.  The utilization of an ROHF guess wavefunction was decided upon to 

remove any spin contamination which may occur followed by UCCSD(T) which relaxes 

the spin constraint.  [Spin contamination, a result of a wavefunction with an expectation 

value for Ŝ2
 which is not equal to S(S+1), is the mixing of an incorrect wavefunction into a 

guess wavefunction which often occurs in UHF wavefunctions for open-shell systems.]  

All geometries were optimized for the bent SNO, NSO, and SON molecules as the bent 

structures rather than linear structures have been shown to be the lowest in energy in 

prior studies utilizing the B3LYP, B3P86, and B3PW91 functionals.89,125  The CCSD(T)/CBS 

value was determined using the Peterson extrapolation scheme:104  

2)1()1( expexp)()( −−−− ++∞= nn CBEnE ,      4.1 

where E(n) is the energy at the basis set of n quality, n is the corresponding cardinal 

number [n=D(2),T(3),Q(4), and 5], E(∞) is the energy at the CBS limit, and both B and C 

are extrapolation parameters.  We utilized the double-, triple-, quadruple-, and 

quintuple-ζ quality energies and extrapolated these energies by performing a linear 

least square regression to determine E(∞).  Scalar relativistic (SR) and core-valence (CV) 

corrections were added to the CCSD(T)/CBS limit values and both were determined at 

the CCSD(T)/aug-cc-pV(T+d)Z geometry.  The SR correction was determined as the 

difference between a CCSD(T)/cc-pV(T+d)Z-DK calculation utilizing the Douglas-Kroll-

Hess Hamiltonian and a CCSD(T)/cc-pV(T+d)Z-DK calculation, and the CV correction was 
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determined as the difference between a CCSD(T,FC1)/aug-cc-pCV(T+d)Z calculation 

where FC1 indicates that the n-1 electrons were also included in the correlation space 

(e.g. for sulfur the 2s and 2p electrons are also included), and a CCSD(T)/aug-cc-

pCV(T+d)Z calculation.  

Additional calculations were performed utilizing various composite methods 

because of the disagreement between G3 and G3B3 as shown in Section 3.3.3.35   

Calculations were carried out utilizing various composite approaches including: 1) the 

CBS methods,7-11,145 CBS-Q and CBS-QB3, 2) the Gaussian methods,1-6 G3, G3B3, and 

G3(MP2)B3 3) the Weizmann method,12-15 W1, and 4) the correlation consistent 

composite approach,28-35 ccCA-P, utilizing Eq. 4.1.  For the correlation consistent 

composite approach, both the UHF and ROHF ccCA formalisms were utilized, where the 

ROHF formalism is denoted RO-ccCA-P and all UHF-UMP2 and UHF-UCCSD(T) 

calculations utilized within the standard ccCA were replaced with ROHF-ROMP2 and 

ROHF-ROCCSD(T).  In addition, G3-RAD and G3(MP2)-RAD calculations were carried out 

to further investigate the previous failure of the G3B3 methodology to agree with other 

composite methodologies on the lowest energetic isomer.  G3-RAD and G3(MP2)-RAD 

as proposed by Henry et al.146,147 are similar to G3B3 and G3(MP2)B3, respectively, 

except for three differences: 1) The use of a restricted open-shell wavefunction, 2) 

modified scale factor (0.9806) for ZPEs, and 3) use of CCSD(T) instead of QCISD(T). 
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Table 4.1.  Description of the R/UCCSD(T), CBS-n, Gn, and ccCA calculations presented in this work. 

Method Contribution Description 
R/UCCSD(T) Reference E[R/UCCSD(T)/aug-cc-pV∞Z] 

 ΔE(CV) E[R/UCCSD(T,FC1)/aug-cc-pCVTZ] – E[R/UCCSD(T)/aug-cc-pCVTZ] 
 ΔE(SR) E[R/UCCSD(T,DKH)/aug-cc-pVTZ-dk] – E[R/UCCSD(T)/aug-cc-pVTZ-dk] 

   
CBS-n Reference E[UMP2/6-311+G(3d2f,2df,2p)] 

 ΔE(CBS) Extrapolation of 2nd-order pair corr. Energy 
 ΔE(MP4) E[UMP4(SDQ)/6-31+G(d(f),p)] – E[UMP2/6-31+G(d(f),p)] 
 ΔE(CC) E[UCCSD(T)/6-31+G†] – E[UMP4(SDQ)/6-31+G†] 
 ΔE(Int) Interference correction for near degeneracy 
 ΔE(Emp) Empirical corrections 
   

Gna Reference QCISD(T)/6-31G(d)b 
 ΔE(+) E[MP4/6-31+G(d)] – E[MP4/6-31G(d)] 
 ΔE(2df,p) E[MP4/6-31G(2df,p)] – E[MP4/6-31G(d)] 
 ΔG3Large E[MP2(Full)/GLarge] – E[MP2/6-31+G(d)] – E[MP2/6-31G(2df,p)] + E[MP2/6-31G(d)] 
 ΔHLC Empirical corrections 
   

Gn(MP2) a Reference QCISD(T)/6-31G(d)b 
 ΔG3Large E[MP2/GMP2Large] – E[MP2/6-31G(d)] 
   

ccCAa Reference E[MP2/aug-cc-pV∞Z] 
 ΔE(CC) E[CCSD(T)/cc-pVTZ] – E[MP2/cc-pVTZ] 
 ΔE(CV) E[MP2(FC1)/aug-cc-pCVTZ] – E[MP2/aug-cc-pVTZ] 
 ΔE(SR) E[MP2(DKH)/aug-cc-pVTZ-dk] – E[MP2/aug-cc-pVTZ] 

a) Original formulations of Gn, Gn(MP2), and ccCA utilize an unrestricted wavefunction for all open-shell 
calculations (e.g. UMP2) while the new versions, G3-RAD, G3(MP2)-RAD and RO-ccCA, utilize  a restricted 
open-shell wavefunction (e.g. RMP2). 
b) G3-RAD and G3(MP2)-RAD call for a CCSD(T)/6-31G(d) reference energy. 
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The ROHF-based methodologies will be discussed in greater detail in Chapter 5.  

For sake of completeness, the composite methodologies utilized within this chapter are 

summarized in Table 4.1. All UHF reference wavefunction calculations were carried out 

in the Gaussian ’03 program package,109 and all ROHF reference wavefunction 

calculations were carried out in the MOLPRO 2006.1 program package148 except RMP4 

calculations which were carried out in the ACES II program package.149  

4.3. Results and Discussion 

4.3.1. Geometry 

The optimized geometric parameters for all three isomers are shown in Table 

4.2.  All R/UCCSD(T) bond lengths and angles show smooth monotonic convergence to 

the CBS limit with respect to increasing the quality of the basis set.    It should be noted 

that the structure for SON investigated in this study is not the minimal structure 

reported in the previous CBS-QB3 study, which has a long sulfur-oxygen bond length of 

2.725Å.89 Rather, the system investigated here is similar to the structure reported by 

Sun and coworkers to have a sulfur-oxygen bond length of 1.623 to 1.774 Å depending 

on the density functional and basis set utilized.125  This decision was made because the 

SON structure with the long S-O bond length reported by Gourmi and coworkers 

resembles an adduct system as indicated by their published Ŝ2 value of greater than 1.6, 

and Gourmi and coworkers state that the calculation is “somewhat suspect” because of 

this high level of spin contamination.  For a pure doublet system (the SNO, NSO and SON 

isomers are all doublets), Ŝ 2 should be 0.75 [determined as s(s+1) where s is the spin 
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quantum number].  The value of 1.6 as noted by Gourmi and coworkers suggests strong 

mixing of states other than a doublet which may indicate [S (3P) +NO (2Π)].89  

Both the ccCA and W1 composite approaches use correlation consistent basis 

sets of triple-ζ quality with B3LYP for the geometry and frequency calculation and use 

modified correlation consistent basis sets which include a d-type function for second-

row species. [Note that W1 simply adds an ad hoc d-function taken from the quintuple-ζ 

quality basis set, while ccCA uses the rigorously optimized cc-pV(T+d)Z basis sets.]  As 

shown in Table 4.2, B3LYP optimized geometries obtained utilizing the cc-pV(T+d)Z basis 

sets agree well with the CCSD(T)/CBS limit structures.  The only exception to this good 

agreement of the geometries utilized in ccCA and W1 as compared with CCSD(T) CBS 

limit values was for the SON isomer where both calculations for ccCA and W1 

overestimate the S-O bond length by 0.027 and 0.025 Å, respectively. 

B3LYP geometry optimizations with 6-311G(2d,d,p) as used in CBS-QB3 and 6-

31G(d) as used in G3B3, G3-RAD, G3(MP2)B3, and G3(MP2)-RAD result in poorer 

geometries as compared to B3LYP calculations with correlation consistent basis sets. 

The largest deviations in the structures from those predicted using the CCSD(T)/CBS 

limit are for the B3LYP calculations utilizing the 6-311G(2d,d,p) and 6-31G(d) basis 

sets are  0.093 and 
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Table 4.2.  Equilibrium bond lengths (Å) and angles (°) for the NSO, SNO, and SON isomers. 

  NSO  SNO  SON 

Procedure 
Geometry 
Method/Basis R(N-S) R(S-O) A(N-S-O)  R(N-S) R(N-O) A(S-N-O)  R(S-O) R(N-O) A(S-O-N) 

R-UCCSD(T)             
 aug-cc-pV(D+d)Z 1.548 1.496 122.2  1.615 1.206 138.4  1.744 1.235 127.5 
 aug-cc-pV(T+d)Z 1.522 1.465 124.2  1.593 1.196 139.6  1.700 1.225 130.2 
 aug-cc-pV(Q+d)Z 1.514 1.458 124.6  1.587 1.193 139.7  1.695 1.217 131.0 
 aug-cc-pV(5+d)Z 1.510 1.456 124.9  1.584 1.192 139.8  1.693 1.216 131.1 
 aug-cc-pV∞Z 1.509 1.455 124.9  1.583 1.191 139.8  1.692 1.214 131.3 
             
CBS-Q MP2/6-31G(d)† 1.451 1.457 129.9  1.565 1.161 143.8  1.670 1.312 118.9 
CBS-QB3 B3LYP/6-311G(2d,d,p) 1.512 1.466 124.8  1.593 1.187 139.6  1.785 1.197 131.4 
             
G3 MP2(Full)/6-31G(d) 1.451 1.464 130.0  1.556 1.182 143.4  1.669 1.326 117.6 
G3B3, G3(MP2)B3,  
G3-RAD, and 
G3(MP2)-RAD 

B3LYP/6-31G(d) 1.536 1.487 123.0  1.606 1.194 138.8  1.749 1.222 128.6 

             
ccCA B3LYP/cc-pV(T+d)Z 1.508 1.458 124.8  1.586 1.186 140.3  1.719 1.213 130.2 
W1 B3LYP/cc-pV(T+1)Z 1.508 1.458 124.7  1.587 1.186 140.2  1.717 1.214 130.3 
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0.057 Å, respectively, for the S-O bond length in SON, indicating a possible difficulty of 

these basis sets (when used in combination with B3LYP) in describing the sulfur atom 

since the O-N bond lengths are within 0.020 Å of CCSD(T) CBS limit results.  The largest 

MP2 deviations from the CCSD(T)/CBS limit bond lengths occurs for NSO and are those 

for the N-S bond length where the MP2 geometry optimizations utilized for CBS-Q and 

G3 underestimate the bond length by 0.058 Å, even though both MP2 geometry 

optimizations for CBS-Q and G3 produce results within 0.010 Å of the CCSD(T)/ CBS limit 

S-O bond length. 

Table 4.3.  Reference energy and additive corrections in Eh for ROHF-UCCSD(T) 
calculations for the NSO, SNO, and SON isomers as well as dissociation energy (D0) 
in kcal mol-1 and isomerization enthalpy as compared with NSO in kcal mol-1 

[denoted Δ(ΔfH298)].  See Table 4.1 for a detailed description of methodology.   

Method Contribution  NSO  SNO  SON 
ROHF-UCCSD(T)        
 aug-cc-pV(D+d)Z  -527.287426  -527.296481  -527.214207 
 aug-cc-pV(T+d)Z  -527.450320  -527.449346  -527.364419 
 aug-cc-pV(Q+d)Z  -527.499169  -527.496291  -527.409899 
 aug-cc-pV(5+d)Z  -527.515433  -527.511217  -527.424336 
 aug-cc-pV∞Z  -527.525670  -527.521231  -527.434006 
 ΔE(CV)  -0.408368  -0.408815  -0.408299 
 ΔE(SR)  -1.454281  -1.454831  -1.455152 
 ZPE  0.005778  0.006673  0.004438 
 E(0K)  -529.382542  -529.378203  -529.293019 
 D0  194.2  191.5  138.0 
  Δ(ΔfH298)   0.0  2.6  56.2 
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4.3.2. CCSD(T) Enthalpy of Formation 

The CCSD(T)/CBS enthalpies of formation, as well as the scalar-relativistic and 

core-valence effects are shown in Table 4.3.  As is shown for the CCSD(T)/aug-cc-

pV(D+d)Z geometry, SNO has a lower energy than NSO by 9.1 mEh, but upon increasing 

the basis set quality to triple-ζ quality, there is a reversal in the energetic ordering of the 

isomers.   At the CCSD(T) CBS limit, the NSO isomer is 4.4 mEh lower in energy than the 

SNO isomer.  Unsurprisingly, the SON isomer at all basis set qualities is much higher in 

energy than both SNO and NSO.  The magnitudes of the CV and SR corrections for all 

three isomers are well within a milliHartree of one another (e.g. the CV corrections are -

0.408368, -0.408815, and -0.408299 Eh for NSO, SNO, and SON, respectively).  The 

CCSD(T)/CBS limit atomization energies are 194.2, 191.5, and 138.0 kcal mol-1, 

respectively for NSO, SNO, and SON.   The enthalpies of formation for NSO, SNO, and 

SON are 42.0, 44.6, and 98.2 kcal mol-1, respectively, and are listed in Table 4.4. 

4.3.3. Lowest Isomer Predicted by Gaussian-n Methods 

To gain further insight into why G3B3 fails to qualitatively predict the lowest 

isomer the additive corrections should be examined since the additive corrections are 

based on calculations carried out at the B3LYP/6-31G(d) geometry.  Although G3 

correctly   
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Table 4.4.  The enthalpy of formation at 298.15K in kcal mol-1 for the NSO, SNO, and SON isomers at the RCCSD(T) level of 
theory and the deviations of the composite approaches from the RCCSD(T) reported energies [defined as 
ΔRCCSD(T)=Composite Approach – RCCSD(T)]. 

 RCCSD(T) Difference from RCCSD(T) 
 ΔfH298 CBS-Q CBS-QB3a ccCA RO-ccCA W1 G3 G3B3 G3(MP2)B3 G3(MP2)-RAD G3-RAD 
NSO 42.0 -5.0 -3.7 0.9 0.2 0.2 -2.0 1.7 1.1 0.6 1.4 
SNO 44.6 -4.2 -4.6 -0.6 -0.2 -0.6 0.3 -2.8 -2.7 -0.9 -1.4 
SON 98.2 -3.0 -2.8 -1.3 -0.5 2.2 2.3 1.9 1.9 -2.1 -2.2 
            
MSD  -4.1 -3.7 -0.3 -0.2 0.6 0.2 0.3 0.1 -0.8 -0.7 
MAD  4.1 3.7 0.9 0.3 1.0 1.5 2.1 1.9 1.2 1.7 

 a) NSO and SNO values from reference 89. 
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predicts that NSO is the lowest isomer it overestimates the energy difference as 4.9 kcal 

mol-1 in comparison to 2.6 kcal mol-1 as predicted by CCSD(T).  The additive corrections 

for G3B3 and G3 are different for all three isomers (shown in Table 4.5), but two of the 

additive corrections, ΔE(2df,p) and ΔE(G3Large) differ significantly from the change from 

G3 to G3B3.  The ΔE(2df,p) correction, a correction for higher polarization functions, for 

NSO with G3 is -0.145661 Eh while for SNO it is -0.130946 Eh.  For the B3LYP/6-31G 

geometry, ΔE(2df,p) is -0.137831 Eh for NSO and -0.130587 Eh for SNO, a net change of   

-7.8 mEh for NSO but only -0.3 mEh for SNO.  The ΔE(G3Large) correction, another basis 

set correction, shows similar results.  The much larger magnitude of these corrections 

for NSO as opposed to SNO is the reason for G3’s correct prediction of NSO as the 

lowest isomer as can be seen that at SNO is predicted as the lower isomer at 

QCISD(T)/6-31G(d)  for both G3 and G3B3 geometries. 

In this case, it is spin contamination at the MP2/6-31G(d) geometry that causes a 

failure in the G3 calculation not the G3B3 calculation for the NSO isomer.  Close 

examination of the UHF Ŝ 2 expectation values for the G3 NSO calculations shows values 

ranging from 0.99 to 1.40, while the Ŝ2 expectation values for the G3B3 calculation range 

from 0.77 to 0.87.  The wavefunction suffering from spin contamination is controlled in 

this case by two factors 1) the N-S bond length and 2) the initial wavefunction guess.  

Although the G3B3 geometry predicts a longer N-S bond length and should suffer more 

from spin contamination caused by a quartet state, it is this increased spin
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Table 4.5.  Reference energy and additive corrections in Eh for G3, G3B3, G3(MP2)B3, G3(MP2)-RAD, and G3-RAD for the 
NSO, SNO, and SON isomers as well as dissociation energy (D0) in kcal mol-1 and isomerization enthalpy as compared with 
NSO in kcal mol-1 [denoted Δ(ΔfH298)].  See Table 4.1 for description of additive corrections for individual composite 
approaches. 

Contribution NSO SNO SON  NSO SNO SON 
 G3  G3B3 

QCISD(T)/6-31G(d) -527.178991 -527.200447 -527.120593  -527.187157 -527.205691 -527.119781 
ΔE(+) -0.014441 -0.011275 -0.012092  -0.014136 -0.011984 -0.012223 

ΔE(2df,p) -0.145661 -0.130946 -0.122429  -0.137831 -0.130587 -0.123841 
ΔG3Large -0.480531 -0.470746 -0.468376  -0.475542 -0.470366 -0.468061 

ΔHLC -0.054065 -0.054065 -0.054065  -0.057313 -0.057313 -0.057313 
ZPE 0.004673 0.006373 0.005022  0.005420 0.006548 0.004399 

E(0K) -527.869015 -527.861107 -527.772533  -527.866558 -527.869394 -527.776821 
D0 196.1 191.2 135.6  192.5 194.2 136.1 

Δ(ΔfH298) 0.0 4.9 60.5  0.0 -1.9 56.4 
 G3(MP2)B3  G3(MP2)-RAD 

QCISD(T)/6-31G(d) -527.187157 -527.205691 -527.119785  -527.185308 -527.203828 -527.123592 
ΔG3Large -0.225635 -0.209950 -0.201380  -0.240626 -0.221438 -0.216309 

ΔHLC -0.085323 -0.085323 -0.085323  -0.079273 -0.079273 -0.079273 
ZPE 0.005420 0.006548 0.004399  0.005537 0.006688 0.004494 

E(0K) -527.492694 -527.494416 -527.402088  -527.499669 -527.497852 -527.414679 
D0 193.0 194.1 136.2  194.1 192.9 140.7 

Δ(ΔfH298) 0.0 -1.2 57.0  0.0 1.1 53.5 

(table is continued on next page) 
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Contribution NSO SNO SON  NSO SNO SON 
 G3-RAD     

CCSD(T) -527.185308 -527.203828 -527.123592     
ΔE(+) -0.014665 -0.012228 -0.010900     

ΔE(2df,p) -0.130966 -0.117338 -0.116723     
ΔG3Large -0.519224 -0.518129 -0.514228     

ΔHLC -0.057819 -0.057819 -0.057819     
ZPE 0.005537 0.006688 0.004494     

E(0K) -527.902444 -527.902655 -527.818768     
D0 193.3 193.5 140.8     

Δ(ΔfH298) 0.0 -0.2 52.6     

(Table 4.5 continued) 
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contamination in combination with the UB3LYP initial calculation that causes the UHF 

calculation to eliminate most of this quartet state.  This has been verified within our 

laboratory by carrying out the individual Gn calculations at the B3LYP/6-31G(d) 

geometry with a UHF/6-31G(d) initial guess wavefunction rather than the B3LYP 

wavefunction guess utilized in the G3B3 keyword in G03.   When utilizing the UHF/6-

31G(d) guess wavefunction, the Ŝ 2 expectations at the G3B3 geometry are similar to 

those found for the G3 calculations.  This is not to say they this wavefunction (UHF guess 

wavefunction) is the correct state as all of the correlated methods predict the less spin 

contaminated state to be lower in energy.  Unfortunately, there is no way to eliminate 

the spin contamination in the UMP2 calculations at the G3 geometry even utilizing a 

B3LYP guess wavefunction or any other method which does not suffer from spin 

contamination.  For these reasons, it is believed that the G3 additive corrections 

produce a false positive, i.e. due to the large range in spin contamination in the 

individual calculations the additive corrections are enlarged for NSO but not SNO, as 

noted in the previous section.  Therefore, we predict that if the uncontaminated 

wavefunction could be found that the G3 calculation would most likely incorrectly 

predict that SNO was the lowest isomer.    

To verify this claim, calculations were carried out with G3-RAD and G3(MP2)-RAD 

procedures as described in the methodology section as well as G3(MP2)B3 to compare 

to G3(MP2)-RAD.  As can be seen in Table 4.5, G3(MP2)B3 and G3-RAD both predict that 

SNO is the lowest isomer by 1.2 and 0.2 kcal mol-1, respectively.  This agrees with our 
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claim that the standard G3 methodology is inadequate for the determination of the 

correct lowest isomer.  It must be noted here that the G3(MP2)-RAD procedure 

correctly predicts that NSO is the lowest isomer by 1.1 kcal mol-1, but this is not 

surprising since the G3(MP2)-RAD procedure is far different from G3 procedure and 

uses CCSD(T) instead of QCISD(T) in G3(MP2) as well as does not suffer from spin 

contamination in the ΔE(G3Large) correction.     

4.3.4.  Lowest Isomer Predicted by CBS-n, ccCA, and W1 

As shown in Table 4.6, CBS-Q, CBS-QB3, ccCA-P, RO-ccCA-P, and W1 agree with 

the CCSD(T) prediction that NSO is the lowest energetic isomer of the three isomers and 

are in good agreement with the CCSD(T) prediction of an energy difference of 2.6 kcal 

mol-1. CBS-Q and CBS-QB3 predict that NSO is lower in energy than SNO by 3.4 and 1.7 

kcal mol-1, respectively, while ccCA-P and RO-ccCA-P predict that NSO is the lowest 

isomer by 1.1 and 2.2 kcal mol-1.  The W1 method predicts that NSO is the lowest 

energetic isomer by 1.8 kcal mol-1.  It is interesting to note, though, that only W1 and 

CBS-Q reference energies correctly predict that NSO is lower in energy than SNO.    In all 

other composite methodologies, it is the combination of the reference energy with 

additive corrections and not solely the reference energy which correctly predict NSO as 

the lowest energy isomer. 
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Table 4.6.  Reference energy and additive corrections in Eh for CBS-Q, CBS-QB3, ccCA-P, RO-ccCA-P, and W1 for the NSO, SNO, 
and SON isomers as well as dissociation energy (D0) in kcal mol-1 and isomerization enthalpy as compared with NSO in kcal 
mol-1 [denoted Δ(ΔfH298)].  See Table 4.1 for description of additive corrections for individual composite approaches. 

Contribution NSO SNO SON  NSO SNO SON 

 
CBS-Q  CBS-QB3a 

UMP2/6-311G+G(3d2f,2df,2p) -527.361217 -527.352199 -527.268377  -527.355206 -527.382543 -527.251064 
ΔE(CBS) -0.062997 -0.063330 -0.057961  -0.060600 -0.065649 -0.058320 
ΔE(MP4) -0.022750 -0.022570 -0.033431  -0.026568 -0.008259 -0.034746 
ΔE(CC) -0.033852 -0.037235 -0.022323  -0.034356 -0.024387 -0.036413 
ΔE(Int) 0.019581 0.019171 0.018100  0.018770 0.021213 0.017778 

ΔE(Emp) -0.025075 -0.026412 -0.029937  -0.028480 -0.025046 -0.031741 
ZPE 0.004744 0.006584 0.005162  0.005656 0.006699 0.004294 

E(0K) -527.481567 -527.475973 -527.388766  -527.480784 -527.477973 -527.390211 
D0 199.2 195.6 140.9  197.8 196.1 141.0 

Δ(ΔfH298) 0.0 3.4 58.2  0.0 1.7 57.1 

 
ccCA  RO-ccCA 

MP2/CBS -527.463855 -527.488492 -527.380498  -527.488670 -527.496489 -527.384808 
ΔE(CC) -0.065304 -0.039568 -0.061714  -0.0423975 -0.0312925 -0.0564956 
ΔE(CV) -0.412439 -0.412242 -0.411588  -0.4121625 -0.4123747 -0.4117218 
ΔE(SR) -1.162393 -1.162752 -1.163058  -1.1624937 -1.1627665 -1.1630695 

ZPE 0.005778 0.006673 0.004438  0.005778 0.006673 0.004438 
E(0K) -529.098557 -529.096283 -529.012354  -529.099945 -529.098485 -529.016095 

D0 193.8 192.6 139.9  194.5 192.2 139.1 
Δ(ΔfH298) 0.0 1.1 54.0  0.0 2.2 55.5 

(table is continued on next page) 
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Contribution NSO SNO SON  NSO SNO SON 

 

W1  
   HF/CBS -526.835350 -526.806686 -526.777153  
   ΔE(CC) -0.650553 -0.671812 -0.616772  
   ΔE(Triples) -0.038618 -0.043391 -0.036758  
   ΔE(CV+SR) -1.579053 -1.579607 -1.579058  
   ZPE 0.005771 0.006667 0.004436  
   E(0K) -529.097803 -529.094829 -529.005305  
   D0 193.9 192.0 135.8  
   Δ(ΔfH298) 0.0 1.8 58.2  
   a) SNO and NSO values from reference 89. 

(Table 4.6 continued) 
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4.3.5. Enthalpy of Formation Comparison 

As shown in Table 4.4, all composite methodologies, including G3B3, reproduce 

values within 5.0 kcal mol-1 of CCSD(T)/CBS results for the enthalpy of formation.  Due to 

the difference in energy between NSO and SNO, however, small deviations from 

R/UCCSD(T) on the order of 1.0 kcal mol-1 can be quite substantial and result in incorrect 

predictions as is the case for G3B3.  It must be noted that both CBS-Q and CBS-QB3 have 

the largest absolute deviation from the CCSD(T)/CBS limit value of the enthalpy of 

formation for the separate isomers where CBS-Q performs the worst overall in 

comparison to the CCSD(T)/CBS limit.  The signed deviation of CBS-Q from the 

CCSD(T)/CBS values is -5.0, -4.2, and -3.0 kcal mol-1 for NSO, SNO, and SON, respectively 

and is most likely due to the large deviation in geometry as compared with CCSD(T) 

results.  The G3(MP2)-RAD methodology has a signed deviation of 0.6, -0.9, and -2.1 kcal 

mol-1 for NSO, SNO and SON, respectively.  The two ccCA procedures and W1 have the 

lowest mean absolute deviation and are in good agreement with the CCSD(T)/CBS limit 

results for the NSO and SNO isomers.  This is most likely due to the fact that both W1 

and ccCA geometric parameters are in good agreement with the predicted CCSD(T)/CBS 

limit bond lengths and angle.  The W1 method has signed deviations of 0.2, -0.6, and 2.2 

kcal mol-1 for NSO, SNO, and SON, respectively.  The unrestricted ccCA formalism has 

signed deviations of 0.9, -0.6, and -1.3 kcal mol-1 while the new restricted RO-ccCA 

formalism150 has signed deviations of 0.2, -0.2, and -0.5 kcal mol-1 for NSO, SNO and 

SON, respectively.   
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4.4.  Conclusion 

Utilizing large basis set CCSD(T) calculations in combination with core-valence 

and scalar-relativistic corrections, NSO has been shown to be the lowest energetic 

isomer of SNO, NSO, and SON.  For this set of isomers, the choice in basis set is 

extremely important. To illustrate, the aug-cc-pV(D+d)Z quality basis set incorrectly 

predicts SNO as the lowest energy isomer.  Upon improvement in the quality of the 

basis set, NSO is predicted to be the lowest energy isomer.  CCSD(T)/CBS predicted that 

the enthalpy of formation of NSO is 2.6 kcal mol-1 lower than that of the SNO isomer.  

Additional calculations with composite methods have also been performed to examine 

their accuracy with respect to the CCSD(T) results because recent theoretical predictions 

have disagreed, even for composite methodologies.   

The G3, G3(MP2)-RAD, CBS-Q, CBS-QB3, ccCA-P, RO-ccCA-P, and W1 all correctly 

predict the ordering of the isomers while G3B3, G3-RAD, and G3(MP2)B3 do not. All 

composite methods have deviations from CCSD(T) results of less than or equal to 5.0 

kcal mol-1 for the enthalpy of formation although only two composite methods, ccCA 

and W1, predict the values within 1 kcal mol-1 for the NSO and SNO isomers.  The 

difference between G3 and G3B3, varying only in their geometry optimization, has been 

investigated due to the disagreement in lowest isomer.  On the surface, G3 correctly 

predicts that NSO is the lowest energetic isomer, but upon closer examination it is clear 

that the large spin contamination in the G3 calculation causes spuriously large additive 

corrections, specifically ΔE(2df,p) and ΔE(G3Large) for NSO.  For SNO the G3 corrections 
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are almost identical to G3B3, which does not suffer from significant spin contamination.    

By carrying out G3-RAD calculations which effectively remove spin contamination, it was 

shown that the Gn methods cannot accurately predict the lower isomer of NSO versus 

SNO except G3(MP2)-RAD, which benefits from the CCSD(T) calculations not found in G3 

or G3B3. 
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CHAPTER 5  

PERFORMANCE OF THE CORRELATION CONSISTENT COMPOSITE APPROACH FOR OPEN-

SHELL SYSTEMS* 

5.1. Introduction 

Spin-contamination is a well-known problem for open-shell systems (i.e. systems 

with unpaired electrons) which can drastically reduce the accuracy of ab initio 

computations that are based upon the unrestricted Hartree-Fock (UHF) wavefunction 

formalism.52    An unrestricted wavefunction allows the separate alpha and beta spin 

orbitals to relax such that they are not equal in energy.  This ultimately means that the 

unrestricted determinant is not an eigenfunction of the Ŝ 2 operator, as higher 

multiplicity spin states are allowed to mix in to the wavefunction.  As an example, the 

expectation value will be exactly 0.75 [Ŝ2 = S(S+1)] for a pure doublet state, but with spin 

contamination the expectation value of Ŝ 2 will be greater than or equal to 0.75.  For 

many doublet systems a value of 0.75 - 0.80 is expected, and the small amount of spin 

contamination causes a negligible loss in accuracy for the calculations. However, some 

doublet systems have expectation values well above 0.80.  This significant spin 

contamination may cause a source of error in excess of 1 kcal mol-1 for energetic 

properties.  A well-known example of the poor performance of UHF is the cyano radical 

                                                      
*Reprinted with permission from T. G. Williams, N. J. Deyonker, B. S. Ho, and A. K. Wilson, Chem. Phys. 
Lett. “The correlation consistent composite approach: The spin contamination effect on an MP2-based 
composite methodology” 2011,  doi:10.1016/j.cplett.2011.01.020, with permission of Elsevier. 
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(X 2Σ+ CN),151,152 which has an Ŝ 2 expectation value well over 1.00 with an unrestricted 

Hartree-Fock (UHF) wavefunction and a minimal basis set.  

Previously it has been shown that spin contamination is a basis set dependent 

property and that the amount of spin contamination for UHF decreases as the basis set 

used is changed from STO-3G to 6-31G(d).153   Although the accuracy of the UHF 

wavefunction can be severely diminished by spin contamination, the accuracy of higher-

level correlated methods can vary immensely, e.g. correlation treatments such as 

Møller-Plesset perturbation theory (MPn) are affected significantly while others such 

coupled-cluster theory (CC) are only slightly affected.154  To illustrate the increased care 

needed when making theoretical predictions of properties of open-shell molecules, the 

electron affinity predicted by UMP2/6-311+G(d,p) for the CN radical shows a deviation 

from experiment by ~15.0 kcal mol-1.155  In this work, it is shown that the electron 

affinity of CN determined with an unrestricted wavefunction can be improved.  

The most common treatment for open-shell systems with a large amount of spin 

contamination, i.e. systems with an Ŝ 2 expectation value that deviates from the pure 

state by more than 10%, is the replacement of the unrestricted formalism with a 

restricted open-shell Hartree-Fock  (ROHF) formalism.   The ROHF treatment effectively 

removes any spin contamination in the HF wavefunction by requiring paired alpha and 

beta spin electrons to have equal energy and ultimately reduces the computational cost 

(i.e. disk space, CPU time, and memory requirements) as compared to an UHF 

treatment. 
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For the treatment of open-shell systems with second-order perturbation theory 

(PT), there have been many different solutions, e.g. OPT1/OPT2,156 RMP2,157,158 

ROMP2,159 and Z-averaged perturbation theory (ZAPT2).160 It must also be noted that an 

alternative to using a restricted open-shell wavefunction is the practice of projecting out 

the higher multiplicity spin states by an ad hoc treatment, often denoted with a prefix P 

(PMP2), but this treatment will not be examined within this work as it offers no 

reduction in computational cost and has not been shown to provide higher accuracy 

than the RO treatment.161  

Open-shell treatments have also been implemented within a number of 

composite approaches. In general, composite methods provide a powerful approach to 

achieve substantial computational cost savings in terms of computer time, memory, and 

disk space. Despite the success of composite methodologies to predict energetic 

properties of many open-shell systems within “chemical accuracy” (< 1 kcal mol-1 

deviation from well-established experiment), spin contamination must be addressed.  

Therefore, while the original development of the composite methods (such as Gn and 

CBSn) utilized a UHF reference wavefunction, Radom and coworkers modified a number 

of composite approaches to address spin contamination.146,147,162,163  For example, the 

G3, G3X, G3(MP2) and G3X(MP2) analogs of the Gn methods were modified to utilize a 

ROHF wavefunction instead of a UHF wavefunction. Then all correlated methods were 

replaced with their respective restricted open-shell counterparts, e.g. ROMP4 was 

utilized instead of UMP4, except for CCSD(T) which remained as UCCSD(T) but utilized 



 

72 

the ROHF wavefunction.147  It should be noted that the Wn methods, a CC-based 

methodology, were originally implemented utilizing an ROHF wavefunction, but are 

often utilized interchangeably with a UHF wavefunction for reasons noted above.12-15  

Overall, the limitation for some composite approaches to utilize either a 

restricted or unrestricted protocol is simply a result of the available methodologies 

implemented within a selected ab initio software package. Occasionally, if a purely 

restricted open shell protocol is necessary, multiple software packages must be 

employed, which can increase the complexity of a composite approach. Other variants 

of open-shell model chemistries may use a combination of unrestricted and restricted 

open-shell approaches.  For example, in a study by Wood et al.163 which introduced a 

restricted open shell version of the CBS-QB3 approach, two ab initio software packages 

were utilized and then the final energies were corrected because of a difference in the 

treatment of basis set functions (i.e. the number of d functions in spherical versus 

Cartesian coordinates)  between the two packages.   

For the correlation consistent composite approach (ccCA), there has only been 

an unrestricted wavefunction-based formulism to date.  However, it is desirable to also 

have a restricted open-shell wavefunction based approach to improve performance for 

open-shell species with large amounts of spin contamination. To illustrate the success of 

ccCA,  for large main group28,29,34,36 and s-block test sets30,31 ccCA has been shown to 

provide agreement (as gauged by the mean absolute deviation) to within 1.0 kcal mol-1 

of reliable experimental values for ionization potentials, electron affinities, enthalpies of 
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formation, and proton affinities.  Despite the successes of ccCA, results in Chapter 3 

have indicated that ccCA energies determined with a UHF reference can result in 

substantial errors for species with large amount of spin contamination, such as for the 

molecule PS (See Section 3.3.1.).   As ccCA is an MP2-based composite approach, and 

MP2 can be substantially impacted by spin contamination, it is important to consider an 

ROHF-based reference.35  

In this study, ccCA has been formulated for open-shell systems requiring only 

one computational code and solving the spin contamination problem inherent in an 

MP2 based methodology.  The restricted open-shell (RO)-based ccCA has been applied 

to the G3/99 test set110 of main group molecules to gauge the accuracy of this approach.   

The G3/99 test set is a commonly used test set because it includes a diverse set of 

molecular enthalpies of formation, ionization potentials (IPs), electron affinities (EAs), 

and proton affinities (PAs) with reliable experimental values, with uncertainties of less 

than 1.0 kcal mol-1.  Additionally in this work, a subset of homolytic bond dissociation 

energies (BDEs) with experimental uncertainties of less than 3 kcal mol-1 was utilized 

from the BDE test set of Izgorodina et al. 164,165  

5.2. Computational Methodology 

In this study, the calculations within the original formulation of ccCA, which were 

all based upon a UHF reference wavefunction, have been replaced with ROHF reference 

wavefunction-based steps for open-shell calculations.  Calculations using this ROHF-

based ccCA (RO-ccCA) were performed on the open-shell systems in the G3/99 test set 
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using the MOLPRO 2006.1 software package.148  Reported energies for the closed-shell 

systems were obtained from our previous UHF-based ccCA study of main group 

species,36 which utilized  the Gaussian03 software package.109    

For completeness, the ROHF-based ccCA methodology is as follows: 

1.  In this work, we utilized previous B3LYP/cc-pVTZ geometry optimizations and 

frequency analysis (utilizing an unrestricted wavefunction) performed in the original 

study of the G3/99 test set.36  Each optimized structure was verified as the lowest 

energetic structure by vibrational frequency analysis, and the zero-point energy (ZPE) 

was determined at this geometry.  The ZPE is scaled by 0.9890 to estimate the 

anharmonic ZPE,36  For all calculations involving molecules containing elements Na 

through Ar (in this step and in all subsequent steps), “tight-d” versions of the correlation 

consistent basis set were used.70  As noted in the previous chapters, it has been shown 

by Wilson and coworkers that these basis sets are necessary for appropriate 

convergence behavior of the sets with respect to increasing basis set level, as well as for 

improved description of molecular properties as compared with the original correlation 

consistent basis sets.70,101,166   

2.  A series of MP2 single point calculations using the aug-cc-pVDZ, aug-cc-pVTZ, 

and aug-cc-pVQZ basis sets were carried out at the B3LYP/cc-pVTZ geometry.  All MP2 

calculations utilized the restricted open-shell formalism, specifically the RMP2159 

implementation available in MOLPRO 2006.1.148  Separate extrapolation of the HF and 

correlation energy to the complete basis set (CBS) limit was done,  because, as shown in 
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prior work, the HF energy converges more rapidly to the CBS limit than the correlation 

energy.68,74,167-170  Though ccCA utilized extrapolation of total energies, we have recently 

shown that recognizing this distinction in convergence behavior of the HF and 

correlation energy can improve the accuracy,32 and/or robustness of the ccCA 

methodology.36 As was done in previous ccCA studies, the MP2 energies were 

extrapolated utilizing the mixed Gaussian/exponential scheme developed by 

Peterson:104 

𝐸(𝑛) = 𝐸(∞) + 𝐵𝑒−(𝑛−1) + 𝐶𝑒−(𝑛−1)2      5.1 

where n is the cardinal number of the basis set (e.g. n=2 for aug-cc-pVDZ), E(n) is the 

MP2 energy with aug-cc-pVnZ basis sets, and E(∞) is the energy at the CBS limit.  In 

addition to the Peterson scheme, the two inverse polynomial schemes developed by 

Schwartz78,79 Kutzelnigg,171 and Klopper, Wilson and coworkers74  are used:  

𝐸(𝑛) = 𝐸(∞) + 𝐵
(𝑙max+1

2)4,       5.2 

 𝐸(𝑛) = 𝐸(∞) + 𝐵
(𝑙max)3,       5.3 

where 𝑙max is the highest angular momentum function in the basis set of cardinal 

number n (n = 2 for DZ basis sets, 3 for TZ, etc.) Previous work with the ccCA 

methodology has indicated that the extrapolation procedure which results in the best 

agreement between computed energetic properties and experimental values is the 

average of the Eqs. 5.1 and 5.3. This is because Eq. 5.3 converges more slowly and often 

overestimates the CBS limit while Eq. 5.1 converges more rapidly and underestimates 
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the CBS limit.36,71,172  The variations of ccCA in this paper are denoted ccCA-P, ccCA-S4, 

and ccCA-PS3 when using Eq. 5.1, 5.2, and the average of Eqs. 5.1 and 5.3, respectively 

for MP2 CBS extrapolations.  The ccCA-S3 variation (using solely Eq. 5.3 for CBS fits) has 

been shown to produce markedly poorer results than the aforementioned CBS 

extrapolations, so its performance will not be examined.36 To extrapolate the HF energy 

separately from the MP2 correlation energy, the exponential-type extrapolation scheme 

introduced by Feller was utilized:173,174  

𝐸HF(𝑛) = 𝐸HF(∞) + 𝐵𝑒−𝐶𝑛       5.4 

where C=1.63 was shown to provide HF CBS limits which resulted in good agreement, 

i.e. microHartree accuracy, with basis set-free numerical HF energies.75   For the 

extrapolation schemes, energies obtained from MP2 calculations using double-zeta, 

triple-zeta, and quadruple-zeta basis sets were utilized for Eq. 5.1.   For the 

extrapolations shown in Eqs. 5.2, 5.3, and 5.4 energies obtained from MP2 calculations 

using triple-zeta and quadruple-zeta level basis sets were used.  

3.  A series of additive corrections were then computed and applied to the 

reference energy calculated in step 2. The ccCA total energy is defined as: 

𝐸0(ccCA) = 𝐸(MP2/CBS) + ∆𝐸(CC) + ∆𝐸(CV) + ∆𝐸(SR) + ∆𝐸(ZPE) 

+∆𝐸(SO),          5.5 

where ΔE(CC) approximates correlation effects beyond second-order perturbation 

theory and is determined as: 

∆𝐸(CC) = 𝐸[CCSD(T)/cc-pVTZ] - E [MP2/cc-pVTZ].    5.6 



 

77 

All CCSD(T) calculations utilized a ROHF reference wavefunction; however,  the 

coupled cluster additive correction was carried out utilizing both the unrestricted and 

restricted open-shell protocol to determine its effect. We denote these approaches 

R/UCCSD(T) and R/RCCSD(T), respectively.175  These two CCSD(T) procedures have been 

shown to result in similar accuracy,175 although R/UCCSD(T) is found more commonly in 

the literature, (e.g. see recent review by Feller, Peterson, and Dixon).176  ΔE(CV) is a 

correction which helps to account for the core-valence and core-core correlation, which 

is not described by standard valence-only calculations and is defined as: 

∆𝐸(CV) = 𝐸[MP2(FC1)/aug-cc-pCVTZ] - E [MP2/aug-cc-pVTZ]   5.7 

where MP2(FC1) indicates that all electrons are correlated for first-row species and all 

electrons except the 1s molecular orbitals are correlated for second-row species.  ΔE(SR) 

is a correction for scalar-relativistic effects and is determined as: 

∆𝐸(SR) = 𝐸[MP2(DKH)/cc-pVTZ-dk] - E [MP2/cc-pVTZ],   5.8 

where MP2(DKH) signifies utilizing the spin-free, one-electron Douglas-Kroll-Hess 

Hamiltonian.80-82  Lastly, ΔE(ZPE) is the scaled harmonic ZPE and ΔE(SO) is the 

experimental spin-orbit coupling energy correction for atoms.110,177  In a recent study, 

new ΔHf  atomic values for boron, carbon, aluminum and silicon (135.1, 170.11, 80.2, 

and 107.15 kcal mol-1, respectively)16,119 were adopted into the ccCA methodology and 

these values will be utilized herein (See reference 36 for the choice in atomic ΔHf).   

Izgorodina’s set was originally designed to gauge the overall accuracy of various 

density functionals with respect to G3(MP2)-RAD.   The subset of BDE’s utilized in the 
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present work is comprised of the molecules within their test set which have published 

experimental energies with uncertainties of less than 3 kcal mol-1. We have compared 

our results with the experimental values corrected to 0 K, which were compiled in 

Izgorodina’s work.164,165 

5.3. Results and Discussion 

5.3.1. The Effect of ROHF-ccCA on Atomic Energies 

Table 5.1 shows the individual calculations necessary for the determination of 

the ccCA energy for the carbon and oxygen atoms as an example of the change 

expected for atoms.  The UHF calculations are lower in energy than their ROHF 

counterparts but the majority if not all of that electronic energy is recovered within the 

MP2 calculation as can be expected.  For example, the UHF/CBS limit energy is 5.0 mEh 

lower in energy than the ROHF/CBS limit energy for the carbon atom but the 

ROMP2/CBS limit energy is 5.1 mEh lower than the UMP2/CBS limit value.  Although the 

deviation between ROHF and UHF calculation is relatively constant, e.g. 5.0 mEh at each 

basis set level, the deviation between RMP2 and UMP2 increases as the quality of the 

basis set increases, e.g. MP2/aug-cc-pVDZ shows a deviation of 4.1 mEh while MP2/aug-

cc-pVQZ shows a deviation of 5.0 mEh. The individual additive corrections, ΔE(CC) and 

ΔE(CV), on the other hand show very small deviations, 0.1-0.3 mEh, which will ultimately 

lead to a difference in energy seen between ROHF-based ccCA and UHF-based ccCA.   

The scalar-relativistic correction, ΔE(SR), for these atoms shows almost no change in 

energy with deviations only occurring in the microHartree regime.  Although 0.3 mEh or 
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~0.19 kcal mol-1 is a relatively small difference in energy between UHF-based ccCA and 

ROHF-based ccCA for the carbon atom, for molecular enthalpies of formation which 

utilize the atomization approach this small change will also affect all closed shell 

atomization energies, i.e. naphthalene (C10H8) would differ by almost 2 kcal mol-1. 
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Table 5.1.  Analysis of the individual energies in Eh within the total ccCA-PS3 energy for the 
carbon and oxygen atoms and the deviation (Δ) in mEh of the ROHF-based calculations from 
the UHF-based calculations.  

 

a) R/UCCSD(T) values reported here for ROHF-based ccCA here. 

  Carbon   Oxygen  
  UHF-based ROHF-based Δ  UHF-based ROHF-based Δ 

HF/aug-cc-pVTZ  -37.691811 -37.686837 5.0  -74.812982 -74.806508 6.5 
HF/aug-cc-pVQZ  -37.693352 -37.688323 5.0  -74.817625 -74.811064 6.6 

MP2/aug-cc-pVDZ  -0.053701 -0.057805 -4.1  -0.110366 -0.115746 -5.4 
MP2/aug-cc-pVTZ  -0.067749 -0.072548 -4.8  -0.146312 -0.152835 -6.5 
MP2/aug-cc-pVQZ  -0.072521 -0.077514 -5.0  -0.159084 -0.165859 -6.8 
CCSD(T)/cc-pVTZa  -37.780762 -37.780665 0.1  -74.973962 -74.973829 0.1 

MP2/cc-pVTZ  -37.758488 -37.758331 0.2  -74.954902 -74.955070 -0.2 
MP2(FC1)/aug-cc-pCVTZ  -37.807033 -37.807063 0.0  -75.014824 -75.015118 -0.3 
MP2(DKH)/cc-pVTZ-dk  -37.773458 -37.773301 0.2  -75.007156 -75.007322 -0.2 

         
HF/CBS Limit  -37.693727 -37.688685 5.0  -74.818756 -74.812174 6.6 

MP2/CBS Limit  -0.075631 -0.080750 -5.1  -0.167439 -0.174371 -6.9 
ΔE(CC)  -0.022275 -0.022334 -0.1  -0.019059 -0.018760 0.3 
ΔE(CV)  -0.047472 -0.047678 -0.2  -0.055530 -0.055774 -0.2 
ΔE(DK)  -0.014971 -0.014970 0.0  -0.052253 -0.052252 0.0 

Etot  -37.854075 -37.854416 -0.3  -75.113038 -75.113331 -0.3 
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5.3.2. The Effect of ROHF-ccCA on Open-shell Molecules 

There are four doublet radicals (CN, CCH, C2H3, and C6H5) in the G3/99 enthalpy 

of formation test set which have expectation values for S2 greater than 0.85. Their S2
 

expectation values are 1.12, 1.10, 0.93, and 1.33, respectively.  In Table 5.2 the 

electronic energies for the CN and C6H5 radicals are listed for comparison between ROHF 

and UHF-based ccCA. Remarkably, the difference between the UHF/CBS limit plus the 

UMP2/CBS limit shows very large deviations from the ROHF/CBS limit plus the 

ROMP2/CBS limit.  In fact, for C6H5 the ROHF/CBS limit plus the RMP2/CBS limit is 38.4 

mEh lower than the UHF-based results.  As can be seen, without the ΔE(CC) correction, 

the UHF-based ccCA methodology would be extremely inferior for spin contaminated 

molecules as compared with molecules without spin contamination issues (up to 24 kcal 

mol-1 for the phenyl radical!).   

As was discussed earlier, CCSD(T) energies are only slightly affected by spin 

contamination so both U/UCCSD(T) and R/UCCSD(T) give relatively the same energy, e.g. 

for these four molecules the average difference is 0.5 mEh.  Since ΔE(CC) is the 

difference between a CCSD(T) calculation which is relatively unaffected by spin 

contamination and an MP2 calculation which can be affected greatly, ΔE(CC) effectively 

counters the majority of the loss in energy and allows the UHF-based ccCA methodology 

to still produce results within a few kcal mol-1 of experiment for systems with large spin 

contamination such as the cyano radical. 
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Table 5.2. Analysis of the individual energies in Eh required to calculate the total ccCA-PS3 energy for 
the CN and phenyl radicals and the deviation (Δ) in mEh of the ROHF-based calculations from the UHF-
based calculations.  

 CN  C6H5  
 UHF-based ROHF-based Δ UHF-based ROHF-based Δ 

HF/aug-cc-pVTZ -92.236176 -92.220041 16.1 -230.139512 -230.127057 12.5 
HF/aug-cc-pVQZ -92.241811 -92.225572 16.2 -230.152530 -230.139989 12.5 

MP2/aug-cc-pVDZ -0.232637 -0.275404 -42.8 -0.731630 -0.779004 -47.4 
MP2/aug-cc-pVTZ -0.280635 -0.326012 -45.4 -0.878696 -0.928268 -49.6 
MP2/aug-cc-pVQZ -0.297728 -0.344159 -46.4 -0.928658 -0.979117 -50.5 
CCSD(T)/cc-pVTZa -92.565444 -92.567077 -1.6 -231.114102 -231.117275 -3.2 

MP2/cc-pVTZ -92.511549 -92.540572 -29.0 -231.003214 -231.040385 -37.2 
MP2(FC1)/aug-cc-pCVTZ -92.617275 -92.646527 -29.3 -231.310940 -231.347951 -37.0 
MP2(DKH)/cc-pVTZ-dk -92.555513 -92.584596 -29.1 -231.091428 -231.128640 -37.2 

       
HF/CBS Limit -92.243184 -92.226919 16.3 -230.155703 -230.143141 12.6 

MP2/CBS Limit -0.308912 -0.356038 -47.1 -0.961229 -1.012274 -51.0 
E(CC) -0.053895 -0.026505 27.4 -0.110887 -0.076889 34.0 
E(CV) -0.100464 -0.100475 0.0 -0.292732 -0.292626 0.1 
E(DK) -0.043964 -0.044025 -0.1 -0.088214 -0.088255 0.0 
Etot -92.750419 -92.753962 -3.5 -231.608765 -231.613184 -4.4 

a) R/UCCSD(T) values reported here for ROHF-based ccCA here. 
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Without the ΔE(CC) additive correction the UHF-based ccCA methodology would 

predict an enthalpy of formation that underestimates experiment by ~15 kcal mol-1 for 

the cyano radical since the enlarged ΔE(CC) corrects the ccCA energy by an additional 

27.4 mEh (17.2 kcal mol-1) as compared with ROHF-based ΔE(CC).  The only leftover error 

from UHF versus ROHF is the energy which the CCSD(T) calculation does not recover, i.e. 

indicating the effect of spin contamination on a CCSD(T) calculation.  In the case of these 

four radicals, both ΔE(SR) and ΔE(CV) are essentially identical for the ROHF-based and 

UHF-based ccCA methodologies, as might be expected since they are both based off of 

the differences between MP2 calculations with similar basis set qualities. 

5.3.3. Total G3/99 Test Set 

As shown in Table 5.3, the new ROHF-based ccCA methodology has been applied 

to the entire G3/99 test set and compared with the most current version of UHF-based 

ccCA methodology as described in reference 34.  As noted previously, ccCA-PS3 is 

generally superior to the other extrapolation schemes for the total test set and this hold 

true for ROHF-based ccCA as well. Therefore, all results will be examined with ccCA-PS3, 

although the other extrapolation procedures show similar results.  Although ROHF-

based ccCA-PS3 utilizing R/UCCSD(T) shows improved results for the radical systems 

over the UHF-based version, e.g. a mean absolute deviation (MAD) of 0.67 kcal mol-1 

versus 0.76 kcal mol-1, respectively, for closed shell systems the use of ROHF-based 

atomic values provides inferior results in many cases. 
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Table 5.3. Statistical analysis of the ccCA methodology as applied to the entire G3/99 test set of molecules. 

 UHF-based  ROHF-based with R/UCCSD(T)  ROHF-base with R/RCCSD(T) 
 ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3 
Mean signed deviations(MSD)            
Enthalpies of Formation (222) -0.71 -0.69 -0.03  -1.44 -1.44 -0.80  -1.12 -1.12 -0.48 
    Nonhydrogens (47) -0.40 -0.54 0.00  -1.21 -1.40 -0.88  -0.87 -1.05 -0.53 
    Hydrocarbons (38) -1.50 -1.36 -0.49  -2.45 -2.32 -1.49  -2.11 -1.98 -1.15 
   Substituted hydrocarbons (91) -0.75 -0.70 0.14  -1.69 -1.66 -0.85  -1.31 -1.28 -0.47 
    Inorganic Hydrides (15) 0.76 0.76 0.99  0.51 0.50 0.73  0.65 0.64 0.86 
    Radicals (31) -0.75 -0.75 -0.45  -0.73 -0.74 -0.43  -0.54 -0.55 -0.25 
Ionization Energies (88) -0.63 -0.62 -0.73  -0.33 -0.32 -0.42  -0.48 -0.48 -0.57 
Electron Affinities (58) -0.33 -0.32 -0.41  -0.25 -0.25 -0.33  -0.31 -0.30 -0.38 
Proton Affinities (8) 0.98 0.97 0.99  0.98 0.97 0.99  0.98 0.97 0.99 
All Properties (376) -0.59 -0.58 -0.23  -0.94 -0.95 -0.60  -0.80 -0.80 -0.46 
Standard Deviation 1.41 1.41 1.35  1.58 1.58 1.35  1.48 1.48 1.31 
            Mean absolute deviations(MAD)            
Enthalpies of Formation (222) 1.10 1.09 0.92  1.62 1.62 1.13  1.37 1.37 0.96 
    Nonhydrogens (47) 1.05 1.12 0.95  1.49 1.65 1.24  1.23 1.37 1.02 
    Hydrocarbons (38) 1.53 1.42 0.98  2.45 2.32 1.54  2.11 1.98 1.26 
    Substituted hydrocarbons (91) 1.06 1.04 0.92  1.77 1.75 1.11  1.45 1.43 0.93 
    Inorganic Hydrides (15) 0.80 0.80 0.99  0.56 0.55 0.74  0.66 0.65 0.86 
    Radicals (31) 0.90 0.90 0.76  0.86 0.87 0.67  0.75 0.76 0.59 
Ionization Energies (88) 1.14 1.13 1.20  0.90 0.89 0.93  1.04 1.03 1.08 
Electron Affinities (58) 1.07 1.08 1.10  0.84 0.84 0.85  0.94 0.94 0.96 
Proton Affinities (8) 1.13 1.12 1.14  1.13 1.12 1.14  1.13 1.12 1.14 
All Properties (376) 1.11 1.10 1.02  1.35 1.35 1.05  1.24 1.24 0.99 
Standard Deviation 1.06 1.06 0.92  1.31 1.32 1.07  1.18 1.18 0.99 
Root Mean Square 1.53 1.53 1.37  1.84 1.84 1.48  1.68 1.68 1.37 
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Specifically as illustrated in Figure 5.1, the enthalpies of formation of the non-

hydrogens, hydrocarbons, and substituted hydrocarbons, the use of ROHF-based atomic 

values results in MADs of 1.24, 1.54 and 1.11 kcal mol-1,  respectively, versus UHF-based 

MADs of 0.95, 0.98, and 0.92 kcal mol-1.  The inorganic hydrides are the only subset of 

enthalpies of formation which includes only closed-shell systems where ROHF-based 

ccCA shows improvement over UHF-based ccCA.  For the properties which include open-

shell molecules, i.e. the enthalpy of formation for radicals, IPs, and EAs, ROHF-based 

ccCA gives improvement as intended.  Therefore, for any calculation involving open-

shell molecular systems we suggest the use of the ROHF-based ccCA methodology.  

Overall, for the G3/99 test set the MAD of ROHF-based ccCA with R/UCCSD(T) is slightly 

higher as compared with UHF-based ccCA, e.g. ROHF-based ccCA-PS3 has an overall 

MAD of 1.05 kcal mol-1 and a root mean square deviation (RMSD) of 1.48 kcal mol-1 

versus UHF-based with an MAD of 1.02 kcal mol-1 and a RMSD of 1.37 kcal mol-1.   On the 

other hand ROHF-based ccCA with R/RCCSD(T) is equivalent statistically to UHF-based 

ccCA, e.g. an MAD of 0.99 kcal mol-1 and a RMSD of 1.37 kcal mol-1. This outcome of 

roughly similar results for the G3/99 test set makes sense because roughly half of the 

molecules in the test set are open-shell systems and half are closed-shell systems. The 

increase in accuracy for open-shell systems is countered by the decrease in accuracy for 

using ROHF-based atomic values. 
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Fig. 5.1.  Mean absolute deviation from experiment in kcal mol-1 for the different 
ccCA-PS3 variations for the subcategories of the enthalpies of formation in the 
G3/99 test set. 
 

5.3.4. Open-shell Molecules with Significant Spin Contamination 

Although looking at the overall test set is valuable to gauge the accuracy of 

ROHF-based ccCA, additional insight is gained by looking at the open-shell molecules in 

the enthalpy of formation test set as well as the molecules which suffer from large spin 

contamination.  As shown in Table 5.4, both of the ROHF-based methodologies [the 

approach using R/UCCSD(T) and the approach using R/RCCSD(T)] result in a smaller MAD 

from experimental enthalpies of formation as compared with the UHF-based 

methodology for the 32 radical systems in the G3/99 test set. 
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The MAD of UHF-based ccCA-PS3 is 0.77 kcal mol-1 whereas the MAD of ROHF-

based ccCA-PS3 utilizing R/UCCSD(T) is 0.65 kcal mol-1.  We have also considered 

systems with little spin contamination, and find that the MADs for both UHF-based and 

ROHF-based ccCA are similar.  To illustrate, the enthalpy of formation for the BeH 

radical (which has an S2 expectation value of 0.7520 at the MP2/aug-cc-pVQZ level) has 

a deviation of less than +0.05 kcal mol-1 with the unrestricted ccCA procedure, while the 

deviation for both of the R/UCCSD(T) and R/RCCSD(T) ROHF-based procedures is +0.10 

kcal mol-1 from experiment.  As shown in Figure 2, ROHF-based ccCA-PS3 shows 

significantly improved results over UHF-based ccCA-PS3 for highly spin contaminated 

species, e.g. for the cyano radical, the deviation from experiment is +3.4 kcal mol-1 for 

UHF-based ccCA-PS3 and is +1.5 kcal mol-1 for ROHF-based ccCA-PS3 utilizing 

R/UCCSD(T). 

All of the molecules which were considered severely spin contaminated, i.e. 

those which have expectation values of S2 that deviate from the pure spin state by 

greater than 0.15, are tabulated in Table 5.5.  In all cases except two, the ionization 

potential of CN and the electron affinity of H2C=C=C, the performance of the ccCA 

methodology is improved by utilizing the ROHF-based methodology.  Although the 

difference in the electron affinity of H2C=C=C predicted by UHF-based ccCA versus 

ROHF-based ccCA is relatively small (less than 0.9 kcal mol-1), the change is larger for the 

ionization potential of CN, i.e. greater than 2.0 kcal mol-1.  For CN, however, as discussed 

thoroughly in work 
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Table 5.4.  Enthalpy of formation at 298.15K for the 32 open-shell molecules in the G3/99 test set. 

     ROHF-based  ROHF-based  
   UHF-based  with R/UCCSD(T)  with R/RCCSD(T)  

 S2 a  ccCA-P ccCA-S4 
ccCA-
PS3  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3 Expt. 

BeH 0.7520  81.8 81.7 81.7  81.8 81.8 81.8  81.8 81.8 81.8 81.7 
CH 0.7598  142.5 142.4 142.4  142.5 142.5 142.4  142.4 142.4 142.3 142.4 
CH2(3B1) 2.0168  94.2 94.2 94.1  94.2 94.2 94.1  94.2 94.1 94.0 93.5 
CH3 0.7618  35.1 35.1 34.9  35.1 35.1 34.9  35.1 35.0 34.8 35.1 
NH 2.0168  85.9 85.9 85.8  85.7 85.7 85.6  85.6 85.6 85.5 85.2 
NH2 0.7598  44.2 44.2 44.0  44.1 44.1 43.9  44.0 44.0 43.8 44.5 
OH 0.7572  8.7 8.7 8.6  8.7 8.7 8.6  8.6 8.6 8.5 8.9 
SiH2(3B1) 2.0067  86.8 86.8 86.8  87.1 87.1 87.0  86.9 86.9 86.9 86.2 
SiH3 0.7552  47.6 47.6 47.4  47.9 47.9 47.7  47.8 47.7 47.6 47.9 
PH2 0.7707  32.4 32.4 32.2  32.0 32.0 31.8  31.7 31.7 31.5 33.1 
CN 1.1243  108.5 108.6 108.3  106.6 106.7 106.4  106.5 106.6 106.2 104.9 
HCO 0.7659  10.3 10.4 10.1  10.5 10.6 10.3  10.4 10.5 10.1 10 
NO 0.7879  22.5 22.6 22.2  22.3 22.3 22.0  22.1 22.2 21.8 21.6 
O2 2.0487  1.2 1.3 1.0  0.6 0.6 0.4  0.4 0.4 0.2 0 
Si2 2.0191  141.3 141.3 141.1  141.6 141.6 141.5  141.3 141.4 141.2 139.9 
S2 2.0619  31.0 31.1 30.8  30.8 30.9 30.6  30.5 30.6 30.3 30.7 
SO 2.0596  2.1 2.2 1.9  2.0 2.1 1.8  1.7 1.8 1.6 1.2 
ClO 0.7702  25.7 25.7 25.5  26.2 26.3 26.1  26.0 26.1 25.9 24.2 
SH 0.7648  34.1 34.1 34.0  34.1 34.1 34.0  34.0 34.0 33.9 34.2 
CCH 1.1045  138.4 138.4 138.2  137.3 137.3 137.0  137.1 137.2 136.9 135.1 
C2H3 0.9318  72.4 72.4 72.1  72.2 72.1 71.8  72.0 72.0 71.7 71.6 
CH3CO 0.7636  -1.8 -1.8 -2.3  -1.4 -1.3 -1.8  -1.6 -1.6 -2.1 -2.5 
H2COH 0.7623  -4.2 -4.2 -4.6  -4.0 -4.0 -4.4  -4.2 -4.2 -4.5 -4.1 

(table is continued on next page) 
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     ROHF-based  ROHF-based  
   UHF-based  with R/UCCSD(T)  with R/RCCSD(T)  

 S2 a  ccCA-P ccCA-S4 
ccCA-
PS3  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3 Expt. 

CH3O CS 0.7605  5.1 5.0 4.7  5.3 5.2 4.9  5.1 5.1 4.8 5 
CH3CH2O 0.7606  -2.7 -2.8 -3.3  -2.3 -2.4 -2.9  -2.5 -2.6 -3.1 -3.3 
CH3S (2A') 0.7656  29.3 29.2 28.9  29.5 29.5 29.2  29.3 29.2 28.9 29.8 
CH2CH3 0.7635  29.4 29.3 28.9  29.6 29.5 29.1  29.4 29.3 29.0 28.9 
(CH3)2CH 0.7645  22.0 21.9 21.3  22.4 22.3 21.7  22.2 22.1 21.5 21.5 
(CH3)3C 0.7649  13.7 13.5 12.7  14.3 14.1 13.4  14.0 13.8 13.1 12.3 
ONO 0.7709  9.3 9.4 8.9  9.4 9.5 9.0  9.1 9.2 8.7 7.9 
CF3 0.7543  -111.4 -111.3 -111.7  -110.8 -110.7 -111.1  -111.0 -110.9 -111.3 -111.3 
C6H5  1.3322  86.8 86.7 85.7  84.6 84.6 83.6  84.2 84.2 83.2 81.2 
MSD   -0.78 -0.77 -0.47  -0.71 -0.71 -0.41  -0.53 -0.53 -0.23  
MAD   0.92 0.92 0.77  0.84 0.84 0.65  0.73 0.75 0.58  
RMSD   1.49 1.49 1.27  1.14 1.14 0.90  1.00 1.02 0.81  

a) Expectation value of the S2 at the UHF/aug-cc-pVQZ level. 

(Table 5.4 continued) 
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Fig. 5.2. Unsigned deviations from experiment in kcal mol-1 for the UHF-based 
ccCA-PS3 and ROHF-based ccCA-PS3 with the R/UCCSD(T) choice in ΔE(CC) 
for the CN, CCH, C2H3, and C6H5 radicals. 

  

by Parthiban and Martin,13 the experimental ionization potential of CN utilized in the 

G3/99 test set has not been validated, and, therefore, has not been considered by some 

groups as part of their test sets. As an alternative, Parthiban and Martin suggested using 

the ionization potential of CN to an excited state, specifically, to a 3Π CN+ as this 

provided improved agreement between experiment and theory.  In this study, we utilize 

the traditional value for the sake of comparison to earlier studies that utilized the CN+ 
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ground state.4,178,6  Regarding the electron affinity of H2C=C=C, interestingly, the UHF-

based ccCA already was in agreement with the experimental value of 41.4 kcal mol-1.   

The MAD and RMSD are significantly improved for the spin contaminated 

molecules in the G3/99 test when utilizing the ROHF-based ccCA as compared with the 

UHF-based ccCA. The MAD and RMSD for the UHF-based ccCA-PS3 are 2.17 kcal mol-1 

and 5.49 kcal mol-1, respectively, while the ROHF-based ccCA-PS3 utilizing R/UCCSD(T) 

results in 1.20 and 2.27 kcal mol-1, respectively. A comparison of using a R/UCCSD(T) or a 

R/RCCSD(T) calculation in the ΔE(CC) step is shown in Table 5.5.  For molecules with 

large spin contamination, R/UCCSD(T) leads to improvement, e.g. the MAD and RMSD 

for ROHF-based ccCA-PS3 utilizing R/RCCSD(T) is 1.47 and 2.68 kcal mol-1, respectively, 

versus 1.20 and 2.27 kcal mol-1 for ccCA-PS3 utilizing R/UCCSD(T).  Therefore, we 

recommend that the ROHF-based procedure should include an R/UCCSD(T) calculation 

due to its increased accuracy as compared with R/RCCSD(T) in molecules with 

substantial spin contamination in the enthalpies of formation, ionization potentials, and 

electron affinities subcategories of the G3/99 test set. 
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Table 5.5. Analysis of the properties in the G3/99 test set which involve open-shell molecules with an S2 expectations that 
deviate from the pure spin state by more than 0.1 (e.g. 0.85 for doublets). 

        ROHF-based  ROHF-based  
   UHF-based  with R/UCCSD(T)  with R/RCCSD(T)  
  S2 a  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3 Expt. 
Enthalpy of 
Formation               
CN 1.1243  108.5 108.6 108.3  106.6 106.7 106.4  106.5 106.6 106.2 104.9 
CCH 1.1045  138.4 138.4 138.2  137.3 137.3 137.0  137.1 137.2 136.9 135.1 
C2H3 (2A') 0.9318  72.4 72.4 72.1  72.2 72.1 71.8  72.0 72.0 71.7 71.6 
C6H5 1.3322  86.1 86.0 85.0  84.6 84.6 83.6  84.2 84.2 83.2 81.2 
               
Ionization 
Potential               
CO2 0.9713  319.6 319.9 319.8  318.5 318.5 318.6  319.0 319.0 319.1 317.6 
CS2 1.0349  234.5 234.9 234.7  233.0 232.9 233.1  233.5 233.4 233.6 232.2 
CH2=C=CH2 0.8538  224.6 224.8 224.7  224.1 224.1 224.2  224.5 224.5 224.6 223.5 
C6H5CH3 0.9050  205.1 205.3 205.2  204.3 204.3 204.3  204.7 204.7 204.8 203.6 
CN 1.1243  316.4 316.5 316.5  318.6 318.6 318.7  318.0 318.0 318.1 313.6 
CH2S 0.9471  217.6 217.9 217.8  216.4 216.4 216.5  216.7 216.7 216.8 216.2 
NCCN 1.0789  311.0 311.3 311.1  309.4 309.4 309.5  310.0 310.0 310.1 308.3 
C6H5OH 1.0057  198.1 198.3 198.2  196.9 196.9 197.0  197.7 197.7 197.8 196.2 
C6H5NH2 1.1343  180.6 180.8 180.7  178.7 178.7 178.8  179.5 179.5 179.6 178.0 
CO 0.9584  325.6 325.8 325.7  323.9 323.9 324.0  324.3 324.3 324.4 323.1 
               

(table is continued on next page) 



 

93 

        ROHF-based  ROHF-based  
   UHF-based  with R/UCCSD(T)  with R/RCCSD(T)  
  S2 a  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3 Expt. 
Electron Affinity               
CN 1.1243  92.2 92.5 92.2  90.0 90.0 90.1  90.6 90.6 90.7 89.0 
CCH 1.1045  70.7 70.9 70.7  69.1 69.1 69.2  69.4 69.4 69.5 68.5 
C2H3 0.9318  17.3 17.4 17.3  16.6 16.6 16.6  16.8 16.8 16.8 15.4 
H2C=C=C  0.8969  41.3 41.4 41.4  42.2 42.2 42.3  41.8 41.8 41.9 41.4 
H2C=C=CH 0.9561  22.7 22.9 22.8  21.9 21.9 21.9  22.4 22.4 22.4 20.6 
CH2CHCH2 0.9493  13.0 13.2 13.0  12.1 12.1 12.1  12.6 12.6 12.6 10.9 
CH2CN 0.9359  37.1 37.3 37.1  36.2 36.2 36.3  36.7 36.7 36.7 35.6 
CH2CHO 0.9234  43.8 44.0 43.8  42.8 42.8 42.9  43.3 43.3 43.4 42.1 
MSD   -2.18 -2.36 -2.17  -1.22 -1.21 -1.20  -1.49 -1.49 -1.47  
MAD   2.19 2.36 2.17  1.22 1.21 1.20  1.49 1.49 1.47  
RMSD   5.80 6.56 5.49  2.49 2.49 2.27  2.80 2.82 2.68  
a)  Expectation value of the S2 at the UHF/aug-cc-pVQZ level. 

(Table 5.5 continued) 
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5.3.5. Homolytic Bond Dissociation Energies 

A set of thirty homolytic bond dissociation energies (BDEs) has been examined, 

and the energies are reported in Table 5.6 at 0 K. This set includes species with a variety 

of bond breaking models, e.g. C-H, C-O, and C-C, as well as multiple substituent effects, 

for which experimental values BDEs are known.  The deviations from experiment are 

summarized in Table 5.6 when the ROHF-based ccCA with R/UCCSD(T) calculations is 

utilized.   

As shown by the S2 values listed in Table 5.6, all of the aromatic radicals PhCH2, 

PhCHCH3, and PhC(CH3)2 are significantly spin contaminated.  For BDE reactions 

involving these radicals, UHF-based ccCA can show very large deviations from 

experiment, e.g. for the BDE of PhC(CH3)3 to PhC(CH3)2  + CH3, UHF-based ccCA-PS3 

shows a deviation of 6.7 kcal mol-1 from the experimental value of 70.4 ± 2.0 kcal mol-1.  

ROHF-based ccCA-PS3 reduces this deviation to 4.0 kcal mol-1.  G3(MP2)-RAD shows a 

similar deviation of 3.9 kcal mol-1 for the BDE of PhC(CH3)2-CH3.  UHF-based ccCA, ROHF-

based ccCA, and G3(MP2)-RAD produce a maximum deviation of 7.6, 5.0, and 4.8 kcal 

mol-1, respectively, for the BDE of PhCH(CH3)2 to PhC(CH3)2 + H.    
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Table 5.6. Homolytic bond dissociation energies in kcal mol-1 for a set of 30 molecules.  

    UHF-based  ROHF-based    
 S2 S2  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  G3(MP2)-RADa Expt.a 
Me—H 0.7618 0.7500  103.5 103.6 103.6  103.3 103.4 103.4  102.4 102.8 
Me—CH3 0.7618 0.7618  91.2 91.2 91.3  90.8 90.8 90.9  89.9 91.4 
Me—CH2F 0.7618 0.7616  85.6 85.7 85.7  85.3 85.3 85.3  84.8 84.4 
Me—CH2OH 0.7618 0.7623  82.8 82.8 82.9  82.4 82.4 82.5  81.3 81.5 
Me—OCH3 0.7618 0.7605  90.7 90.7 90.8  90.3 90.3 90.4  88.6 90.0 
Me—OH 0.7618 0.7572  109.2 109.1 109.3  108.8 108.8 108.9  108.2 107.8 
Me—F 0.7618 0.7542  118.4 118.4 118.5  118.1 118.1 118.2  118.0 116.1 
Et—H 0.7635 0.7500  99.8 99.8 99.9  99.6 99.6 99.7  99.0 99.3 
Et—OH 0.7635 0.7572  92.8 92.8 92.9  92.4 92.4 92.5  91.2 92.7 
Et—CH3 0.7635 0.7618  87.3 87.3 87.4  86.9 86.9 87.0  85.9 86.9 
Et—OCH3 0.7635 0.7605  85.2 85.2 85.3  84.8 84.8 84.9  84.3 83.3 
iPr—H 0.7647 0.7500  97.1 97.2 97.2  96.9 96.9 97.0  96.7 96.7 
iPr—OH 0.7647 0.7572  94.3 94.3 94.4  93.9 93.9 94.0  93.2 94.1 
iPr—CH3 0.7647 0.7618  86.6 86.6 86.6  86.2 86.2 86.2  85.7 86.4 
iPr—OCH3 0.7647 0.7605  85.5 85.5 85.6  85.1 85.1 85.2  85.1 84.4 
tBu—H 0.7649 0.7500  95.5 95.6 95.6  95.3 95.4 95.4  95.3 94.6 
tBu—OH 0.7649 0.7572  95.2 95.2 95.2  94.8 94.8 94.9  94.6 94.5 
tBu—CH3 0.7649 0.7618  85.6 85.7 85.7  85.2 85.3 85.3  85.2 85.1 
tBu—OCH3 0.7649 0.7605  84.7 84.8 84.8  84.4 84.4 84.4  84.9 82.7 

(table is continued on next page) 
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    UHF-based  ROHF-based    
 S2 S2  ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  G3(MP2)-RADa Expt.a 
CH2F—H 0.7616 0.7500  100.0 100.0 100.1  99.8 99.9 99.9  99.4 99.5 
H—CH2OH 0.7500 0.7623  95.2 95.2 95.2  95.0 95.0 95.1  94.8 94.6 
F—CH2F 0.7542 0.7616  88.2 88.2 88.2  87.8 87.8 87.8  86.3 87.9 
PhCH2—H 1.3262 0.7500  91.8 91.8 91.8  89.2 89.2 89.3  88.3 86.8 
PhCH2—F 1.3262 0.7542  101.3 101.3 101.5  98.7 98.6 98.7  98.3 96.2 
PhCH2—OH 1.3262 0.7572  82.9 82.9 83.0  80.2 80.2 80.3  78.8 80.6 
PhCH2—CH3 1.3262 0.7618  79.3 79.3 79.4  76.5 76.6 76.6  75.4 74.9 
PhCH(CH3)—H 1.3210 0.7500  89.4 89.4 89.5  86.8 86.8 86.8  86.1 83.2 
PhCH(CH3) —CH3 1.3210 0.7618  78.2 78.3 78.3  75.4 75.5 75.5  74.7 72.8 
PhC(CH3)2—H 1.3155 0.7500  88.4 88.4 88.5  85.8 85.9 85.9  85.6 80.9 
PhC(CH3)2—CH3 1.3155 0.7618  77.1 77.1 77.2  74.4 74.4 74.4  74.3 70.4 

 a) G3(MP2)-RAD and experiment values corrected to 0K can be found in references 164 and 165. 

(Table 5.6 continued) 
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The BDEs determined with the UHF and ROHF-based ccCA methodologies are in 

good agreement with experiment when the spin contamination is minimal, i.e. all of 

these except the aromatic species.  The MAD for the entire test set is 2.11 kcal mol-1 for 

UHF-based ccCA-PS3 and 1.23 kcal mol-1 for ROHF-based ccCA-PS3 as shown in Table 

5.7.  Computation of BDEs are much less sensitive to the choice of MP2 CBS 

extrapolation scheme. This is because any errors that may occur from the extrapolation 

scheme for the bonded and dissociated molecules are likely to cancel one another.  

 From Figure 5.3,  ROHF-based ccCA-PS3 has a similar accuracy to G3(MP2)-RAD, 

i.e. they both produce an MAD of 1.23 kcal mol-1 for the entire test set and an RMS of 

1.76 and 1.66 kcal mol-1, respectively.   The test set of BDEs is further separated into 

three categories; alkanes, substituted alkanes, and aromatics to discern the 

performance of ccCA as the aromatics have much larger spin contamination.   ROHF-

based ccCA has the lowest MAD for both the alkanes and substituted alkanes, 0.38 and 

0.81 kcal mol-1, respectively, while G3(MP2)-RAD produces a MAD of 0.62 and 0.91 kcal 

mol-1, respectively. On the other hand, G3(MP2)-RAD has the lowest MAD for the 

aromatics 2.4 kcal mol-1 as opposed to 2.8 kcal mol-1 for ROHF-based ccCA.   The 

accuracy for the aromatic species is more difficult to assess because the experimental 

uncertainty for these species is much larger than the alkanes, 1.6 kcal mol-1 on average. 

Overall, the ROHF-based ccCA is an improvement over UHF-based ccCA for BDEs and 

provides a MAD of 1.23 kcal mol-1. 
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Table 5.7. Statistical analysis in kcal mol-1 of UHF-based ccCA, ROHF-based ccCA, and G3(MP2)-RAD methodologies 
for the test set of bond dissociation energies. 

 UHF-based  ROHF-based   
 ccCA-P ccCA-S4 ccCA-PS3  ccCA-P ccCA-S4 ccCA-PS3  G3(MP2)-RAD 
MSD          
Bond Dissociations (30) -2.01 -2.03 -2.10  -1.06 -1.08 -1.12  -0.46 
   Alkanes (8) -0.44 -0.47 -0.50  -0.13 -0.16 -0.19  0.40 
   Substituted Alkanes (14) -1.02 -1.03 -1.11  -0.68 -0.68 -0.75  -0.07 
   Aromatics (8) -5.33 -5.35 -5.42  -2.65 -2.67 -2.70  -1.97 
Standard Deviation 2.25 2.25 2.25  1.39 1.39 1.38  1.62 
          
MAD          
Bond Dissociations (30) 2.03 2.05 2.11  1.19 1.20 1.23  1.23 
   Alkanes (8) 0.50 0.53 0.55  0.36 0.37 0.38  0.62 
   Substituted Alkanes (14) 1.02 1.03 1.11  0.77 0.77 0.81  0.91 
   Aromatics (8) 5.33 5.35 5.42  2.76 2.79 2.80  2.41 
RMSD 2.99 3.01 3.05  1.73 1.74 1.76  1.66 
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Fig. 5.3. Mean absolute deviation from experiment bond 
dissociation energies at 0K in kcal mol-1 for ccCA-PS3 and G3(MP2)-
RAD. The test set is further divided into three categories: Alkanes 
(8), substituted alkanes (14), and aromatics (8). 
 

5.4. Conclusions 

The performance of the correlation consistent composite approach has been 

improved for open-shell systems by modifying ccCA to utilize a restricted open-shell 

Hartree-Fock wavefunction reference.  For systems which suffered from large spin 

contamination, e.g. the CN radical, the original formulation of ccCA which utilized a UHF 

wavefunction resulted in large deviations, outside the expected accuracy of ccCA.  Two 

ROHF-based ccCA methodologies which differed only in the wavefunction choice for the 

additive correction for energy beyond the MP2 level of theory [R/UCCSD(T) versus 

R/RCCSD(T)] were investigated. The ROHF-ccCA methodology utilizing a R/UCCSD(T) 

calculation is preferred because R/UCCSD(T) results in a significantly lower deviation 
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from experiment in comparison to R/RCCSD(T) calculations, 1.20 versus 1.47 kcal mol-1 

when examining only the open-shell systems with significant spin contamination.  

Therefore, a ccCA procedure utilizing R/UCCSD(T) in the additive correction beyond 

second-order perturbation theory is recommended for systems with substantial spin 

contamination.   

In comparison with the UHF-based formulation of ccCA, both of the ROHF-based 

ccCA procedures, R/UCCSD(T) and R/RCCSD(T), result in improved performance for 

systems with large spin contamination utilizing the PS3 extrapolation scheme.  For the 

G3/99 test set of molecules, which contains both spin contaminated species as well as a 

majority of uncontaminated species,  the ROHF-based ccCA-PS3 procedure resulted in 

similar overall accuracy in comparison to UHF-based ccCA-PS3 while for species with 

significant spin contamination it resulted in superior accuracy.  The ROHF-based ccCA 

methodology was also applied to a test set of 30 bond dissociation energies and was 

shown to have a lower deviation from experiment in comparison to the UHF-based 

methodology. For properties of open-shell species, the ROHF-based ccCA formalism 

should be utilized, as it has been shown to be theoretically robust for both open-shell 

molecules with no spin contamination and those which have appreciable amounts of 

spin contamination. 

  



 

101 

CHAPTER 6  

AN ONIOM CORRELATION CONSISTENT COMPOSITE APPROACH (ONIOM-CCCA): A 

MULTILAYER QM/QM COMPOSITE METHODOLOGY* 

6.1. Introduction 

As discussed in previous chapters, computational cost is reduced with the use of 

composite methods by taking advantage of the additive effects of a series of 

computationally expedient ab initio calculations.  Thus, in effect, composite methods 

can provide accurate results for systems that are otherwise too prohibitively expensive 

to be studied computationally with a single ab initio electron correlation method [e.g., 

CCSD(T)] and a large basis set. However, despite the performance increases afforded via 

these approaches, they are still generally limited to systems containing no more than 

roughly ten non-hydrogen atoms.179  This limitation can prohibit the use of composite 

methods in large systems, such as those of biological importance (e.g., a base pair of 

DNA or the active site of a functional protein); as a result, a faster, more approximate 

level of theory must be used and chemical accuracy cannot routinely be achieved. 

To expand the applicability of ccCA to larger molecular species, a multilayer 

composite methodology combining ccCA with a lower level of theory, such as density 

                                                      
*Reprinted with permission from T. G. Williams and A. K. Wilson, J. Phys. Chem. A “A QM/QM multilayer 
composite methodology: The ONIOM correlation consistent composite approach (ONIOM-ccCA)” 2010, 
114, 9394, http://dx.doi.org/10.1021/jp1060396, with permission of the American Chemical Society. 
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functional theory (DFT), is in order.  Herein, we develop a two-layered version of 

Morokuma and co-workers’ ONIOM180 approach utilizing ccCA.   

This approach divides the molecular system into layers and describes each layer 

with a different level of theory.  The smallest but most important layer for determining 

the properties of the molecular system is treated with the highest level of theory, 

whereas the remaining bulk of the molecule is treated with a less rigorous but more 

computationally efficient level of theory.  Through extrapolation, the ONIOM approach 

effectively approximates the results of the entire system at the highest level of theory. 

Morokuma and co-workers also developed the first multilayer composite 

method, IMOMO-G2MS.181,182  The innermost layer was treated with G2MS, a simplified 

version of the G2-type composite method, and ROMP2/6-31G(d) was used as the lower 

level of theory.  More recently, Li and co-workers developed the ONIOM-G3B3 method, 

with G3B3108 as the high-level method and the B3LYP/6-31G(d) as the low-level 

method.183-185  Their calculated bond dissociation energies (BDEs) of 63 molecules were 

generally within 2 kcal mol–1 of experimental values.  However, the G2 and G3 methods 

used in these two multilayer composite approaches each contain optimized parameters, 

the “high-level correction,” which raises questions about the validity of using these 

methods on molecular systems that differ greatly from those used in the 

parameterization process.  By contrast, ccCA contains no such empirical parameters, 

and, thus it is ideal as a basis for developing a sophisticated multilayer composite 

method without resorting to empirical parameters. 
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Ionization potentials, enthalpies of formation, electron affinities, proton 

affinities, and various C–X bond dissociations energies (BDEs) are some of the properties 

that ccCA has accurately predicted for various molecular systems.28-31,34,36,186  In the 

present study, we focus on computing C–H BDEs with a two-layer ccCA method, which 

we name ONIOM-ccCA.  Computational studies are of use in evaluating BDEs due to 

complexities that arise experimentally from short-lived, often difficult to characterize 

radicals.  Accurate evaluation of BDEs is important to judge the formation of free 

radicals, which play significant roles in oxidative damage of biomolecules, such as DNA, 

proteins, and membrane lipids.187,188  In addition, C–H BDEs are essential for studying 

hydrogen transfer and abstraction reactions, which occur in such diverse environments 

as enzymatic reactions, DNA strand breaking, and catalysis.189  

The polycyclic aromatic hydrocarbons (PAHs) comprising our test set are shown 

in Figure 6.1 and were chosen because they all contain either an anthracene or a 

fluorene backbone.  Systems such as these are similar to antioxidants190 and form the 

basis for known chemotherapeutic drugs.  For example, anthracenediones, a specific 

class of anthracene analogues, are DNA intercalating agents currently favored to replace 

anthracycline antibiotics, which are cytotoxic but also cardiotoxic.191  Moreover, as 

these molecules have been studied with a previous multilayer composite method,184 

they provide a useful benchmark set for the current approach.  The ability to accurately 

calculate the C–H BDEs of these compounds would be of great use in developing in silico 

quantitative structure/property screening of such species, but many of them are too 
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large for extant composite methods.  In contrast, as will be shown, the ONIOM-ccCA 

method can readily provide C–H BDEs for these molecules, on average, to nearly within 

chemical accuracy. 

6.2. Computational Methods 

For a two-layered ONIOM approach, the total energy is defined as: 

 𝐸(ONIOM) = 𝐸(Low,Real) + 𝐸(High,Model) − 𝐸(Low,Model)  6.1 

In ONIOM-ccCA, the composite method ccCA is used as the high level of theory.  

Specifically, the restricted open-shell Hartree-Fock (HF)-based ccCA (RO-ccCA) protocol 

developed in Chapter 5, in which the unrestricted wavefunction of the latest published 

HF-based ccCA formulation36 is replaced by a restricted open-shell HF wavefunction to 

remove spin contamination from open-shell systems.  Separate extrapolation of the HF 

and correlation energy to the complete basis set (CBS) limit is done, as the HF energy 

converges more rapidly to the CBS limit than does the correlation energy. 

For the low level of theory in the multilayer ONIOM-ccCA calculations, we 

evaluated the performance of the DFT methods B3LYP183,185 and BMK192 paired with 

both the Pople-style basis sets traditionally used in the Gn methods [6-31G(d), 6-

311+G(2df,p), 6-311+G(3df,2p)], as well as a Dunning-style correlation consistent 

polarized valence basis set, cc-pVTZ.63  B3LYP and BMK were identified by Izgorodina 

and co-workers as the most accurate density functionals when used for calculations on 

radical reactions in conjunction with a Gn-type composite method in a two-layered 

ONIOM approach.165  



 

105 

Geometry optimizations and zero-point energies (scaled by 0.96) at the B3LYP/6-

31G(d) level, as well as the low-level and standalone DFT calculations, were computed 

using the Gaussian 03 software package.109  The high-level ccCA calculations were 

performed with the MOLPRO 2006.1 software package.148  

Using the ONIOM-ccCA method, the C–H bond dissociation energies in the gas 

phase (298.15 K, 1 atm) were calculated for 18 molecules and compared to 

experimental data, as well as to results calculated with ONIOM-G3B3,184 B3LYP/6-

31G(d), and B3LYP/6-311+G(3df,2p).  The fluorene and anthracene analogues in Fig. 6.1 

were selected from Li and co-workers’ test set, using their guidelines for partitioning the 

system into high- and low-level regions.184  A core layer of five or six heavy atoms is 

sufficient, because bond dissociation is a local phenomenon and the high levels of 

electron correlation accounted for by ccCA are only required for the local region of the 

bond to be broken.  Moreover, limiting the core layer to this size provides a suitable 

balance between accuracy and computational efficiency; test calculations with larger 

core layers only affected the accuracy by at most a few tenths of a kcal mol-1. 
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Fig. 6.1. Diagrams of anthracene and fluorene analogues. The high levels of the 18 molecules in 
this study are marked in red. 
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Table 6.1. Experimental, ONIOM-G3B3, and standalone B3LYP C–H bond dissociation energies (kcal mol–1). 

Molecule 

ONIOM-G3B3184   B3LYP   Experiment184 
B3LYP 

     6-31G(d)   6-31G(d) 6-311+G(3df, 2p)     
Anthracene 

      1   R1 = CHO 82.7 
 

79.1 78.4 
 

80.4 
2   R1 = CN 84.2 

 
80.3 79.7 

 
80.0 

3   R1 = CH3 85.0 
 

81.0 79.5 
 

81.8 
4   R1 = NO2 84.9 

 
81.1 80.5 

 
82.6 

5   R1 = OCH3 85.6 
 

80.7 79.7 
 

81.4 
6   R1 = Ph 85.1 

 
81.4 80.4 

 
81.8 

7   R1 = COPh 80.3 
 

81.1 80.9 
 

82.3 

      Fluorene 
      8 80.3 

 
77.0 76.1 

 
78.8 

9   R2 = N(CH3)2, R3 = H 81.7 
 

78.6 78.2 
 

80.0 
10   R2 = OCH3, R3 = H 81.8 

 
78.7 78.2 

 
80.0 

11   R2 = H, R3 = CH2, R4 = C(CH3)2Ph 76.5 
 

69.2 69.2 
 

73.8 
12   R2 = H, R3 = CH2, R4 = Ph 77.5 

 
73.5 72.9 

 
75.9 

13   R2 = H, R3 = N, R4 = (CH3)2 72.0 
 

63.6 62.7 
 

71.5 
14   R2 = H, R3 = O, R4 = CH2CH3 75.9 

 
69.2 69.2 

 
72.9 

15   R2 = H, R3 = O, R4 = Ph 77.6 
 

70.8 70.6 
 

74.3 
16   R2 = H, R3 = N, R4 = (CH2CH3)2 71.4 

 
63.2 71.5 

 
70.5 

17   R2 = H, R3 = N, R4 = (CH(CH3)2)2 74.6 
 

66.3 62.9 
 

73.0 
18 77.4 

 
70.9 65.6 

 
74.0 

       MAD 2.4 
 

2.8 1.8 
  RMSD 2.6 

 
3.6 4.0 

  MAX ERROR 4.2   -7.9 -10.1     
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6.3. Results and Discussion 

Overall, the ONIOM-ccCA C–H BDEs are in good agreement with experimental 

values (see Tables 6.1 and 6.2).  Indeed, these predictions, when compared with 

experiment, are the most accurate in this study, with an MAD of 1.2 kcal mol–1 for 

ccCA:B3LYP/6-31G(d), ccCA:B3LYP/6-311+G(2df, p), and ccCA:B3LYP/cc-pVTZ.  The 

agreement between these three sets of results, despite a widely varying low-level basis 

set size, suggests that ONIOM-ccCA is not very sensitive to the choice of basis set at the 

low-level.  The results with these three varieties of ONIOM-ccCA, on average, are nearly 

within chemical accuracy and are comparable to the experimental error bar of 1-2 kcal 

mol–1.184  By contrast, the ONIOM-G3B3 BDEs for these species are, on average, outside 

of chemical accuracy.  Additionally, the maximum error yielded by ONIOM-G3B3 (4.2 

kcal mol-1) is roughly 1 kcal mol-1 greater than the typical maximum error resulting from 

ONIOM-ccCA. 

With respect to the choice of density functional used in the lower level, Li and 

co-workers concluded that B3LYP on its own is generally insufficient for C–H BDE 

calculations.184 However, in the current study, standalone B3LYP/6-31G(d) calculations 

yield an MAD of 2.8 kcal mol–1, only slightly less accurate than the MAD (2.4 kcal mol–1) 

of the more involved multilayer composite ONIOM-G3B3 method; neither, however, are 

within chemical accuracy. Indeed, B3LYP with a larger basis set, 6-311+G(3df, 2p), yields 

a smaller MAD (1.8 kcal mol–1) than ONIOM-G3B3, albeit with the largest root mean 

square deviation (RMSD, 4.0 kcal mol–1) and maximum error (-10.1 kcal mol-1) of all



 

109 

Table 6.2.  Experimental and ONIOM-ccCA (with different low levels of theory) C–H bond dissociation energies (kcal mol–1). 

Molecule 

ONIOM-ccCA   Experiment184 

B3LYP BMK 
  6-31G(d) 6-311+G(2df, p) cc-pVTZ 6-311+G(3df, 2p) cc-pVTZ     

Anthracene 
      1   R1 = CHO 80.5 81.0 81.1 81.0 81.3 

 
80.4 

2   R1 = CN 82.1 82.5 82.5 82.5 82.9 
 

80.0 
3   R1 = CH3 82.2 82.5 82.6 82.5 83.0 

 
81.8 

4   R1 = NO2 82.7 83.3 83.3 83.3 83.8 
 

82.6 
5   R1 = OCH3 82.6 82.7 82.8 82.8 83.4 

 
81.4 

6   R1 = Ph 83.2 83.4 83.5 83.5 84.0 
 

81.8 
7   R1 = COPh 83.0 83.8 83.8 83.8 84.1 

 
82.3 

       Fluorene 
       8 79.3 79.0 78.9 79.0 80.3 

 
78.8 

9     R2 = N(CH3)2, R3 = H 80.8 80.6 80.5 80.6 81.8 
 

80.0 
10   R2 = OCH3, R3 = H 80.9 80.7 80.6 80.7 81.9 

 
80.0 

11   R2 = H, R3 = CH2, R4 = C(CH3)2Ph 74.8 74.5 74.5 74.5 74.4 
 

73.8 
12   R2 = H, R3 = CH2, R4 = Ph 76.8 76.7 76.6 76.8 78.1 

 
75.9 

13   R2 = H, R3 = N, R4 = (CH3)2 70.2 70.2 70.2 70.2 69.9 
 

71.5 
14   R2 = H, R3 = O, R4 = CH2CH3 75.5 74.6 75.0 74.7 75.6 

 
72.9 

15   R2 = H, R3 = O, R4 = Ph 77.0 76 76.5 75.9 77.4 
 

74.3 
16   R2 = H, R3 = N, R4 = (CH2CH3)2 69.9 70.1 70.1 70.1 69.9 

 
70.5 

17   R2 = H, R3 = N, R4 = (CH(CH3)2)2 73.2 72.3 72.5 72.2 72.8 
 

73.0 
18 77.0 77.3 77.2 77.3 76.8 

 
74.0 

        MAD 1.2 1.2 1.2 1.2 1.7 
  RMSD 1.4 1.4 1.5 1.4 1.9 
  MAX ERROR 3.0 3.3 3.2  3.3 3.1     
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approaches considered. This finding suggests that the poor performance of B3LYP noted 

by Li et al.184 may not be attributable to the density functional, but is rather likely an 

artifact of basis set incompleteness, as they utilized the 6-31G(d) basis set.  Additionally, 

B3LYP yields more accurate results when used as the lower level in an ONIOM-ccCA 

scheme (ccCA:B3LYP/cc-pVTZ, MAD = 1.2 kcal mol–1) for the current test set than does a 

similar BMK approach (ccCA:BMK/cc-pVTZ, MAD = 1.7 kcal mol–1), despite previous 

results to the contrary.165 

One unexpected result in Table 6.2 is that the ONIOM-ccCA predictions are 

unusually insensitive to the size of the low-level basis set: the ccCA:B3LYP calculations 

all yield MADs of 1.2 kcal mol-1 and RMSDs of 1.4 – 1.5 kcal mol-1.  This lack of variation 

may be a reflection of the ease in calculating C-H BDEs, relative to C-C, C-O, or other 

bond types, a conjecture that can only be verified as ONIOM-ccCA is utilized in 

calculations on varying species and properties.  Absent further results, B3LYP/cc-pVTZ is 

recommended as an appropriate low level of theory for ONIOM-ccCA, as the Dunning-

type basis sets are already present in ccCA, thus allowing for consistency between the 

high and low levels of theory; however, future work may reveal that a low-level 6-

31G(d) basis set provides an acceptable balance between accuracy and computational 

efficiency. 

The analogues of anthracene (1–7) all have identical high layers, shown in red in 

Fig. 6.1, which are treated with ccCA. In contrast, the high layers of the analogues of 

fluorene (8–18) vary. However, for both molecular backbones, irrespective of the 
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specific high layer chosen, the calculated BDE is almost always within 2.5 kcal mol–1 of 

experiment, the sole exception being 18 (3.2 kcal mol–1 from experiment). Given this 

insensitivity to model system selection, it is reasonable to generally expect accurate C–H 

bond dissociation energies can be expected from ONIOM-ccCA for PAHs. 

6.4. Conclusions 

There has been considerable interest in expanding the limit in which accurate 

computational thermochemistry is possible, particularly to allow calculations on systems 

of biological importance.  Although composite methods have been shown to predict 

energetic properties to within ±1 kcal mol–1 of experiment, they are generally limited to 

systems containing only ten non-hydrogen atoms. 

However, the multilayer composite ONIOM-ccCA method proposed has been 

shown to predict the C–H BDEs of 18 molecules with up to 23 non-hydrogen atoms.  The 

ccCA:B3LYP/cc-pVTZ variant of ONIOM-ccCA yielded an MAD with respect to experiment 

of 1.2 kcal mol–1, which is comparable to the experimental error bar of 1–2 kcal mol–1, 

without any empirical parameters.  The molecules studied herein are analogues of 

anthracene and fluorene, which hold close similarities to both antioxidants and 

chemotherapeutic drugs, and thus the goal of obtaining accurate thermochemical 

properties for sizable systems of biological interest has been achieved. 
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CHAPTER 7  

CORRELATION CONSISTENT BASIS SET REQUIREMENTS FOR TRANSITION METAL 

SYSTEMS* 

7.1. Introduction 

Accurate modeling of energetics for molecules throughout the periodic table has 

been a long-standing goal of computational chemistry. Within the last few decades this 

goal has increasingly become possible due to improvements in both computational 

resources and methodologies. This has enabled sophisticated electron correlation 

calculations employing large basis sets to be performed on an ever-increasing number 

and diversity of molecular systems.  Ab initio methods such as coupled cluster theory 

(CC) have resulted in some of the most accurate energetic predictions for molecules to 

date. Extensive benchmark studies of energetic properties have been conducted on 

main group species not only by utilizing a substantial range of ab initio methods such as 

second-order Møller-Plesset perturbation theory (MP2) and coupled-cluster theory with 

single, double, and perturbative triple excitations [CCSD(T)], but also by alternative 

approaches such as composite methods (e.g., Gn,1-6 HEAT,16,17 CBS-n,7-11,145 Wn,12-15 and 

ccCA28-31).  

                                                      
*Reprinted with permission from T. G. Williams and A. K. Wilson, J. Chem. Phys. “Importance of the 
quality of metal and ligand basis sets in transition metal species” 2008, 129, 054108/1, with permission of 
the American Institute of Physics. 
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Clearly, one of the next steps in the progression of computational chemistry is 

the accurate description of transition metal-containing species.  The accurate 

description of transition metals is of great importance in a wide variety of areas, 

spanning catalyst and advanced materials design to biomedical applications. The 

possible d-orbital occupations of transition metal atoms and molecules leads to their 

unique ability to stabilize distinctly different structural, electronic, and chemical states, 

enabling utility in a wide variety of applications.  However, this diversity also leads to 

complications in both experimental and computational studies.193 Theoretically, 

difficulties include the importance of correlating outer core electrons, electron 

correlation demands inundated by the presence of partially occupied d-orbital 

manifolds, the prevalence of low-lying electronic configurations, and the need to 

account for relativistic effects. As well, the computational effort in terms of CPU time, 

memory, and disk space that must be expended in order to address many of these 

challenges can become substantial. While density functional theory (DFT) can provide a 

relatively inexpensive means to address transition metal species and may be used to 

determine some properties of transition metal species, substantial problems can arise if 

quantitative accuracy is desired in properties such as bond dissociation energies and 

enthalpies of formation. This is illustrated by a study by Jensen and Ryde194 on vitamin 

B12 derivatives where the interaction between the cobalt in the complex and an organic 

side change was examined to assess the reactivity of the coenzyme. The difference in 

the calculated bond dissociation energy (BDE) of the chemically interesting cobalt-
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methyl bond between computational methods was substantial, 10.4 kcal mol-1, between 

the density functional B3LYP and MP2 results. As well, even for B3LYP, there was a 

significant basis set effect, leading to a range in the BDE of 20.6 to 26.1 kcal mol-1, 

depending upon basis set chosen. A recent study from our group also illustrates the 

substantial errors that can result when utilizing DFT methods such as B3LYP and an 

effective core potential (ECP) for the determination of enthalpies of formation for 

transition metals, with errors on the order of 100 kcal mol-1 of reliable, well-established 

experiment.195  

Large basis sets are also typically required to achieve quantitative accuracy for 

the description of transition metal species and can significantly increase the 

computational cost of calculations and ultimately limit the theoretical methods that can 

be applied. For the Jensen and Ryde study, MP2 was the highest level of ab initio theory 

that was feasible even using relatively small basis sets.194 In a study by Maseras et al.,196 

which investigated the effect of small metal basis sets on a rhodium catalyst, it was 

found that the size of the ligand basis set, if too small in comparison to the size of the 

transition metal basis set, reduces the accuracy of the structural data even when the 

ligand plays little importance in the catalytic mechanism. This interesting relationship 

between transition metal and ligand basis set choices and the impact upon 

computational cost and accuracy adds another level of complexity to calculations on 

transition metal species.  



 

115 

Peterson and Puzzarini197 have recently developed pseudopotential-based 

correlation consistent basis sets (cc-pVnZ-PP where n is the ζ level) for group 11 and 12 

transition metal elements. The benefit of using pseudopotential-based basis sets is the 

replacement of core basis functions with an ECP able to describe core electrons which 

conveniently includes scalar relativistic effects and reduces the computational cost. The 

pseudopotentials used in the cc-pVnZ-PP basis sets were designed by the Stuttgart and 

Köln groups.198 While standard practice is to use one basis set/ECP on the transition 

metals and use a different type of basis set for the ligands or main-group atoms within a 

molecule, the advent of the correlation consistent basis sets for transition metals has 

enabled similarly developed, systematic series of basis sets to be used on all atoms of a 

transition metal-containing molecule. Studies have shown that the correlation 

consistent series of basis sets converge to a limit for a range of molecular properties 

[though accounting for basis set superposition error (BSSE) may be required to achieve 

systematic convergence] for transition metals when used in combination with ab initio 

methods such as MP2 and CCSD(T).73,199-201 Despite the usefulness of the cc-pVnZ family 

of basis sets, utilization of correlation consistent basis sets of sufficient size to perform 

CBS extrapolations for transition metal-containing molecules, and thus lead to 

chemically accurate results, can become problematic due to their high computational 

cost. 

In this study, we explore the feasibility of combining different sizes of the 

correlation consistent basis sets on the transition metal and ligands as a means of 
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reducing computational cost without adversely impacting accuracy for a series of Group 

11 monofluorides, chlorides, and oxides.  While there have been numerous 

experimental and computational studies on these species resulting in the prediction of 

structural and energetic properties,202-212 little comparison is reported herein as the 

focus of this study is to understand the interplay of the metal and ligand basis sets.  

7.2. Computational Details 

Geometry optimizations and frequency calculations were performed on nine 

diatomic molecules containing Group 11 transition metals. The molecules include CuF, 

CuCl, and CuO and the corresponding silver and gold analogs. For all systems, CCSD(T) 

calculations were done using a restricted Hartree-Fock reference [RHF-RCCSD(T)]. These 

calculations were carried out with the MOLPRO 2006.1 program package.213 The 

restricted open shell [ROHF-RCCSD(T)] formalism was utilized for the open-shell 

systems.  

The cc-pVnZ-PP basis sets were employed on the metal while standard cc-pVnZ 

basis sets for main group elements63,64 were employed on the ligand. To examine the 

impact of basis set choice on the transition metal and ligand, the basis sets were varied 

independently. Static metal / increasing ligand basis set calculations in which the metal 

basis set remained constant (e.g. triple-ζ) while the ligand basis set was increased 

(double-, triple-, quadruple- and quintuple-ζ) were done and static ligand / increasing 

metal basis set calculations were done. As an alternate means of comparison, 
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calculations with the LANL2DZ214,215 basis set for the transition metal were also 

performed. 

An artifact from the use of atom-centered basis set is the possible occurrence of 

BSSE.69,216-222 In the simplest case of a diatomic molecule, the molecular orbital 

wavefunction is described by the basis functions on both atom centers. At a finite 

separation, either atom can make use of the basis functions located on the other center, 

while at infinite separation the wavefunction description is limited to only the basis 

functions located at that center. Provided a balanced (and sufficient) description of a 

region in space by both atomic basis sets, BSSE would not occur, but in cases of 

unbalanced (and insufficient) descriptions of the wavefunction in a region of space, BSSE 

will occur, sometimes resulting in erroneous description of molecular properties. The 

most common correction for BSSE is the counterpoise correction proposed by Boys and 

Bernardi,223 which for the dissociation energy is: 
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where D is the dissociation energy, DCP is the counterpoise corrected dissociation 

energy, ΔCP is the counterpoise correction to the energy, and E is the energy at the bond 

length (𝑟). The subscripts denote the centers involved in the calculations and the 
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superscripts indicate the basis sets present in the calculation. In a paper by van Mourik 

et al.69 which focused upon BSSE in correlation consistent basis set calculations, it was 

shown that convergence of energetic properties was improved by the use of the 

counterpoise correction. According to van Mourik’s results, for some molecules such as 

helium and argon dimers, convergence of energetic properties (e.g., dissociation energy) 

can be irregular if uncorrected for BSSE. This irregular convergence may also be present 

in transition metal-containing molecules,  as shown by Peterson in a study of the 

mercury dimer.224 In the current study, we believe the BSSE correction is particularly 

important to consider when there is a large disparity in basis set quality, such as when 

double-ζ quality basis sets are employed on the ligand, and quintuple-ζ quality basis sets 

are used on the metal. As the majority of our calculations utilize basis sets which show a 

large disparity in basis set quality, all energies were corrected for BSSE and the 

equilibrium bond length was found by minimizing the BSSE corrected energy. 

Two different schemes for the extrapolation of the dissociation energies to the 

CBS limit were used: 

2)1()1( expexp)()( −−−− ++∞= xx CBEnE       7.5 

3)()()( −+∞= xBEnE         7.6 

where x can be either 𝑙max of the basis set (e.g. 𝑙max=3 for cc-pVDZ-PP, etc) or the 

cardinal number n (e.g. n=2 for cc-pVDZ-PP), E(n) is the energy utilizing the 

corresponding cc-pVnZ basis set, E(∞) is the energy at the CBS limit, and both B and C 
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are extrapolation parameters. For main group basis sets, the cardinal number n is equal 

to 𝑙max, but for transition metal basis sets, n+1 is equal to 𝑙max. The underlying 

assumption made when using 𝑙max  instead of n is that the energies of transition metals 

do not converge as quickly to the CBS limit as the energies of main group species. 

However for Eq. 7.5, a mixed Gaussian/exponential formula by Peterson et al.,104 using 

𝑙max instead of n does not enable appropriate description of the transition metal 

energies, as the function converges too quickly. Therefore, both the cardinal number n 

and 𝑙max as the choice for x are only evaluated and compared for the Schwartz-type cubic 

inverse function, Eq. 7.6.167,225 

In a study by Halkier et al.,74 it was found that Eq. 7.6 leads to the most accurate 

results in extrapolations when the unknowns E(∞) and B are determined with the 

minimum data points required (in this case two) as compared with schemes which 

utilized more than the minimum data points necessary and required a linear regression. 

Therefore for both Eq. 7.5 and Eq. 7.6 the minimum number of data points was utilized 

in the extrapolation procedure [i.e. three points for Eq. 7.5 and two points for Eq. 7.6]. 

As proposed by Peterson, et al.,71,172,197 an average of the inverse and mixed 

Gaussian/exponential extrapolations can provide a reliable means to determine the CBS 

limit as Eq. 7.5 often underestimates the CBS limit while Eq. 7.6 often overestimates the 

CBS limit. In the current study, four such combinations of the extrapolation schemes 

given in Eq. 7.5 and 7.6 are considered for both MP2 and CCSD(T), and each average is 

described in Table 7.1. The average of the Peterson and Schwartz functions are referred 
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to as PS(DTQ)-n, PS(TQ5)-n, PS(DTQ)-𝑙, and PS(TQ5)-𝑙 where n and 𝑙 refer to the choice 

of x in the Schwartz function. For the Peterson extrapolation (Eq. 7.5), two combinations 

of data were utilized: (1) energies from calculations of double-ζ, triple-ζ, and quadruple-

ζ quality (DTQ); and, (2) energies from calculations of triple-ζ, quadruple-ζ, and 

quintuple-ζ quality (TQ5).  For the Schwartz-type extrapolation, the data from the two 

larger basis set calculations utilized in the Peterson extrapolation were used (e.g. when 

double-ζ, triple-ζ, and quadruple-ζ basis set results were used in the Peterson scheme, 

triple-ζ, and quadruple-ζ results were used in the Schwartz fit).  

Table 7.1.  Summarization of the CBS extrapolations equations employed in each 
schemea and the choice in the variable x.  

Scheme Basis Set Employed in Choice of x Basis Sets Employed in Choice of x 
  Equation 7.4 

 

 Equation 7.5  
PS(DTQ)-n cc-pVDZ - cc-pVQZ n cc-pVTZ - cc-pVQZ n 
PS(TQ5)-n cc-pVTZ - cc-pV5Z n cc-pVQZ - cc-pV5Z n 
PS(DTQ)-𝑙 cc-pVDZ - cc-pVQZ n cc-pVTZ - cc-pVQZ 𝑙max 
PS(TQ5)-𝑙 cc-pVTZ - cc-pV5Z n cc-pVQZ - cc-pV5Z 𝑙max 

a) Schemes are the average of the resulting dissociation energy determined by the two 
extrapolation formulas. 

 

7.3. Results and Discussion 

7.3.1. Basis Set Superposition Error 

In Table 7.2, the counterpoise corrected dissociation energy (D0) and the 

counterpoise correction (ΔCP) for the molecules in the test set with respect to basis set 

choice are shown. The counterpoise correction can be large as illustrated by the 7.4 and 

7.9 kcal mol-1 correction for the CCSD(T) energies of CuCl and CuO, respectively, when 
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the double-ζ basis set is used on the metal in combination with a quintuple-ζ basis set 

on the ligand. For CuF (X 1Σ+), the counterpoise correction is 5.1 kcal mol-1 for CCSD(T) 

when a double-ζ level basis set is used on both the metal and ligand. Interestingly, when 

the cc-pVDZ-PP basis set is used on copper and the basis set size is systematically 

increased on fluorine, a reduction in the BSSE is not observed upon increasing the basis 

set size. In fact, for both MP2 and CCSD(T), the largest BSSE occurs when the quintuple-ζ 

level basis set is used on fluorine. As has been well-established from numerous previous 

studies,69,217,218 the largest BSSE should occur with the double-ζ basis set, however, our 

results generally show that the BSSE worsens when a  double-ζ basis set is used on the 

metal and a quintuple-ζ basis set is used on the ligand as compared to the BSSE that 

arises when there is a double-ζ basis set on both the ligand and the metal. This occurs as 

a result of the great imbalance between the size of basis set on the ligand and the 

metal. This increase in BSSE with respect to increasing ligand basis set size also occurs 

when the metal basis set is held constant at cc-pVTZ-PP. When the TM basis sets are 

more balanced in size (cc-pVQZ-PP or cc-pV5Z-PP on the metal and on the ligand), this 

BSSE behavior is no longer observed. For silver and gold species, the BSSE can be twice 

as large when the LANL2DZ basis set is used as the static metal basis set as compared 

with the cc-pVDZ-PP basis set. This is illustrated by AgCl, where the BSSE is as large as 

14.9 kcal mol-1 for CCSD(T) calculations with a static metal basis set, and only 5.7 kcal 

mol-1 with the cc-pVDZ-PP basis set. 
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The counterpoise corrections are particularly important for CCSD(T) calculations 

on gold complexes. For example,  CCSD(T) calculations for AuO utilizing quintuple-ζ 

metal basis sets and a series of double-, triple-, quadruple- and quintuple-ζ ligand basis 

sets, results in dissociation energies that are 45.1, 43.7, 44.1, and 45.2 kcal mol-1, 

respectively, without any correction for BSSE. Accounting for BSSE remedies this 

unsystematic behavior and the counterpoise-corrected values are 37.5, 41.4, 43.6, and 

44.8 kcal mol-1, respectively. Hereafter, due to the obvious need to account for BSSE, all 

reference to dissociation energy will be in regards to the counterpoise-corrected values 

unless noted. 

7.3.2. Equilibrium Bond Length 

Counterpoise corrected equilibrium bond lengths (re) are reported in Table 7.3 

for CCSD(T) optimizations.  The most significant trend from the bond length values is 

that a larger change in re is observed when the ligand basis set is held constant than 

when the metal basis set is held constant.  For example, the difference in the CuF 

equilibrium  
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Table 7.2.  Dissociation energy (D0) in kcal mol-1 with the correction for BSSE (corr.) and the counterpoise correction (ΔCP) for the nine 
TM-containing species at the RCCSD(T) level of theory. 

  CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO 
Metal Ligand                   
Basis Set Basis Set corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP 

LANL2DZ                    

 cc-pVDZ 76.8 5.1 72.8 4.0 43.0 4.5 59.9 4.7 61.6 6.2 26.6 1.1 48.1 5.2 50.5 4.0 26.1 5.1 

 cc-pVTZ 88.0 3.4 79.7 3.8 52.1 3.9 71.8 6.8 68.3 8.4 35.5 4.9 58.0 3.7 58.0 4.0 35.2 4.8 

 cc-pVQZ 94.1 4.0 84.9 5.4 57.4 5.3 78.4 9.7 73.2 12.4 40.7 9.4 64.4 4.8 63.4 7.1 40.9 7.5 

 cc-pV5Z 97.2 5.9 87.3 7.5 60.4 7.8 82.0 12.7 75.3 14.9 43.5 13.5 67.7 7.3 65.7 10.6 43.6 11.6 

cc-pVDZ-PP                    

 cc-pVDZ 81.9 5.1 76.5 5.0 49.8 5.3 62.2 4.3 62.3 3.5 28.9 4.2 51.0 5.5 53.5 4.4 30.7 5.5 

 cc-pVTZ 91.0 3.5 82.2 4.1 57.9 4.3 71.9 2.9 68.5 2.8 37.0 3.2 59.3 3.6 59.7 3.7 38.2 4.2 

 cc-pVQZ 96.0 4.2 86.2 5.7 62.0 5.7 77.6 3.3 72.7 4.1 41.4 3.9 64.3 3.8 63.6 5.0 42.1 5.0 

 cc-pV5Z 98.4 6.0 88.0 7.4 64.0 7.9 80.6 4.3 74.3 5.7 43.6 5.4 66.8 4.7 65.5 6.3 44.1 6.3 

cc-pVTZ-PP                    

 cc-pVDZ 81.9 5.5 76.1 4.4 49.7 5.3 63.4 4.9 62.8 3.3 30.3 4.4 53.2 5.7 55.9 3.7 33.4 5.3 

 cc-pVTZ 90.0 2.6 81.5 2.3 57.0 2.8 71.9 2.1 68.0 1.7 37.3 2.1 60.3 2.1 60.4 1.7 39.4 2.3 

 cc-pVQZ 94.6 2.3 85.3 2.6 60.9 2.6 76.8 1.6 71.8 1.8 41.1 1.8 64.3 1.4 63.7 1.6 42.6 1.8 

 cc-pV5Z 97.0 2.6 87.1 3.2 62.8 3.2 79.4 1.8 73.4 2.3 43.1 2.0 66.3 1.6 65.6 1.8 44.3 2.0 

(table is continued on next page) 
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  CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO 
Metal Ligand                   
Basis Set Basis Set corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP corr. ΔCP 

cc-pVQZ-PP                    

 cc-pVDZ 84.0 6.5 77.5 4.1 51.8 5.8 65.6 5.7 64.2 3.6 32.4 4.9 55.4 6.6 58.1 4.5 35.7 6.2 

 cc-pVTZ 90.8 2.3 81.7 1.8 57.7 2.2 73.0 1.9 68.6 1.2 38.3 1.7 61.5 2.1 61.5 1.6 40.6 2.0 

 cc-pVQZ 94.7 1.3 85.3 1.3 60.9 1.4 77.2 0.9 72.0 0.7 41.5 0.9 64.8 0.9 64.5 0.8 43.1 1.0 

 cc-pV5Z 96.7 1.1 87.0 1.4 62.6 1.3 79.3 0.7 73.4 0.8 43.1 0.8 66.4 0.7 66.0 0.8 44.5 0.8 

cc-pV5Z-PP                    

 cc-pVDZ 85.7 7.4 79.0 4.8 53.4 6.7 66.9 6.7 65.6 4.3 33.6 5.8 57.4 8.1 59.9 5.9 37.5 7.6 

 cc-pVTZ 91.6 2.3 83.2 0.8 58.4 2.2 73.7 2.0 69.3 1.1 38.9 1.8 62.4 2.5 62.5 1.8 41.4 2.3 

 cc-pVQZ 95.0 0.9 85.7 0.7 61.3 0.9 77.4 0.7 72.3 0.4 41.8 0.7 65.2 0.8 65.1 0.6 43.6 0.8 

 cc-pV5Z 96.7 0.6 87.1 0.6 62.7 0.6 79.3 0.4 73.5 0.4 43.2 0.4 66.6 0.4 66.4 0.4 44.8 0.4 

Experimental    102.9±1a  90.3±1a  64.4±3.5b 82.3±1a      75.1±0.4a     52.1±3.5b          68.6c           66.6±3d        53.0±3.5b 

a) Ref. 226 
b) De from Ref. 227 + ZPE correction of 0.9 kcal mol-1 for CuO, 0.7 kcal mol-1 for AgO, and 0.8 kcal mol-1 for AuO from CCSD(T) frequency 
calculation using triple-ζ basis sets. 
c) De from Ref. 228 + ZPE correction of 0.8 kcal mol-1 from CCSD(T) frequency calculation using triple-ζ basis sets. 
d)  Ref. 229 
e) Calculations are performed using the same ζ-level basis set for both the metal and the ligand (e.g. double-ζ pseudopotential on the 
metal and double- ζ on the ligand). 

(Table 7.2 continued) 



 

125 

bond lengths arising from CCSD(T) / static double-ζ ligand basis set calculations as the 

metal basis set increases from double-ζ to quintuple-ζ quality is 0.0215 Å, while the 

difference is nearly an order of magnitude smaller (0.0038 Å) when static double-ζ metal 

/ increasing ligand basis set calculations are done.  Upon increasing the quality of the 

static basis set, the same trend holds true.  The changes observed for a static metal 

basis set, however, are much more substantial when a LANL2DZ metal basis set is 

utilized (e.g., for CCSD(T) calculations on AuCl, the change is over 0.07 Å). 

For the cc-pVnZ basis sets, CCSD(T)/cc-pV5Z calculations result in bond lengths 

that are within 0.01 Å of experiment for the Cu and Ag species.   However, the deviation 

from experiment for the Au compounds is much more substantial, with the largest 

deviation (~0.05-0.07 Å, depending upon basis set choice) occurring for AuO.  This 

deviation is not surprising, as relativistic effects have not been explicitly accounted for in 

these calculations. Despite this significant difference as compared with the equilibrium 

bond length (1.8488 Å) which was obtained via microwave spectroscopy  by Okabayashi 

et al.,230  our CCSD(T) calculations are in agreement with previous CCSD(T) and MRCI 

calculations by Ichino et al.231 which utilized contracted basis sets with small-core 

relativistic pseudopotentials by the Stuttgart group232 and predicted a bond length of 

1.907 Å, slightly larger than our CCSD(T)/cc-pV5Z value of 1.8914 Å.  If our smaller basis 

set results are compared, our value is nearer to Ichino’s result.  CASPT2 calculations by 

O’Brien et al.233 utilizing the all electron basis sets, ANO-RCC (which includes scalar 

relativistic effects) predicted a bond length of 1.861 Å.  O’Brien suggested that their use 
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of an all electron relativistic basis set as opposed to pseudopotentials at a 

multireference level of theory is most likely the reason for their better agreement with 

experiment.233   

The error when LANL2DZ is used on the metal is even larger, differing from 

experiment by as much as 0.14 Å for AuO. When the same level of basis set is used on 

both the ligand and the metal, re values monotonically converge. Convergence of the 

equilibrium geometry with respect to static metal / increasing ligand basis set is 

dependent upon the metal basis set chosen and the molecule under investigation, while 

static ligand / increasing metal basis set calculations result in monotonic convergence 

regardless of the choice of static ligand basis set.  Although static metal / increasing 

ligand basis set calculations do not always show monotonic convergence, the non-

monotonic behavior typically results in fluctuations of only ~0.005 Å when utilizing 

metal basis sets of triple-ζ quality or greater.  Despite this slight non-monotonic 

convergence, because of the nearly converged energies that can be achieved with a 

static metal approach, calculations utilizing a static metal basis set of at least triple-ζ 

quality provide sufficient results from a structural perspective.   
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Table 7.3.  Counterpoise corrected equilibrium bond length (re) in Å at RCCSD(T) for various basis set choices.  

Metal Basis Ligand 

 

CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO 

    1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 
LANL2DZ           

 cc-pVDZ 1.7931 2.1679 1.8212 2.0365 2.4049 2.0991 2.0057 2.3349 1.9901 

 cc-pVTZ 1.8012 2.1495 1.7356 2.0415 2.3875 2.0826 1.9899 2.2910 1.9450 

 cc-pVQZ 1.8029 2.1359 1.7236 2.0422 2.3734 2.0745 1.9792 2.2738 1.9305 

 cc-pV5Z 1.8013 2.1215 1.7914 2.0446 2.3628 2.0719 1.9793 2.2637 1.9256 

cc-pVDZ-PP           

 cc-pVDZ 1.7526 2.0944 1.7463 2.0007 2.3361 2.0428 1.9651 2.2694 1.9326 

 cc-pVTZ 1.7491 2.0869 1.7355 2.0011 2.3272 2.0301 1.9532 2.2538 1.9120 

 cc-pVQZ 1.7521 2.0794 1.7355 2.0044 2.3236 2.0298 1.9520 2.2461 1.9066 

 cc-pV5Z 1.7564 2.0698 1.7346 2.0090 2.3174 2.0312 1.9532 2.2366 1.9030 

cc-pVTZ-PP           

 cc-pVDZ 1.7486 2.0822 1.7470 1.9899 2.3182 2.0275 1.9500 2.2539 1.9159 

 cc-pVTZ 1.7471 2.0740 1.7398 1.9903 2.3118 2.0195 1.9427 2.2417 1.9034 

 cc-pVQZ 1.7489 2.0680 1.7371 1.9933 2.3074 2.0189 1.9430 2.2339 1.8989 

 cc-pV5Z 1.7502 2.0609 1.7351 1.9963 2.3012 2.0187 1.9435 2.2249 1.8941 

(table is continued on next page) 
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Metal Basis Ligand 

 

CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO 

    1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 
cc-pVQZ-PP           

 cc-pVDZ 1.7397 2.0713 1.7364 1.9793 2.3021 2.0124 1.9363 2.2421 1.9017 

 cc-pVTZ 1.7412 2.0655 1.7367 1.9823 2.3000 2.0120 1.9362 2.2326 1.8984 

 cc-pVQZ 1.7448 2.0604 1.7362 1.9877 2.2983 2.0137 1.9387 2.2255 1.8955 

 cc-pV5Z 1.7464 2.0550 1.7343 1.9910 2.2941 2.0141 1.9394 2.2197 1.8922 

cc-pV5Z-PP           

 cc-pVDZ 1.7311 2.0619 1.7297 1.9705 2.2930 2.0046 1.9287 2.2348 1.8983 

 cc-pVTZ 1.7379 2.0579 1.7332 1.9794 2.2937 2.0093 1.9347 2.2275 1.8973 

 cc-pVQZ 1.7417 2.0555 1.7332 1.9854 2.2934 2.0111 1.9374 2.2223 1.8943 

 cc-pV5Z 1.7434 2.0515 1.7319 1.9886 2.2899 2.0109 1.9375 2.2178 1.8914 

Experimental   1.7449a 2.0512a 1.7243a 1.9832a 2.2808a 2.003a 1.9184b 2.199c 1.8488d 

a) Ref. 234 
b) Ref. 228 
c) Ref. 235 
d)  Ref. 230 

(Table 7.3 continued) 
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7.3.3. Convergence Behavior of the Dissociation Energy 

As shown in Tables 7.2, all molecules in the test set exhibit smooth monotonic 

convergence for the dissociation energy (D0) with respect to a static metal / increasing 

ligand basis set series for CCSD(T), provided that the energies are corrected for BSSE. On 

the contrary, monotonic convergence of the dissociation energy does not always result 

when a static ligand / increasing metal basis set series is employed. For example, 

examination of CuCl in Table 7.2 shows that when using CCSD(T) combined with a 

double-ζ level basis set for the ligand and increasing the size of the metal basis set from 

double-ζ to quintuple-ζ results in dissociation energies of 76.5, 76.1, 77.5, and 79.0 kcal 

mol-1, respectively, showing non-monotonic convergence. For CuO, a static ligand / 

increasing metal basis set series shows convergence with the double-ζ quality ligand 

basis set but not for a larger ligand basis set.    

For the test set of molecules, using a static ligand / increasing metal basis set 

series results in no clear convergence trend even for molecules with similar types of 

ligands (e.g. the halides). For example, CCSD(T) calculations on AgF utilizing a quintuple-ζ 

ligand basis set results in dissociation energies of 80.6, 79.4, 79.3, and 79.3 kcal mol-1, as 

the metal basis set size increases from double-ζ through quintuple-ζ, respectively, while 

the same series of calculations for AuF results in dissociation energies of 66.8, 66.3, 

66.4, and 66.6 kcal mol-1, respectively, displaying non-monotonic convergence. 
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It is also important to note that while varying the ligand from double-ζ to 

quintuple-ζ quality and holding the metal constant at a specified ζ level, dissociation 

energy values change by 10-15 kcal mol-1. However, when holding the ligand basis set 

level constant and varying the metal basis set, the change in the dissociation energy is 

on the order of 1-5 kcal mol-1, resulting in slower convergence in some cases if the 

convergence behavior is observed at all.  This indicates that the quality of the ligand 

basis set has a much larger impact on the energetic description of these molecules.  Due 

to the lack of convergence (and in a few cases slow convergence) of the dissociation 

energy for a static ligand / increasing metal basis set series ,the following discussion of 

the various extrapolation schemes focuses upon a static metal / increasing ligand basis 

set scheme.   

7.3.4. Dissociation Energy at the CBS Limit  

CBS limits for the dissociation energy and the mean absolute deviation (MAD) 

from experiment are shown in Table 7.4 for CCSD(T) calculations. These tables provide 

comparisons in the performance of the four extrapolation schemes outlined in Table 

7.1.  Regardless of the size of the correlation consistent metal basis set utilized, CCSD(T) 

calculations in which the metal basis set is held constant and the quality of the ligand 

basis set is increased result in dissociation energies at the CBS limit which agree within 2 

kcal mol-1 of one another provided that the same extrapolation scheme is used. For 

example, PS(DTQ)-n results in CCSD(T) CBS limits for the dissociation energy of CuCl of 

88.8, 87.8, 87.7, and 87.3 kcal mol-1 with double-ζ, triple-ζ, quadruple-ζ, and quintuple-ζ 
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constant metal basis sets, respectively. The variance is larger for CuF, with CCSD(T) CBS 

limits of 99.4, 97.7, 97.2, and 97.2 kcal mol-1 utilizing PS(DTQ)-n with double-ζ, triple-ζ, 

quadruple-ζ, and quintuple-ζ constant metal basis sets, respectively. 

In comparing the four extrapolation schemes, several general observations can 

be made.  PS(DTQ)-n produces lower dissociation energies at the CBS limit than the 

other three schemes.  PS(TQ5)-n results in lower dissociation energies at the CBS limit 

than PS(TQ5)-𝑙, which was expected.  In general, PS(TQ5)-𝑙 which uses triple-,  

quadruple-, and quintuple-ζ quality ligand basis sets results in the smallest deviation for 

most metal basis set choices for CCSD(T) except in cases such as AgO and AuO in which 

all extrapolations significantly undershoot the value of the dissociation energy.  The 

MAD of D0 from experiment in the dissociation energy as compared to experiment for 

the test set of molecules shows that PS(DTQ)-n results in errors at the CBS limit of 2.7, 

3.4, 3.5, and 3.5 kcal mol-1 for static metal basis sets of double-, triple-, quadruple-, and 

quintuple-ζ  level quality in CCSD(T) calculations, respectively. A similar variance (~0.5 

kcal mol-1) in CBS limits as the static metal basis set size is increased is also shown for 

the other three extrapolation schemes. 
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Table 7.4.  Dissociation energy (D0) evaluated at the CBS limit for RCCSD(T) and the mean absolute deviation from experiment 
in kcal mol-1 using the ligand basis sets as noted by the extrapolation schemes as shown in Table 7.1.  Dissociation energies 
utilized in the extrapolation have been corrected for BSSE. 

    CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO MAD 

Metal Basis Extrapolation 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π  
LANL2DZ            
 PS(DTQ)-n 98.1 88.3 60.9 82.8 76.5 44.1 68.6 67.0 44.6 3.2 
 PS(TQ5)-n 99.8 89.2 62.8 84.8 77.1 45.8 70.5 67.5 45.9 2.9 
 PS(DTQ)-𝑙 99.1 89.1 61.8 83.8 77.2 44.9 69.6 67.8 45.5 3.1 
 PS(TQ5)-𝑙 100.3 89.6 63.2 85.4 77.4 46.3 71.0 67.9 46.3 2.9 
cc-pVDZ-PP            
 PS(DTQ)-n 99.4 88.8 64.7 81.4 75.4 44.3 67.5 66.2 44.8 2.7 
 PS(TQ5)-n 100.3 89.4 65.5 83.1 75.7 45.4 68.9 67.1 45.7 2.3 
 PS(DTQ)-𝑙 100.2 89.4 65.4 82.3 76.1 45.0 68.3 66.8 45.4 2.3 
 PS(TQ5)-𝑙 100.7 89.7 65.8 83.5 75.9 45.8 69.3 67.4 46.1 2.3 
cc-pVTZ-PP            
 PS(DTQ)-n 97.7 87.8 63.5 80.1 74.3 43.6 66.9 65.9 44.7 3.4 
 PS(TQ5)-n 98.9 88.5 64.3 81.6 74.8 44.7 68.0 67.0 45.7 2.5 
 PS(DTQ)-𝑙 98.4 88.4 64.1 80.9 74.9 44.2 67.5 66.5 45.2 2.8 
 PS(TQ5)-𝑙 99.3 88.8 64.7 82.0 75.1 45.1 68.3 67.3 46.0 2.3 
cc-pVQZ-PP            
 PS(DTQ)-n 97.2 87.7 63.0 79.9 74.2 43.6 66.9 66.6 44.8 3.5 
 PS(TQ5)-n 98.3 88.3 64.0 81.0 74.6 44.4 67.8 67.2 45.7 2.8 
 PS(DTQ)-𝑙 97.8 88.2 63.5 80.6 74.8 44.1 67.4 67.0 45.2 3.1 
 PS(TQ5)-𝑙 98.6 88.6 64.3 81.4 74.9 44.7 68.1 67.4 45.9 2.6 

(table is continued on next page) 
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    CuF CuCl CuO AgF AgCl AgO AuF AuCl AuO MAD 

Metal Basis Extrapolation 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π 1Σ+ 1Σ+ 2Π  
cc-pV5Z-PP            
 PS(DTQ)-n 97.2 87.3 63.1 79.9 74.2 43.6 67.0 66.8 45.0 3.5 
 PS(TQ5)-n 98.1 88.2 63.9 80.8 74.6 44.4 67.8 67.4 45.8 2.9 
 PS(DTQ)-𝑙 97.8 87.7 63.6 80.5 74.7 44.1 67.4 67.2 45.4 3.1 
 PS(TQ5)-𝑙 98.4 88.5 64.2 81.2 74.8 44.7 68.0 67.6 46.0 2.7 
Increasing Metal/Ligande           
 PS(DTQ)-n 97.7 87.8 63.4 80.7 74.6 44.3 67.7 67.3 45.6 3.1 
 PS(TQ5)-n 98.4 88.6 64.2 81.0 74.8 44.6 68.1 67.8 46.1 2.7 
 PS(DTQ)-𝑙 98.5 88.4 64.0 81.6 75.3 45.0 68.4 67.9 46.2 2.6 
  PS(TQ5)-𝑙 98.7 88.9 64.5 81.4 75.0 44.9 68.4 68.1 46.4 2.5 

Experimental   102.9±1a 90.3±1a 64.4±3.5b 82.3±1a 75.1±0.4a 52.1±3.5b 68.6c 66.6±3d 53.0±3.5b  
a) Ref. 226 
b) De from Ref. 227 + ZPE correction of 0.9 kcal mol-1 for CuO, 0.7 kcal mol-1for AgO, and 0.8 kcal mol-1 for AuO from 
CCSD(T) frequency calculation using triple-ζ basis sets. 
c) De from Ref. 228 + ZPE correction of 0.8 kcal mol-1 from CCSD(T) frequency calculation using triple-ζ basis sets. 
d) Ref. 229 
e) Calculations are performed using the same ζ-level basis set for both the metal and the ligand (e.g. double-ζ 
pseudopotential on the metal and double- ζ on the ligand).   

(Table 7.4 continued) 
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As shown in Tables 7.4, CBS limits resulting from the use of increasing the quality 

of both the ligand and metal basis sets (as opposed to using a static metal/increasing 

ligand basis set approach) are similar (within 0.6 kcal mol-1) to the CBS limits determined 

using any level of static metal set, provided a correlation consistent basis set has been 

used. Interestingly, close examination of CCSD(T) CBS limits for individual molecules 

suggests that static metal basis sets of at least triple-ζ quality should be used. To 

illustrate, using a cc-pVDZ-PP static metal basis set results in CBS limits of 99.4, 100.3, 

100.2, and 100.7 kcal mol-1 for CuF whereas these values drop to limits of 97.7, 98.9, 

98.4, and 99.3 kcal mol-1 for schemes PS(DTQ)-n, PS(TQ5)-n, PS(DTQ)-𝑙, and PS(TQ5)-𝑙, 

respectively, using a cc-pVTZ-PP static metal basis set. These cc-pVTZ-PP results closely 

agree with the CBS limits when the size of both the ligand and metal basis set increase 

simultaneously (97.7, 98.4, 98.5, and 98.7 kcal mol-1, respectively).  

Figure 7.1 illustrates the signed deviation in the CCSD(T) CBS limit dissociation 

energy arising from a series of static metal / increasing ligand basis set calculations as 

compared with the energy determined using a series of increasing ligand / increasing 

metal basis set calculations. Interestingly, the CCSD(T) CBS limits for dissociation 

energies using a static metal basis set of at least triple-ζ quality are within 1 kcal mol-1 of 

an increasing metal / increasing ligand approach. Dissociation energies at the CBS limit 

calculated with the cc-pVDZ-PP basis set show much greater deviation than the other 

three static metal basis set choices. Overall, it is recommended that the minimum static 

metal basis set employed should be of triple-ζ quality. 
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Fig. 7.1.  Pictorial representation of the signed deviation in kcal mol-1 between the RCCSD(T) CBS limit dissociation 
energy obtained employing PS(TQ5)-𝑙 for the static metal approaches and the reference approach utilizing the 
same quality metal and ligand basis sets. 
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Though the focus of this study is to gain an understanding of the ligand and 

metal basis set requirements, it is still useful to note the MAD from experiment, as the 

correlation consistent pseudopotential sets are relatively unstudied. For CCSD(T) 

calculations the smallest MAD is 2.3 kcal mol-1 and the average of the published 

uncertainties for the molecules within the test set is 2.1 kcal mol-1. While the MAD from 

experiment at the CBS limit seems large for these species as compared with the error  

typically obtained at the CCSD(T)/CBS limit for main group species,  earlier work has 

suggested that chemical accuracy for transition metals (“transition metal chemical 

accuracy”)  be defined, at present, as 3.0 kcal mol-1 for energetic properties such as 

dissociation energies,32 rather than as the “chemical accuracy” commonly used for main 

group species (1.0 kcal mol-1). Also, factors such as core-valence (CV) correlation and 

spin-orbit (SO) coupling for the Group 11 oxide radicals have not been taken into 

account in these calculations. To provide an example of the potential magnitude of 

these other factors, a study by Ichino et al.231 of the photoelectronic spectrum of AuO─  

determined the spin-orbit splitting between the X 2Π3/2 and X 2Π1/2 states to be 1440 ± 

80 cm-1. In a study by Puzzarini and Peterson236 it was shown that  the atomic SO and CV 

corrections are non-negligible for AuX species (where X=F,Cl, Br, and I). In their study it 

was shown that the CV correction can be as large as 1 kcal mol-1 and the SO correction 

can account for 0.8 and 0.1 kcal mol-1 in the AuF and AuCl species, respectively. Despite 

this exclusion, the present results still aid in understanding the utility of a constant 

metal basis set and varying ligand basis set. Accounting for these additional factors (e.g., 
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spin-orbit coupling) would further increase the calculated dissociation energy, and, for 

most molecules in this study, improve the quality of CCSD(T) calculations utilizing the 

correlation consistent metal basis sets. 

7.3.5. Computational Requirements 

Table 7.5 provides perspective about the relative computational savings possible 

when CCSD(T)/CBS limits are determined using constant metal basis sets while 

increasing only the ligand basis set size.  Comparisons are made between the CPU time 

requirements for each choice of constant metal / increasing metal basis set series with 

the CPU time requirements for the series in which both the ligand and metal basis set 

size increase (hereafter referred to as the reference).  Significant cost savings can be 

achieved when constant metal basis sets are used.  For example, the CPU time 

requirements for using a constant triple-ζ metal basis set and employing double-, triple-, 

and  quadruple-ζ ligand basis sets is only 12% of the overall time that it takes to run the 

reference series of calculations. The MAD in the CBS limit for calculations employing a 

triple-ζ constant metal basis set and varying the ligand basis set from double-ζ to 

quadruple-ζ is 2.8 kcal mol-1 compared with the reference calculations where the MAD is 

2.6 kcal mol-1.  This is a slight decrease in accuracy at almost a ten-fold reduction in 

computational time.  Calculations which utilize a constant triple-ζ metal basis set and 

the ligand basis sets at triple-, quadruple-, and quintuple-ζ quality have a smaller MAD 

than the reference approach (2.3 versus 2.5 kcal mol-1) at 29% of the computational 

time.  Despite the significant increase in computational cost, the overall accuracy in the 
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CBS properties obtained from quadruple-ζ  or quintuple-ζ static metal / increasing ligand 

basis set calculations does not improve over the CBS values obtained from triple-ζ static 

metal / increasing ligand basis set calculations. 

Table 7.5.  Average percent CPU time (%) of single-point RCCSD(T) calculations in 
relation to the computational time of the three single-point RCCSD(T) calculations which 
utilize triple-, quadruple-, and quintuple-ζ for both the metal and ligand.  The  
computational time is the sum of the computational time for all three single point 
calculations in the series.  Metal basis sets were not varied and ligand basis sets are 
signified by the lowest ζ – highest ζ level in the series (e.g. cc-pVDZ – cc-pVQZ for 
calculations which use double-, triple-, and quadruple-ζ ligand basis sets).    

Metal Basis Set Ligand Basis Sets % CPU 
LANL2DZ cc-pVDZ – cc-pVQZ 1 
 cc-pVTZ – cc-pV5Z 5 
cc-pVDZ-PP cc-pVDZ – cc-pVQZ 5 
 cc-pVTZ – cc-pV5Z 15 
cc-pVTZ-PP cc-pVDZ – cc-pVQZ 12 
 cc-pVTZ – cc-pV5Z 29 
cc-pVQZ-PP cc-pVDZ – cc-pVQZ 32 
 cc-pVTZ – cc-pV5Z 60 
cc-pV5Z-PP cc-pVDZ – cc-pVQZ 85 
 cc-pVTZ – cc-pV5Z 146 
cc-pVDZ-PP - cc-pVQZ-PP cc-pVDZ – cc-pVQZ 21 
cc-pVTZ-PP - cc-pV5Z-PP cc-pVTZ – cc-pV5Z 100 

 

7.4. Conclusions 

CCSD(T) calculations have been performed utilizing combinations of correlation 

consistent basis sets to examine the impact of transition metal and ligand basis set 

choices on the accuracy and convergence of the bond lengths and dissociation energies 

for our test set of transition metal species. Equilibrium bond lengths calculated when 

utilizing static metal / increasing ligand basis sets lead to a change on the order of 0.01Å 

while bond lengths determined using static ligand / increasing metal basis sets lead to 
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changes in bond length an order of magnitude larger than the static metal / increasing 

ligand basis set approach. The overall convergence of the dissociation energy for the 

static metal / increasing ligand basis set approach is much faster than the convergence 

observed for a static ligand / increasing metal basis set series.   To illustrate, for CCSD(T) 

/ static triple-ζ level calculations on CuF, the differences is 15 kcal mol-1 and 0.6 kcal  

mol-1, respectively. It is therefore likely that for molecules which have the same bonding 

types and electronic structure as the molecules in our test set, the quality of the ligand 

basis set will have a larger impact on the energetic accuracy than the quality of the 

metal basis set.   

In examining the convergence behavior of dissociation energies with respect to 

increasing basis set size, monotonic convergence to the CBS limit does not always occur 

for static ligand / increasing metal basis set calculations. For example in CCSD(T) 

calculations on CuF, a static double-ζ level ligand basis set results in convergence of the 

dissociation energies when the transition metal basis set size is increased. However, 

when a triple-ζ level ligand basis set is used, the dissociation energies do not necessarily 

monotonically converge as the metal basis set size is increased. Unlike the static ligand 

basis set approach, the static metal basis set approach always converges monotonically 

once corrected for BSSE, and, thereby, enabling a determination of the CBS limit. 

Static metal / increasing ligand basis set CCSD(T) calculations utilizing a triple-ζ 

metal basis set and double-, triple-, and quadruple-ζ ligand basis sets can result in a 

MAD at the CBS limit from experiment of 2.8 kcal mol-1 for dissociation energies, which 
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is only an increase of 0.3 kcal mol-1 over the MAD at the CBS limit obtained utilizing 

increasing metal / increasing ligand basis set calculations utilizing triple-, quadruple- and 

quintuple-ζ quality basis sets. The static triple-ζ metal basis set / increasing ligand basis 

set shows a remarkable reduction in average CPU time of 88% over increasing metal / 

increasing ligand basis set calculations. With the inclusion of effects like spin-orbit 

corrections and core-valence correlation, high-quality structural and energetic 

properties, the MAD in the dissociation energy will be reduced further.   
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CHAPTER 8  

HARTREE-FOCK CONVERGENCE OF THE CORRELATION CONSISTENT BASIS SETS FOR 

TRANSITION METAL SYSTEMS* 

8.1. Introduction 

Computational power has increased to a level that allows ab initio calculations of 

energetic properties to be routinely performed with accuracy goals of better than 1 kcal 

mol-1 error from experiment. Not only have large benchmark studies been carried out on 

main group species with advanced ab initio methods such as coupled cluster (CC) theory 

employing large basis sets, but also by alternative approximate schemes which reduce 

computational cost such as composite methods. Recently, the feasibility of high-

accuracy predictions has spread from systems containing main group elements to 

systems that also contain transition metal (TM) atoms. As compared to calculations 

performed on main group species, calculations on TM species have increased 

computational demands due, in part, to their increased size in terms of valence 

electrons and to the increased basis set requirements.  

For main group species, it has been shown that the Hartree-Fock (HF) energy 

converges rapidly with respect to increasing size of the correlation consistent basis set 

                                                      
*Reprinted from T. G. Williams, N. J. DeYonker, and A. K. Wilson, J. Chem. Phys. “Hartree-Fock complete 
basis set limit properties for transition metal diatomics” 2008, 128,044101/1, with permission of the 
American Institute of Physics. 
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and, in most cases, conforms most closely to an exponential fit.75,174,237-240 Unlike the HF 

energy, the correlation energy converges at a much slower rate which most closely 

resembles an inverse power function. For this reason, separate extrapolation of the HF 

energy and correlation energy best represents the convergence to the complete basis 

set (CBS) limit.68,74,167-170 

Recently, Balabanov and Peterson73 have developed correlation consistent basis 

sets for the 3d transition metal atoms (denoted cc-pVnZ) of triple-, quadruple-, and 

quintuple-ζ quality, which performed exceptionally well for atomic ionization 

properties.201 However to date, few investigations of the CBS convergence behavior of 

energies and properties of TM-containing molecules have been done. As systematic, 

high-accuracy studies utilizing the TM correlation consistent basis sets are still rather 

new, there arises a need to understand the capabilities of various methodologies in 

conjunction with these basis sets, such as a recent benchmark study on TM 

thermochemistry performed by DeYonker et al.,32 which utilized both the ccCA model 

chemistry and a large basis set coupled cluster approach. In the study, it was shown that 

ccCA for TM species produces a mean absolute deviation (MAD) from experimental 

enthalpies of formation of roughly 3 kcal mol-1, even though the MAD of ccCA was less 

than 1 kcal mol-1 for main group species.28,29 This increased error is appropriate 

considering the average uncertainties of the TM training set were greater than ±2 kcal 

mol-1, whereas uncertainties in the main group training sets are significantly less than ±1 



 

143 

kcal mol-1. Interestingly, the CCSD(T) benchmark calculations done in the ccCA TM study 

also results in a MAD of 3 kcal mol-1.  

One of the most powerful tools to gauge the basis set truncation error 

associated with the Hartree-Fock method has been to use numerical calculations which 

are basis set independent. Since the mid-1980’s, the finite-difference numerical 

procedure by Laaksonen et al.241 has been used to estimate the HF CBS limit in both first 

and second row diatomic systems.241-247 It has been shown previously that, provided a 

sufficient grid size is utilized, the finite-difference numerical Hartree-Fock energy can be 

considered the “true” HF CBS limit.248 Using the finite-difference procedure, numerous 

studies by Davidson and co-workers249-251 were performed with great success, 

examining calculations utilizing large basis sets thought to be close to the HF CBS limit as 

well as experimental results from electron momentum spectroscopy and comparing 

them to numerical HF energies.  

More recently, numerical Hartree-Fock calculations have been utilized in the 

study of basis set convergence of hierarchical basis sets toward the HF CBS limit for first 

and second row diatomic molecules.75,237-240 An estimate of the error associated with an 

extrapolation scheme can be determined by comparing extrapolated values versus 

those at the numerical limit. While the HF error in main group species associated with 

the basis set can be substantial in comparison to the numerical HF limit, a number of 

extrapolation techniques can minimize this error. In this study, we test the general 

performance of extrapolation schemes on the HF energy compared to numerical HF 
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results for a test set of diatomic TM species containing various ligand atoms, something 

unexplored until now. This will further expand our understanding of the basis set 

convergence of TM-containing species and help determine whether or not CBS 

extrapolation schemes utilized for main group species are relevant to TM-containing 

species. 

8.2. Computational Details 

For all diatomic systems, restricted closed shell and open shell nonrelativistic 

Hartree-Fock calculations were carried out with the MOLPRO 2006.1 program 

package213 and numerical Hartree-Fock calculations were carried out with the 2dhf 

program.252  All Hartree-Fock calculations in MOLPRO and 2dhf were converged to 

better than 10-8 Eh, while we report energies to six digits (ΔEh accuracy) in the Tables.  

Twenty-seven 3d transition metal-containing diatomic species (ScCl, ScF, ScH, ScN+, ScN, 

ScO+, ScO, ScS–, ScS, TiN, TiN+, VO–, CrC, CrMn+, MnC–, FeC, CoC–, CoO–, NiC, NiSi, CuH, 

CuF, CuCl, Cu2, CuLi, ZnH, and ZnF) were included in the test set. Except for FeC, in all 

cases the molecular ground states had Σ point group symmetry. For FeC, the excited 3Σ– 

state was used because the ground state (X 3Δ) is of high multireference character. As 

the electronic configuration of atomic iron is 4s23d6, the ground electronic states of 

small iron-containing molecules are generally open-shell and extremely multireference. 

Using a low-lying excited state of FeC is deemed a necessary compromise in order to 

include representatives of all ten 3d TMs in our training set.   
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Equilibrium bond lengths of the ground states reported from experiment or 

theoretical studies (if no previous experimental results exist) are employed. In all cases 

where no experimental bond lengths have been reported for the molecule (ScN+, ScO+, 

ScS–, TiN+, VO–, CrC, CrMn+, MnC–, FeC, CoC–, and CoO–), equilibrium bond lengths were 

chosen from multireference CI calculations that utilized double- to quadruple-ζ quality 

basis sets. If no experimental bond lengths or theoretical studies using multireference 

methods exist, bond lengths were obtained from previously carried out DFT calculations 

employing triple-ζ quality basis sets. The means by which the geometry was selected for 

each molecule is reported in the footnotes of Table 8.1.  Correlation consistent valence 

basis sets (cc-pVnZ where n=T, Q, and 5) and augmented correlation consistent basis 

sets (aug-cc-pVnZ) were utilized for the transition metal elements73 and main group 

species.63,64 For the second row main group species (Si – Cl), tight-d basis sets [cc-

pV(n+d)Z and aug-cc-pV(n+d)Z]70 were utilized. 

Although the finite-difference numerical approach is basis set independent, it is 

grid dependent. Three parameters control the size and density of the grid: ν and μ, 

which are prolate spheroidal “radial” coordinates, and R∞, the practical infinity. The 

second variable μ is determined based on the choice of ν and R∞ to make the step size 

for both radial directions approximately equal using the formula: 
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where 

r
R

T ∞⋅
=

2

          8.2 

r is the equilibrium bond length. As the numerical HF procedure involves a 7-point 

integration, the value of μ must be reduced to the closest integer multiple of 6n+1. As 

an example, for the molecule ScH (X 1Σ+, r=3.354 au), if the grid values of ν and R∞ are 

chosen to be 169 and 40.0, respectively, then utilizing Eq. 8.1 results in μ of ~208.  

Therefore, μ is set to 205, the closest smaller integer multiple of 6n+1.  (For a more 

detailed description of numerical HF theory and the 2dhf program, please refer to Ref. 

252.)  Numerical Hartree-Fock calculations were performed with increasing grid size 

until no change in HF energy was observed for two successive grid sizes at the 

microHartree level.   

Several extrapolation schemes were utilized, including an exponential 

extrapolation scheme, which was originally suggested by Feller et al.,173,174    

)exp()()( BnAEnE −+∞= ,       8.3 

where E(n) is the energy obtained with the basis set level of cc-pVnZ, n is the cardinal 

number of the basis set (cc-pVDZ = 2, cc-pVTZ = 3, etc.).  E(∞) is the energy extrapolated 

to the CBS limit, and both A and B are fitting parameters. Through simple algebraic 

manipulation the analytical solution of Eq. 8.3 for the energy at the CBS limit utilizing 

three sequential points becomes 
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In a study by Halkier et al.,75 it was observed that parameter B in Eq. 8.3 was 

roughly constant for their test set of main group species and found that a B-value of 

1.63 performed well for two-point extrapolations in conjunction with smaller correlation 

consistent basis sets. The two-point extrapolation scheme not only required fewer 

calculations to be performed, but it also resulted in a smaller deviation from the 

numerical limit as compared with three-point extrapolations. Unlike Halkier’s study 

which took an algebraic average of the parameter B, in this study a B-value was chosen 

which minimized the MAD of our training set from the numerical limit using the 

analytical solution of the two point extrapolation, 
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Another exponential-type fit recently proposed for Hartree-Fock energies by 

Karton et al.240 and currently implemented in the W4 composite method15 is the 

extrapolation scheme 

)9exp()1()()( maxmax llAEnE −++∞= .144     8.6 

The analytical solution to this equation and the derivation of this formula can both be 

found in the original work. 

We have also utilized one of used the extrapolation schemes seen in previous 

chapters, the mixed Gaussian/exponential form proposed by Peterson et al.,104  
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For MP2 calculations, a series of inverse power functions has also been shown by Wilson 

et al.68 to provide accurate results for the MP2 correlation energy for main group 

species and has the form 

5
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Such inverse power expansions of 𝑙max were suggested by the work of 

Schwartz,78,79   Caroll et. al,253  and Hill.254 Two other widely used extrapolation schemes 

are the single inverse power functions first introduced by Schwartz,78,79,105 

3
max )()()( −+∞= lAEnE         8.9  

and 

4
max )()()( −+∞= lAEnE .        8.10 

Peterson and co-workers71,172 have utilized an average of the inverse cubic 

equation (Eq. 8.9) utilizing quadruple- and quintuple-ζ energies and the mixed Gaussian-

exponential form utilizing triple-, quadruple-, and quintuple-ζ energies. The argument 

for this approach is that often the inverse cubic equation converges more slowly and 

therefore overestimates the true CBS limit while the mixed Gaussian-exponential fit 

converges more quickly and underestimates the CBS limit. Taking the average of these 

two schemes has been shown to produce accurate results in TM-containing species.197   

The last type of extrapolation scheme that we used was recently proposed by 

Lee et al.255 In this scheme, the concept that energies corrected for basis set 
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superposition error (BSSE) and uncorrected energies should converge to the same CBS 

limit was utilized. Using an inverse power series for both the BSSE corrected and 

uncorrected energies, they suggested a two point extrapolation scheme of the form:  
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where Eb is the energy corrected for BSSE while En represents the uncorrected energy.  

As these calculations require both BSSE corrected and uncorrected energies, all 

molecules in the test set were corrected using the Boys-Bernardi counterpoise 

correction223 as detailed in the previous chapter. 

8.3. Results and Discussion 

8.3.1.  Numerical Results 

Numerical Hartree-Fock total energies for the twenty-seven diatomic molecules 

are listed in Table 8.1 with respect to grid size. The smallest grid that was used (ν = 169 

and R∞ = 40) was generally insufficient, leading to errors in the tenths of a milliHartree 

range – a similar magnitude of error was found using this grid size in a numerical HF 

study of main group species.248 We have found that, overall, the grid size required to 

determine the minimum numerical Hartree-Fock energy for the TM species is much 

larger than the size requirement for main group species. This requirement for a larger 

grid size is not surprising, as it has been shown that second row main group species 
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required larger grid sizes than first row species.248 For TM diatomic species, it appears 

that a grid of ν = 300 and R∞ > 400 is required to reproduce energies that are within 1 

microHartree of the numerical limit. However, for the Cu2 system an even larger grid (ν = 

397 and R∞ = 440) is required to converge the numerical limit to better than 1 

microHartree. 

8.3.2.   Effect of Basis Set Superposition Error 

Table 8.2 contains the MADs of the Hartree-Fock calculations utilizing the cc-

pVnZ and aug-cc-pVnZ basis sets with respect to numerical Hartree-Fock limits. All 

calculations show monotonic convergence toward the CBS limit for the Hartree-Fock 

energies whether or not a BSSE correction was done.  BSSE-corrected HF energies are 

further from the numerical limit than the uncorrected energies. On average, 

uncorrected cc-pVTZ energies are 0.41 mEh (0.26 kcal mol-1) lower than BSSE corrected 

energies. At the quadruple-ζ basis set level, the difference between BSSE-corrected and 

uncorrected results is reduced to 0.14 mEh, and at the quintuple-ζ level the difference is 

reduced to 0.03 mEh. For the augmented correlation consistent basis sets, the difference 

between BSSE corrected and uncorrected is significantly reduced at the triple- and 

quadruple-ζ level while the difference is roughly the same at the quintuple-ζ level (0.21, 

0.07, and 0.02 mEh, respectively). While the common assumption has been that the 

convergence of transition metals is slower due to electronic occupation of d-orbitals, 

the HF energy of the transition metal diatomics in this test set have a similar relative 

deviation from the numerical limit as main group species.75-237 For our test set, the  
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Table 8.1.  Numerical Hartree-Fock energies in Eh with respect to grid size ν, μ, and the practical infinity (R∞).  Grid parameter 
μ is determined using Eq. 8.1 in text and all equilibrium bond lengths (R) are reported in Å.  

      169 x μq 229 x μ 295 x μ 325 x μ 361 x μ 400 x μ 
      R∞=40 R∞=250 R∞=350 R∞=400 R∞=425 R∞=440 
ScCl X 1Σ+ R=2.229a -1219.335719 -1219.335783 -1219.335786 -1219.335786   
ScF X 1Σ+ R=1.787a -859.301204 -859.301233 -859.301233 -859.301233   
ScH X 1Σ+ R=1.775b -760.277962 -760.277979 -760.277980 -760.277980   
ScN+ X 2Σ+ R=1.738c -813.905761 -813.905802 -813.905803 -813.905803   
ScN X 1Σ+ R=1.687d  -814.088392 -814.088437 -814.088437 -814.088437   
ScO+ X 1Σ+ R=1.651e -834.441489 -834.441523 -834.441524 -834.441524   
ScO X 2Σ+ R=1.6682a -834.674476 -834.674512 -834.674512 -834.674512   
ScS− X 1Σ+ R=2.188f -1157.375033 -1157.375084 -1157.375086 -1157.375086   
ScS X 2Σ+ R=2.135g  -1157.338485 -1157.338532 -1157.338534 -1157.338534   
TiN X 2Σ+ R=1.5802a -902.769242 -902.769281 -902.769282 -902.769282   
TiN+ X 1Σ+ R=1.586c -902.526826 -902.526864 -902.526865 -902.526865   
VO− X 3Σ− R=1.615h -1017.767030 -1017.767080 -1017.767081 -1017.767081   
CrC X 3Σ− R=1.63i -1080.868004 -1080.868065 -1080.868066 -1080.868066   
CrMn

 

X 1Σ+ R=2.41j -2192.466718 -2192.467290 -2192.467303 -2192.467304 -2192.467304  
MnC− X 3Σ− R=1.618k -1187.323444 -1187.323507 -1187.323508 -1187.323508   
FeC 2 3Σ− R=1.670l -1299.926190 -1299.926270 -1299.926272 -1299.926272     
CoC− X 1Σ+ R=1.564k -1418.878765 -1418.878843 -1418.878845 -1418.878845   
CoO− X 3Σ− R=1.616k -1456.143677 -1456.143755 -1456.143756 -1456.143757 -1456.143757  
NiC X 1Σ+ R=1.631m -1544.389446 -1544.389543 -1544.389546 -1544.389546   
NiSi X 1Σ+ R=2.075n -1795.560888 -1795.561177 -1795.561184 -1795.561185 -1795.561185  
CuH X 1Σ+ R=1.463a -1639.514040 -1639.514110 -1639.514112 -1639.514112r   
CuF X 1Σ+ R=1.745a -1738.464881 -1738.465270 -1738.465274 -1738.465275 -1738.465275  

(table is continued on next page) 
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      169 x μq 229 x μ 295 x μ 325 x μ 361 x μ 400 x μ 
      R∞=40 R∞=250 R∞=350 R∞=400 R∞=425 R∞=440 
CuCl X 1Σ+ R=2.051a -2098.547663 -2098.548150 -2098.548160 -2098.548160   
Cu2 X 1Σg

+ R=2.22a -3277.939157 -3277.941572 -3277.941602 -3277.941605 -3277.941606 -3277.941606 
CuLi X 1Σ+ R=2.26o -1646.409271 -1646.409840 -1646.409855 -1646.409856 -1646.409856  
ZnH X 2Σ+ R=1.595a 1778.377701 -1778.377820 -1778.377824 -1778.377824   
ZnF X 2Σ+ R=1.768p -1877.344591 -1877.344827 -1877.344833 -1877.344833     

a)  Ref. 234 
b)  Ref. 256 
c)  Ref. 257 (MRCI calculation using a basis set of the size 5s4p3d for the metal and 5s4p2d for the ligand) 
d)  Ref. 258 
e)  Ref. 259 (MRCI calculation using a basis set of the size 5s4p3d for the metal and 4s3p1d for the ligand) 
f)  Ref. 260 [B3LYP/6-311++G(df)] 
g) Ref. 261 
h)  Ref. 262 (MRCI using a basis set of the size 8s7p5d3f2g1h for the metal and 6s5p4d3f2g for the ligand)  
i) Ref. 263 (MRCI using a basis set of the size 7s6p4d3f2g for the metal and 5s4p3d2f1g for the ligand) 
j) Ref. 264 [BPW91/ 6-311+G(d)] 
k) Ref. 265 [BPW91/6-311+G(d)] 
l) Ref. 266 (MRCI calculation using a basis set of the size 7s6p4d3f for the metal and cc-pVTZ for the ligand) 
m) Ref. 267 
n) Ref. 268 
o) Ref. 269 
p) Ref. 270 
q) See Eq. 8.1 for determining μ  
r) R∞=375   
 

(Table 8.1 continued) 
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deviation for the triple-, quadruple- and quintuple-ζ energies were 6510, 1496 and 354 

μEh, respectively, while for the Halkier main group test set, the deviations were 8290, 

1770, and 260 μEh, respectively.75 

Table 8.2. Mean absolute deviation (MAD) and standard deviation (σ) in μEh of restricted 
Hartree-Fock calculations versus numerical results for the test set of 27 diatomic TM 
species without the correction for BSSE (no CP corr.) and with the correction for BSSE 
(CP corr.).  

    cc-pVnZ  cc-pVnZ  aug-cc-pVnZ  aug-cc-pVnZ 
  no CP corr.  CP corr.  No CP corr.  CP corr. 
ζ   MAD σ  MAD σ  MAD σ  MAD σ 
             
T  6510 4053  6923 4284  4864 2566  5077 266

 
Q  1496 1064  1640 1201  946 617  1015 655 
5   354 298  388 352  155 72  177 87 

 

8.3.3. Power Series-Based Extrapolation Formulae 

Overall, the power series schemes perform poorly for the extrapolation of the 

Hartree-Fock energies of transition metal diatomics. The error can be quite large as 

shown in Table 8.3 where the inverse cubic function (Eq. 8.9) has a MAD from numerical 

HF energies resulting from the extrapolation of the triple- and quadruple-ζ quality 

energy in excess of 1.5 mEh, notably larger than the MAD from the unextrapolated HF 

energy.  Some of these extrapolation formulas work well for total energy extrapolations, 

as was demonstrated in the ccCA benchmark studies of main group species.29  

In general, the extrapolation schemes that have been largely applied to 

correlation energies show MADs which vary from 300 to 800 μEh.  The two schemes 

which result in the poorest performance are the inverse cubic and quartic approaches 
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(Eqs. 8.9 and 8.10), and thereby the scheme which utilizes the averages of Eqs. 8.7 and 

8.9 also performs poorly.  For calculations utilizing the cc-pVnZ basis sets, the Peterson 

mixed Gaussian/exponential function (Eq. 8.9), results in the lowest MAD, 349 μEh when 

uncorrected for BSSE and 418 μEh when corrected for BSSE.  This MAD from the 

numerical HF energies is only 6 μEh smaller than the unextrapolated, non-BSSE-

corrected results and a 30 μEh increase in MAD from unextrapolated, BSSE corrected 

results.  Therefore Eq. 8.7 through 8.10 do not reproduce the convergence behavior of 

the HF energy when using the cc-pVnZ and aug-cc-pVnZ basis sets and should not be 

used to extrapolate the HF energy. 

 The last power series extrapolation formula (Eq. 8.11) examined was proposed 

by Lee et al.,255 and utilizes both BSSE corrected and uncorrected results to determine 

the CBS limit.  As shown in Table 8.3, if the anionic species (ScS–, VO–, MnC–, CoC–, and 

CoO–) are excluded from the test set, the MAD for Eq. 8.11 is lowered from 12,892 μEh 

to 374 μEh for triple- and quadruple-ζ energy extrapolations and from 587 μEh to 82 μEh 

for quadruple-ζ and quintuple-ζ.  The MAD of this equation is lower than that of all other 

inverse power series extrapolation (when the anionic species are excluded) and the 

extrapolations are carried out with quadruple- and quintuple-ζ quality results. Built into 

the assumption of Eq. 8.11 is that as the basis set quality is increased, the BSSE is 

reduced. However, this equation fails when the convergence of the counterpoise 

corrected results with respect to increasing basis set size is not similar to that of the 

uncorrected results, as occurs for all anionic species in our test set.  Calculations 
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performed for the anionic species result in a correction for BSSE which is roughly 

equivalent at the triple- and quadruple-ζ levels, and this leads to completely 

meaningless results.  For these reasons, the equation utilizing both BSSE corrected and 

uncorrected should be utilized with great care, specifically as it only applies to systems 

where both the Hartree-Fock energy and the counterpoise corrected energy show 

smooth monotonic convergence.  Although to our knowledge no benchmark study has 

been carried out,  it would be very interesting to note the performance of Eq. 8.11 for 

the extrapolation of electron correlation energy as it performs exceptionally well for HF 

energy in well-behaved neutral and cationic systems. This is despite the fact that it takes 

the functional form of an inverse power series.  

8.3.4. Exponential-Based Extrapolation Formulae 

Three extrapolation formulas (Eq. 8.3, 8.5 and 8.6) resulted in HF CBS limit 

energies for all molecules within sub-milliHartree accuracy of the numerical limit 

regardless of being corrected for BSSE, as shown in Table 8.4.  For CBS energies 

corrected for BSSE, extrapolation schemes utilizing the two larger basis sets, quadruple- 

and quintuple-ζ result in a MAD from numerical HF energies which is larger than that 

determined from BSSE uncorrected CBS energies.  The magnitude of the difference 

between the MADs is approximately equal to the BSSE for the quintuple-ζ level energy. 

For example, the difference between the MAD’s resulting from the Eq. 8.5 extrapolation 

scheme is 34 μEh while the BSSE correction to the quintuple-ζ energy is 20 μEh.  

Calculations utilizing the triple- and quadruple-ζ basis sets result in a MAD difference of 
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Table 8.3. Mean absolute deviation (MAD) and standard deviation (σ) in μEh of CBS limit energies versus numerical results for 
the test set of 27 diatomic TM species without the correction for BSSE (no CP corr.) and with the correction for BSSE (CP 
corr.) for the power series forms of the extrapolation equations.  

  cc-pVnZ  cc-pVnZ  aug-cc-pVnZ  aug-cc-pVnZ 

  No CP corr.  CP corr.  No CP corr.  CP corr. 
Eq. # Basis Setsa MAD σ  MAD σ  MAD σ  MAD σ 
             
8.7 TQ5 349 360  418 403  299 271  306 299 
8.8 TQ5 417 284  584 513  338 225  415 251 
8.9 TQ 842 492  905 495  1316 562  1329 584 
8.9 Q5 459 465  538 513  488 399  504 437 
8.10 TQ 2162 1251  2216 1338  1913 853  1949 882 
8.10 Q5 843 766  925 884  676 531  702 578 
Avg. 8.7+8.9 

 

TQ5 577 574  663 638  487 401  503 439 
             
8.11  TQ 12892 56538     1414 2024    
8.11  Q5 587 1696     353 1384    
8.11b TQ 374 315     1058 1038    
8.11b Q5 82 75     37 34    

a)  Basis sets employed in extrapolation (i.e TQ5 represents triple-, quadruple-, and quintuple-ζ basis sets) 
b) Without the five anionic species. 
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98 μEh which is much smaller than the BSSE correction for the quadruple-ζ energy (144 

μEh). 

In agreement with the study by Halkier et al. on main group species.,75 the two 

point Feller fit (Eq. 8.5) leads to a lower MAD than the three point Feller fit (Eq. 8.3) for 

transition metals (by 33 and 111 μEh for BSSE-corrected standard and augmented 

energies, respectively). Therefore, the focus in the remaining discussion will be upon the 

two-point schemes.  Extrapolations were carried out for the two-point Feller fit with 

either the parameter B set to the average value from the study by Halkier et al. (1.63), 

or to a value resulting from a minimization of the MAD with respect to basis set choice, 

see Figure 8.1. For extrapolations utilizing the triple- and quadruple-ζ (TQ) basis sets, the 

minimized value for the parameter B is 1.47 for the standard basis sets and 1.58 for the 

augmented basis sets.  For the cc-pVnZ basis sets, the optimal value of B has a much 

larger impact on the CBS limits than the value of 1.63 recommended for main group 

species. When using B = 1.47, the MAD using cc-pVnZ sets is lowered from 441 μEh to 

313 μEh.  The optimal value of B (1.58) for the augmented basis sets has a nearly 

negligible effect, lowering the MAD from 198 μEh (B=1.63) to 180 μEh. 

For extrapolations utilizing quadruple-ζ and quintuple-ζ (Q5) basis set results, the 

change in the value of B for the standard and augmented basis functions was larger 

(1.74 and 1.95, respectively) in comparison to triple-ζ and quadruple-ζ energy 

extrapolations, but the effect on the energy was less profound than seen for triple-ζ and 

quadruple-ζ energy extrapolations.  While extrapolations utilizing the value of 1.74 for 
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the cc-pVnZ basis sets result in a MAD only 2 μEh lower than extrapolations utilizing 

1.63, for the augmented basis sets the MAD is reduced by 28 μEh when the B-value is 

 
Fig. 8.1.  Graphical depiction of the MAD for the Feller two-point extrapolation 
scheme for the various minimized B-values (1.47, 1.58, 1.74, and 1.95 versus the 
reference 1.63) for the test set of diatomic TM species.  TQ, Q5, aTQ and aQ5 
represent the basis sets employed in the calculation, e.g. aTQ represents 
extrapolations utilizing augmented triple- and quadruple-ζ quality values. 

 
optimized to 1.95 (from 88 μEh to 60 μEh).  The larger values for the parameter B 

represent faster convergence of the basis set toward the numerical limit.  Thus, in 

comparison with calculations on main group species, the correlation consistent basis 

sets result in slightly slower convergence (slightly smaller value of B) of the energy for 

the transition metal diatomics, while the augmented basis sets result in faster 

convergence.   This was expected, as augmented functions enable the CBS limit to be 

approached more quickly than the standard sets. 
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Table 8.4.  Mean absolute deviation (MAD) and standard deviation (σ) in μEh of CBS limit energies versus numerical results 
for the test set of 27 diatomic TM species without (no CP corr.) and with (CP corr.) the correction for BSSE for the exponential 
forms of the extrapolation equations. (See Section 8.3.4.) 

      cc-pVnZ   cc-pVnZ   aug-cc-pVnZ   aug-cc-pVnZ 

   no CP corr.  CP corr.  No CP corr.  CP corr. 
Eq. # Basis Setsa Bb MAD σ   MAD σ   MAD σ   MAD σ  
              
8.3 TQ5  188 199  286 355  113 122  146 137 
8.5 TQ 1.63//1.63 343 382  441 543  166 106  198 127 
8.5 Q5 1.63//1.63 155 200  175 256  69 69  88 77 
8.5 TQ 1.47//1.58 234 266  313 440  155 118  180 131 
8.5 Q5 1.74//1.95 153 216  172 269  44 42  60 66 
8.6 TQ  668 594  769 745  324 275  372 305 
8.6 Q5   153 220   172 273   53 50   71 65 

a) Basis sets employed in extrapolation (i.e TQ5 represents triple-, quadruple-, and quintuple-ζ basis sets) 
b) Value for parameter B in Eq. 8.5.  First number is for standard cc-pVnZ basis sets and second number is for augmented 
basis sets. 
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Fig. 8.2. Graphical depiction of the MAD in μEh for the cc-pVnZ basis 
sets utilizing extrapolations schemes from Eqs. 8.5, and 8.6 for the 
TM-containing species test set.  Eq. 8.5 utilizes the minimized B-
value and TQ, Q5, aTQ, and aQ5 represent the basis sets employed 
in the calculation, e.g. aTQ represents extrapolation utilizing 
augmented triple- and quadruple-ζ quality values. 
 

As shown in Figure 8.2, both of two-point extrapolation schemes, the Feller 

scheme (Eq. 8.5) and the scheme proposed by Karton-Martin (Eq. 8.6), result in HF CBS 

limit energies which had similar MADs when performing a Q5 fit, but were not similar 

when using TQ fits.  When comparing the standard basis set TQ results (which were not 

corrected for BSSE), Eq. 8.5 produced a MAD of 234 μEh with 1.47 as parameter B, while 

the MAD of Eq. 8.6 is 668 μEh.  For the augmented correlation consistent basis sets, the 

MAD when utilizing Eq. 8.5 with a TQ fit was also higher than that of Eq. 8.6.   For Q5 fits 

which were not corrected for BSSE, the results of both two point extrapolations (Eqs. 8.5 

and 8.6) were within 175 μEh of the numerical limit for the standard cc-pVnZ basis sets 

and 75 μEh for the augmented sets.  Therefore, when triple- and quadruple-ζ quality 
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results for transition metals species are used for the determination of a HF CBS limit, it is 

suggested that Eq. 8.5, the Feller two-point extrapolation, be used as opposed to Eq. 

8.6, the two-point proposed by Karton and Martin. 

8.4. Conclusions 

 In this study, the performance of extrapolation schemes for HF limits of TM-

containing diatomics was examined and compared against numerical HF values.  It has 

been previously shown that for main group species, the HF energies converge 

differently toward the CBS limit with respect to increasing basis set size than the 

correlation energies, and it has been suggested that these energies should be 

extrapolated to the CBS limit separately. Exponential extrapolation schemes perform 

well for a training set of 27 TM-containing molecules representing all 10 3d atoms, 

producing results for the cc-pVnZ and aug-cc-pVnZ basis sets which have MADs a few 

hundred microHartrees within the numerical HF limit. The most accurate counterpoise-

corrected extrapolation, using a two-point exponential fit proposed by Halkier et al.,75 

has a MAD of only 172 μEh when utilizing quadruple- and quintuple-ζ quality results and 

works exceptionally well utilizing triple- and quadruple-ζ results (MAD of  313 μEh). 

Utilizing augmented basis sets with the Q5 exponential fit can produce results with a 

MAD of 60 μEh after correction for BSSE.   

Schemes such as those that take the form of an inverse power series perform 

poorly for the HF energy of TM-containing species, as has been observed for main group 

species.  Comparing the inverse series, the mixed Gaussian/exponential scheme 
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performed exceptionally well, having the lowest MAD (400 μEh) when all species were 

included.  A recently proposed extrapolation scheme by Lee et al.,255 utilizing BSSE-

corrected and uncorrected energies results in a MAD of 374 μEh  for triple- and 

quadruple-ζ quality results and 82 μEh for quadruple- and quintuple-ζ quality results for 

neutral and cationic diatomics, which is an accuracy similar to exponential schemes. 

However, this scheme is limited in its applicability because it is necessary that both the 

HF energies and the counterpoise correction show smooth monotonic convergence to 

the CBS limit which produced disastrous errors for the anionic molecules in our test set.   
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CHAPTER 9  

CONCLUDING SUMMARY 

This dissertation has covered the advancement of the correlation consistent 

composite approach (ccCA) for main group species from the original development by 

Wilson, Cundari, and DeYonker28 to its present day form.  In addition to the main group 

studies, investigation of the intrinsic behavior of transition metal calculations with 

respect to basis set was completed.  These studies, in addition to others carried out in 

our laboratory, allow the ccCA methodology to be applied to the entire periodic table, 

while retaining the accuracy of the methodology. 

The first study described in this work evaluated the performance of ccCA for 

sulfur-containing systems, species noted previously as being more computationally 

demanding with respect to the size of the basis set than corresponding first-row 

systems.  The ccCA methodology was found to achieve a level of accuracy on par with 

that of first-row systems.   In Chapter 4, SNO, NSO, and SON were investigated utilizing 

coupled clustered theory (CC) because there was no clear agreement between the 

composite methodologies utilized in Chapter 3 as to whether NSO or SNO was the 

lowest energy isomer.  CCSD(T) results utilizing complete basis set (CBS) extrapolation 

showed that NSO is the lower energy isomer.  Wn, CBS-n, and ccCA agreed with 

CCSD(T)/CBS predictions that NSO is the lowest energetic isomer while the Gn methods 

with the exception of G3(MP2)-RAD disagreed with this finding.  During the Chapter 3 
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and 4 studies, it was noted that the accuracy of ccCA decreased with molecules with 

notable spin contamination. Thus, in the Chapter 5 study, ccCA methodology was 

adapted for open-shell systems that display significant spin-contamination.  By 

exchanging the unrestricted Hartree-Fock wavefunction of the original ccCA 

methodology, a revised restricted open-shell Hartree Fock ccCA methodology (ROHF-

ccCA) was developed which attains “chemical accuracy” (i.e. an MAD of ~1.0 kcal mol-1) 

for the G3/99 test set of molecules.  In Chapter 6, the ONIOM-ccCA methodology was 

developed utilizing a QM/QM ONIOM multilayer approach and was shown to provide 

accurate bond dissociation energies in comparison to experiment for anthracene and 

fluorene analogues.  The ONIOM-ccCA methodology reduces the computational cost 

while retaining the accuracy of ccCA allowing for the accurate predictions of properties 

for molecules far larger than previously attainable.  

The final two studies were pursued to guide the future of ccCA as the 

methodology is being applied to transition metal chemistry.  In Chapter 7, CCSD(T) 

calculations on transition metal systems were carried out with effective-core 

pseudopotential basis sets on the transition metal to determine the level of  basis set 

required to accurately describe transition metal species.  It was discovered in this work 

that the dissociation energy determined utilizing a static triple-ζ quality pseudopotential 

for the transition metal combined with increasing basis set quality on the ligand showed 

the same deviation from experiment as the procedure utilizing larger basis sets.  In the 

final chapter, the convergence of transition metal basis sets for Hartree-Fock 
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calculations was systematically compared against a basis set-free numerical procedure 

to establish the basis set convergence of transition metal species.  By examining over 

ten extrapolation schemes, the Hartree-Fock energy of systems containing a transition 

metal was shown to have similar convergence behavior when compared to first-row 

main group species.   The most accurate exponential extrapolation schemes led to 

minimal deviation from the numerical Hartree-Fock limit, in some cases less than 100 

μEh.  The findings of Chapters 6 and 7 expanded upon the basic understanding of the 

basis set requirements needed for accurate and reliable calculations involving transition 

metal species, which will further allow theoretical chemistry to guide the improvement 

of current transition metal catalysts or to discover entirely new ones. 
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