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CHAPTER 1 

INTRODUCTION 

Computational chemistry has limitless applications from anti-cancer drug 

development and discovery to alternative energy resource development to the 

development of novel materials. Integral to much of computational chemistry, from the 

prediction of microscopic to macroscopic properties is the determination of the energy of 

molecules. More specifically, differences in molecular energies are of great importance, 

as they enable properties such as ionization potentials, dissociation energies, and 

electron affinities to be determined, and these properties provide insight about reaction 

mechanisms, structure stability, temperature effects, and spectroscopic characteristics, 

to provide a few examples. Computational chemistry is vast in terms of its utility (e.g., 

from static to dynamic properties; single atom to millions of atoms; ground to excited 

states; and gas or liquid, to solid states); however, a challenge for much of 

computational chemistry is that it can be limited in application due to the computational 

resources that may be required for calculations.  In fact, the chemical system size that 

can be addressed or accuracy in property prediction that can be targeted may be limited 

due to the availability of computational resources, despite the many advances in 

computing power and method development that have been made to increase the 

accuracy and tractability of computational chemistry calculations. 

While there are many different core families of methods in computational 

chemistry, herein, the focus is upon molecular mechanics, semi–empirical, and ab initio 

methods. The most approximate and least computationally expensive methods of these 
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are molecular mechanics (MM) approaches3,4 which use classical mechanics in order to 

calculate properties (e.g., relative energies) for systems containing up to millions of 

atoms.  Molecular mechanics calculations have led to advancements in areas such as 

drug design and delivery,5,6 protein folding,7 and material fractures.8  Molecular 

mechanics methods have shown applicability due to their ability to assess structural 

stability and determine semi-qualitative binding affinities;9 however, molecular 

mechanics is limited in terms of accuracy and properties which can be calculated.  

Molecular mechanics relies on force fields developed from experimentally derived 

physical constants giving rise to two problems: 1) the lack of available experimental 

data and 2) the presence of large experimental uncertainties. Due to these limitations 

additional methods are necessary to calculate more precise energetics.  

Semi–empirical methods are more computationally expensive than molecular 

mechanics due to the inclusion of quantum mechanics calculations, being able to 

calculate properties for systems up to thousands of atoms.  Semi-empirical methods 

uses empirical parameters derived from experimental data (e.g., dipole moments, 

geometries, heats of formation, and ionization potentials) to account for more robust 

mathematical operations (e.g., electron correlation integrals). Semi-empirical methods 

typically result in an increase in accuracy compared to molecular mechanics; however, 

this is highly dependent on the molecules contained within the set used to parameterize 

the method. Semi-empirical methods have been particularly influential in materials10 and 

organic compounds.11  Deficiencies of semi-empirical methods are apparent with 

inclusion of second row (Na-Ar) and heavier elements.11  Ideally, a method that does 

not rely on empirical parameterization is sought, particularly ab initio methods.       
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Ab initio methods are based on quantum mechanics for the calculation of 

chemical properties, without the use of empirically derived force fields or parameters, 

and are able to calculate energetic properties of molecules containing up to hundreds of 

atoms.12 An important application of ab initio approaches is in the prediction of 

thermochemical properties, not only to aid in the development of force fields for 

molecular mechanics and parameterization for semiempirical methods, but also as this 

provides insight into reaction mechanisms, energy changes, and kinetics.  Ab initio 

chemistry has influenced all areas of chemistry, including areas such as combustion 

chemistry, sulfur chemistry, and atmospheric chemistry.   

The prediction of thermochemical properties to within “chemical accuracy” is of 

particular interest.  The concept of chemical accuracy is best illustrated by considering 

the Arrhenius equation:13    

k = A e-Ea/RT      1.1 

where k is the rate constant, Ea is the activation energy, R is the gas constant, and T is 

the temperature.  The frequency factor, or pre-exponential factor A, is assumed to be 

constant for a specific reaction. To achieve useful chemical predictions (e.g., percent 

yields for a reaction), experimental and theoretical rate constants should agree by at 

least an order of magnitude.  Therefore, the following relationship is made:   

0.1 < kcal/kexp < 10      1.2 

RT ln 0.1 < Ea
cal-Ea

exp < RT ln 10     1.3 

Therefore, at room temperature (T=298K), “chemical accuracy” is considered to be an 

energy that is within ~ ±1 kcal/mol from reliable experiment.  Atmospheric and 

combustion modeling rely heavily on accurate energetics to explore energy differences 
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(e.g., energy differences between two isomers, binding energies, energy levels, 

ionization potentials, enthalpies of formation) for the accurate prediction of macroscopic 

properties.    

It has been shown that ab initio quantum chemistry is instrumental in the 

accurate prediction of energetic properties.  The fundamental equation in computational 

chemistry is the Schrödinger equation,14-20 but it can only be solved exactly for a one  

electron system. Therefore, for practical quantum chemistry calculations, 

approximations must be introduced in solving the Schrödinger equation, resulting in  

only an approximate solution to the equation. There are many possible choices of 

approximations that can be used, including both choice of method, as well as choice of 

description of the orbital space, which are detailed further in Chapter 2.  Of the many 

possible approximations, the coupled cluster method with single, double, and 

quasiperturbative triple excitations [CCSD(T)]21,22 with a complete description of the 

orbital space (complete basis set (CBS)), denoted CCSD(T)/CBS, has been shown to 

produce thermochemical properties (e.g., enthalpies of formation, dissociation energies, 

and ionization potentials) within chemical accuracy, on average, of experimental data.23  

However, the computational cost associated with CCSD(T)/CBS makes the calculations 

to be unfeasible for molecules with more than several non-hydrogen atoms.  

Computational research has continued to advance in terms of both the size of systems 

that can be addressed, as well as the accuracy to which molecular properties can be 

determined.  There exist numerous strategies to decrease computational demand 

including parallel code implementation (dividing computational cost across multiple 

CPUs),24-26 resolution-of-the-identity (RI) methods,27-30 localized orbital 
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approximations,31,32 multi-layered methods (e.g., our own n-layered integrated 

molecular orbital and molecular mechanics (ONIOM)33,34), and composite methods 

(e.g., Wiezmann-n,35-38 High accuracy extrapolated ab initio thermochemistry 

(HEAT),39,40 Gaussian-n,41-51 the correlation consistent composite approach (ccCA),52-60 

and others discussed in Section 2.4).  

The research discussed within this dissertation utilizes composite methods as a 

means to decrease computational expense while maintaining chemical accuracy. The 

focus of the dissertation is on the application of ccCA, a composite method developed 

within the laboratory of Wilson, in the prediction of thermochemical properties.  After 

establishing a basic knowledge of the methodology of ab initio computational chemistry 

(Chapter 2), two main research goals are discussed including the application of ccCA to 

investigate chemically important systems (Chapters 3-6), and investigating complete 

basis set convergence and recovery of correlation energy within the local orbital 

approach, local Møller–Plesset perturbation theory (Chapter 7).  

Chapter 3 presents the study of gas-phase enthalpies of formation (Hf’s) for 

forty energetic nitrogen-containing compounds predicted using ccCA and compared to 

experiment. After the validation of the accuracy of ccCA for nitrogen containing 

systems, ccCA was used in the determination of enthalpies of formation (Hf’s) for five 

highly energetic, but relatively insensitive to shock and impact, tetrazine-containing 

compounds.  These tetrazine-containing compounds have potential application as 

explosives and their Hf’s have not yet been studied experimentally.  Due to their high 

nitrogen content the tetrazine-containing compounds might yield increased weapon life, 

and increased temperature of explosion compared to present day explosives (i.e., non-
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tetrazine containing explosives). With the prediction of the enthalpy of formation, 

important properties of the explosive can be calculated, such as the force of the 

explosion, enthalpy of explosion, and velocity of detonation.  

The research carried out on sulfur compounds is discussed in Chapter 4.  Sulfur 

is important in many areas of chemistry including atmospheric and medicinal chemistry.  

The accurate calculation of the thermochemical properties of sulfur-containing 

compounds is needed in order to successfully guide experiment.  The use of reaction 

mechanisms, instead of the common atomization approach, in the calculation of 

enthalpies of formation has been shown to allow for a cancelation of the errors that 

arise from approximations made when solving the Schrödinger equation.61-63 

Assessment of the impact of reaction schemes upon the determination of enthalpies of 

formation for organosulfur compounds has been presented.  Concluding remarks on 

how reaction mechanisms allow for the reduction in the errors associated with 

composite methods are made.  

Chapters 5 and 6 focus on investigations to aid in carbon dioxide capture.  

Complexes of interest include species relevant to amine-based carbon dioxide 

“scrubber” technologies, deep-ocean brine carbon sequestration, and protein-based 

carbon capture approaches. Interaction energies and geometries of the CO2-amine 

complexes are assessed.   Using the calculated energies, predictions have been made 

as to the binding motifs of carbon dioxide with the species investigated in order to aid in 

the production of bio-inspired carbon capture materials and techniques.  

In Chapter 7 research is presented investigating potential methods to decrease 

the computational cost of ccCA.  The bottleneck of the ccCA methodology lies within the 
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reference energy,64 which is based on second order Møller–Plesset perturbation theory 

(MP2).65,66  In order to decrease the computational cost, local orbitals, rather than the 

delocalized canonical orbitals, can be used in the energy calculation. Correlation energy 

is a local effect (i.e., electrons closer to one another correlate more than those electrons 

which are distant from one another).  Therefore, neglecting electrons which are distant 

from each other should introduce minimal error to the energy of the system, while 

reducing the computational cost. However, investigations are necessary to quantify the 

error introduced using these local approaches.  Our investigation focuses on the 

electronic correlation energy recovered with the use of a local orbital approach 

(LMP2)67-69 compared to the delocalized orbitals used within conventional MP2.  The 

magnitude of the errors introduced by taking local approximations into account, and the 

convergence of the correlation energies using LMP2 has been assessed. Conclusions 

are made regarding the balance between computational cost and accuracy using LMP2. 
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CHAPTER 2 

COMPUTATIONAL QUANTUM CHEMISTRY 

2.1 Schrödinger Equation 

The field of computational chemistry utilizes equations from classical physics and 

quantum mechanics to model physical behavior. Ab initio computational chemistry is a 

field of computational chemistry based on first principles, without the use of 

experimentally derived parameters. The primary focus of ab initio chemistry is solving 

the time-independent Schrödinger equation (Eq. 2.1), which is an eigenvalue equation, 

                    EĤ                           2.1 

Ĥ is the Hamiltonian operator which operates on the wavefunction ( ), and provides 

the energy, E, of the system.  The Hamiltonian operator is defined in Eq. 2.2,  
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where   is the Laplacian, i and j denote electrons, A and B represent the nuclei with Z 

charge, MA is the mass of nucleus A, and r is the distance between two particles.  The 

Schrödinger equation includes terms to account for the kinetic energy of the electrons 

(Te), the kinetic energy of the nuclei (Tn), and the potential energy of the nuclear-

electron (Vne), nuclear-nuclear (Vnn), and electron-electron (Vee) interactions. The 

intricacy of the Schrödinger equation arises from the many body problems resulting 

from the potential energy terms, and approximations must be made in order to solve this 

equation for systems containing more than two particles.  The Born–Oppenhiemer 

approximation70 allows for the seperate treatment of the nuclear and electronic motion 
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due to the large difference in the mass of the electrons and nuclei.  The nuclei are then 

in a fixed position relative to the electrons. The Born–Oppenheimer approximation 

simplifies the Hamiltonian operator since Tn is neglected and Vnn becomes a constant 

term. 

constantV̂V̂T̂ˆ  eeneeelecH     2.3 

The electron–electron potential energy (Vee) term, which describes the electron–electron 

interactions in a molecule, couples the motion of the electrons and creates the need for 

further approximations because of the many body problem when there is more than one 

electron (discussed in Section 2.2).  

 The determination of the exact electronic wavefunction ( elec ) is the focus of 

quantum mechanics as the wavefunction contains all measurable information about one 

single electron or many electrons. In order to represent a physical system, the 

wavefunction must be continuous, differentiable, normalized, single–valued, and square 

integrable.  As mentioned above, the time-independent Schrödinger equation under the 

Born–Oppenhiemer approximation can be solved analytically only for a one electron 

system.  Therefore, the many electron wavefunction is based on the molecular orbitals, 

which are exact one-electron wavefunctions describing both spatial orientation and spin 

for a single electron.  The many electron wavefunction must also be antisymmetric with 

respect to the exchange of any two electrons (Eq. 2.4) in order to obey the Pauli 

exclusion principle71 (i.e., no two electrons may occupy the same quantum state 

simultaneously). 

)x,x()x,x( 1221      2.4 

The Pauli exclusion principle is obeyed by the use of Slater determinants72 in the 
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wavefunction in which electron spin is introduced into the time-independent Schrödinger 

equation of an M electron system, and  is a set of occupied spin orbitals.  
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          2.5 

The wavefunction may be obtained approximately via the variational principle, which 

states that the ground state energy (E0) will be less than or equal to the expectation 

value of the energy obtained from Eq. 2.3. In essence, a normalized trial wavefunction   

(   ) is iteratively optimized to find the wavefunction which produces the lowest energy 

under the following constraints: 

 HE 0 ,                  1    2.6 

 The next two sections will focus on methods (i.e., how the variational parameters 

are chosen) and basis sets (i.e., how the initial wavefunctions are constructed) and how 

methods and basis sets are used to solve the time-independent Schrödinger equation 

within the constraints of the Born–Oppenhiemer approximation, referred to from here on 

simply as the Schrödinger equation. 

 

2.2 Ab initio Computational Methods 

 Further simplifications of the two electron terms – introduced from Vee in Eq. 2.3 

– must be made in order to solve the Schrödinger equation.  The simplest ab initio 

method, the Hartree–Fock (HF) method,73-77 reduces the two electron integrals into a 

series of one electron terms and an averaged potential which arises as result of the 

variational solution of the Schrodinger equation with the restriction that the wavefunction 
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is expressed as a single Slater determinant. More specifically, the HF method uses an 

effective potential energy term that accounts for an electron’s interaction with the 

averaged electron density of the remaining electrons. The effective potential accounts 

for correlation between electrons of the same spin within the Hartree–Fock 

wavefunction but neglects correlation from electrons of opposite spin, termed electron 

correlation (Ecorr). Electron correlation is defined as the difference between the exact 

energy and Hartree–Fock energy (Eq. 2.7). 

HFexactcorr EEE                 2.7 

The HF method generally recovers 99% of the energy of a system, and the electron 

correlation is responsible for the remaining 1% of the total energy.78 The electron 

correlation energy, however, is necessary for an accurate description of chemical 

properties.78 Post–Hartree–Fock methods use HF wavefunction as a starting point to 

take into account electron correlation. Several post–HF methods have been developed, 

varying in the approach taken to recover correlation energy and, subsequently, the 

amount of correlation energy recovered.   

To recover electron correlation energy, the interaction of HF determinant and 

excited determinants (replacing one or more occupied orbitals within the HF 

determinant by virtual orbitals outside the HF determinant) must be included; therefore, 

a linear combination of determinants is frequently employed for more accurate theories. 

In addition to the HF determinant, all excited configurations, or determinants (Figure 

2.1), must be included to achieve the exact solution to the Schrödinger equation within 

an orbital space for a given basis set.   
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Including all          possible configurations with K basis functions and M electrons 

is known as full configuration interaction (Full CI)79-82 (Eq. 2.8).   
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In Eq. 2.8 0  is the Hartree–Fock ground state wavefunction, and within the 

consecutive terms electrons are excited from the occupied orbitals (i,j,k,…) to virtual 

orbitals (a,b,c,…). Full CI is able to achieve the exact solution to the Schrödinger 

equation; however, the calculation of electronic energy is further limited by the binomial 

computational scaling with respect to the size of the system.1  Methods scale on the 

order of Nx, where N is the number of basis functions (discussed in Section 2.3) and x is 

dependent on the method.  Usually a method that increases the amount of correlation 
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 Figure 2.1 Example of single (S), double (D), triple (T), and quadruple (Q) excited 
determinants from the Hartree–Fock (HF) wavefunction. 
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energy recovered corresponds to an increase in the computational scaling (i.e., 

memory, disk space, CPU time).  For example, Full CI scales as NN!, which is not 

computationally tractable, while HF formally scales as N4.  In order to mitigate the 

computational cost of Full CI, the method may be truncated, reducing the number of 

excitations included when solving for the wavefunction.  For example, configuration 

interaction (CI) with single and double excitations (CISD) includes all single and double 

excitation determinants while neglecting the triple, quadruple, etc. excitations (Figure 

2.1) and scales as o2v4, where o and v are the number of occupied and virtual orbitals, 

with an overall scaling of N6 (N=o+v). The neglect of all excitations beyond doubles 

causes the method to lack both size consistency and size extensivity.  Size consistency 

is achieved when the computational method calculates the correct dissociation energy 

(e.g., E(AB)r=∞=E(A)+E(B)). However, CISD does not include the excitations necessary 

for a proper description of the dissociation curve for more than a two–electron system. 

Another desirable property of a computational method is size extensivity, which is the 

recovery of correlation energy scaling with the number of electrons. Truncated CI does 

not achieve size extensivity due to the neglect of disconnected excitations, or 

excitations beyond the cut–off excitation.  Use of an exponential ansatz may allow for 

size extenisivity to be maintained, as in coupled cluster theory with single and double 

excitations (discussed below).  

An alternative to CI methods, coupled cluster (CC) theory,83-86 introduces 

electron correlation through the use of a cluster operator T̂  (Eq. 2.9 – 2.11).   


M

i
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321      2.9 
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Single excitations are generated by 1T̂ , double excitations arise from 2T̂  and 2
1T̂ , triple 

excitations are introduced through the 3T̂ , 21
ˆˆTT , and 3

1T̂  terms, and so forth.  Use of the 

cluster operator T̂  across all electrons M, or full coupled cluster, is equivalent to Full CI 

having the form of Eq. 2.12.          
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Coupled cluster differs from configuration interaction in that coupled cluster includes an 

exponential ansatz which, through the use of a Taylor series expansion, enables the 

inclusion of disconnected excitations introduced through the products of iT̂  (e.g., 

disconnected triples are introduced through the 3
1T̂  and 21TT ˆˆ terms). Though both CISD 

and CCSD scale as o2v4 (N6), CCSD accounts for more electron correlation due to the 

inclusion of disconnected excitations.  For example, CCSD can be represented in terms 

of CISD and disconnected excitation terms for a four electron system (i.e., M = 4) (Eq. 

2.13 – 2.15): 
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 The inclusion of disconnected excitations enables coupled cluster to be both size 

consistent and size extensive; however, truncated coupled cluster is not variational (i.e., 

the coupled cluster energy may be lower than the exact energy).  A widely–used 

coupled cluster method is coupled cluster with single, double, and quasi-perturbative 

triple excitations (CCSD(T)).  CCSD(T) is known as the “gold standard”87 of 

computational chemistry due to its ability to account for over 99% of the correlation 

energy (i.e., under a complete description of the orbital space (discussed in Section 

2.3)), while scaling as N7 (i.e., o2v4 from CCSD and a single o3v4 step for the 

perturbative triples).1   

The ability to perform a finite order perturbation on the Hartree–Fock Hamiltonian 

is another means of including electron correlation. Many body perturbation theory 

(MBPT)78,88-90 introduces electron correlation by separating the Hamiltonian into two 

terms, the reference Hamiltonian ( 0Ĥ ) and a perturbed Hamiltonian ( H ) (Eq. 2.16). 

HHH  0
ˆˆ      2.16 

The addition of perturbations to the ith eigenstate provides the following wavefunction 

(Eq. 2.17) and total energy (Eq. 2.18): 

)3(3)2(2)1()0(
iiiii      2.17 

)3(3)2(2)1()0(
iiiii EEEEE      2.18 

The nth order energy term is then determined by combining λ terms and then 

multiplying by the zeroth order wave function. The perturbation theory used within the 
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work presented in the following chapters is the Møller–Plesset perturbation theory91,92 

(MPn, where n is the perturbation order).  MPn considers 0Ĥ and )0(
0  to be the zeroth 

order Hamiltonian (the summation of Fock operators) and Hartree–Fock wavefunction 

for the ground state, respectively, and the excited determinants of )0(
0  span the 

eigenstates of 0Ĥ .  The zeroth order energy is the reference energy, or HF energy in the 

case of Møller–Plesset perturbation theory. It can also be shown that the first order 

correction to the energy in the perturbation expansion is zero.  Second order Møller–

Plesset perturbation theory (MP2) is largely used throughout the research presented, 

with the second–order correction to the ground state energy of:    
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where ε is the orbital energy for i and j occupied orbitals, and a and b virtual orbitals.  In 

terms of a computational method, perturbation theory is size extensive and size 

consistent, yet not variational.  MP2 scales o2v3 (N5) having a computational cost 

advantage over other theories including single and double excitations or substitutions 

(i.e., MP3, CISD and CCSD which scale as N6), and fourth order Møller–Plesset 

perturbation theory (N7).   

 In addition to wavefunction methods, density functional theory (DFT) can be used 

to calculate the total energy with the Schrödinger equation. DFT expresses the total 

energy as a function of electron density (ρ).   

        XCJVT EEEEE      2.20 

Similar to wavefunction methods, the ground state energy is the sum of the kinetic 
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energy (ET), potential energy (EV), coulombic electron–electron repulsion (EJ), and 

electronic exchange and correlation energy (EXC). Several functionals (i.e., methods for 

solving for E) have been developed varying in the way to account for the EXC term, 

which is often separated into exchange EX and correlation EC.  The research presented 

in this dissertation uses a hybrid density functional (i.e., functional which includes the 

HF exchange term), B3LYP, which remains the most widely used functional in quantum 

chemistry. B3LYP93 includes three parameter HF and Becke’s (B3) exchange,94 and 

Lee, Yang, and Parr’s (LYP) correlation term.95,96 Due to the low computational cost 

associated with DFT (typically scaling N4 for hybrid functionals), the design and 

development of new functionals is a continuing endeavor.97-99        

  

2.3 Basis Sets  

The focus thus far has been on the approximations introduced to the 

methodology to allow for the inclusion of electron correlation. The other main source of 

error that occurs in solving the Schrödinger equation arises from the mathematical 

description of the wavefunction, or more specifically the use of finite basis sets (i.e., sets 

of basis functions which are used to describe molecular orbitals).  For atoms, the 

electronic wavefunction described using spherical coordinates (radial distance (r), polar 

angle (θ), and azimuthal angle (φ)) can be separated into two terms: radial (R) and 

angular (Y):  

      ,,, ,,,, mllnlmn YrRr      2.21 

The angular term, or spherical harmonic function, is defined by the angular and 

magnetic quantum numbers (l and m, respectively) determining the shape (i.e., s, p, d, f, 
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etc.) of the atomic orbital space.  The radial function is dependent on the distance of the 

electron from the nucleus (r), describes electron position, and is represented by the 

general form: 

   rylnx

ln errR  ,
, )(         2.22 

Basis functions differ in the way they account for the radial term.  Two types of basis 

functions are Slater type orbitals (STOs)100 and Gaussian type orbitals (GTOs)101 with 

radial terms defined as follows:  

rnSTO

ln errR  1
, )(                     2.23 

   
212

, )( rlnGTO

ln errR                2.24 

STOs (Eq. 2.23) accurately describe the orbital space for the hydrogen atom; however, 

the computational expense – attributed to solving the integrals numerically as they 

cannot be solved analytically – creates the need for alternative routes for basis 

functions. GTOs (Eq. 2.24) produce two-centered integrals that can be solved 

analytically. However, GTOs deviate from the exact orbital description (STOs) at both 

the cusp (r=0) and the tail (r∞).  Linear combinations of primitive gaussian type 

orbitals, or contracted GTOs (CGTOs), lead to a more accurate description of the cusp 

(tight functions) and the tail (diffuse functions) region of the radial part of the 

wavefunction (Figure 2.2). The exact radial function can be achieved with an infinite 

number of GTOs, however this is unfeasible.  
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 Basis sets also differ in the number of functions (e.g., GTOs) included within the 

basis set.  The number of GTOs necessary to properly describe the wavefunction has 

been a large area of interest among computational chemists, bringing forth a wide 

variety of bases sets. Two widely used families of basis sets are the Pople style basis 

sets and the correlation consistent basis sets.  

 The correlation consistent basis sets, first introduced by Dunning,102 were 

designed to recover correlation energy from the valence electrons by systematically 

increasing the number of basis functions included per atom.102-107   The correlation 

consistent basis sets are denoted as correlation consistent polarized valence n zeta (cc-

pVnZ) basis sets, where n is the ζ-level (e.g., D, T, Q, 5,…; where D=double, T=triple, 

Q=quadruple, 5=quintuple, …).  The construction of cc-pVnZ basis sets builds upon a 

Figure 2.2 An example of a 1s STO represented by a linear combination of three 
GTOs (STO-3G).1 
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set of HF primitive functions by systematically including larger sets of polarization 

functions. For example, for first row (Li-Ne) atoms, one s-type, one p-type function, and 

one d-type functions are added to the HF basis (i.e., the minimal basis set) for cc-pVDZ. 

(Figure 2.3(a)) This leads to the cc-pVDZ basis set for first row atoms containing 

3s2p1d contracted GTOs (CGTOs).  For cc-pVTZ, two s-type, p-type, and d-type 

functions are added to the HF basis leading to 4s3p2d1f CGTOs. As mentioned, the 

exact description of the wavefunction requires an infinite set of basis functions; however 

this is not possible in practice.  A unique property of these basis sets arises due to their 

systematic recovery of electron correlation - energetic properties calculated using a 

series of increasingly larger cc-pVnZ (n=D,T,Q…) basis sets can be extrapolated to the 

infinite basis, or complete basis set limit (CBS limit).   At the CBS limit the apparent 

error (the error arising from using an approximate method and incomplete basis set) is 

eliminated, leaving only the intrinsic error which arises from the method choice (e.g., CI, 

CC, MPn) alone (Figure 2.3(b)).  Further discussion on the extrapolation of cc-pVnZ is 

presented in Section 2.4.1.   
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 Basis sets can also be augmented to enhance the description of the orbital space 

for various chemical environments.  Three most commonly used augmentations of the 

correlation consistent basis sets include: (1) addition of functions to describe core and 

core-valence correlation effects, designated cc-pCVnZ;107 (2) addition of diffuse 

functions, denoted aug-cc-pVnZ,103-106 to enhance the description of the tail region of 

the radial function, allowing for better description of long distance interactions; and (3) 

addition of tight d (+d) functions, denoted cc-pV(n+d)Z,105 to account for two problems 

found in the d sets of the standard correlation consistent basis sets for second row 

atoms (Na-Ar) (further discussion in Section 4.1).  

 

2.4  Model Chemistries 

As mentioned in Chapter 1, several routes can be taken to reduce the 

computational cost associated with more precise correlation methods, such as 

  (a) (b) 
 

Figure 2.3 (a) The construction of the correlation consistent basis set for first row 
atoms (Li-Ne) and (b) an example of how the systematic construction leads to 
energetics which converge at the complete basis set limit. 
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CCSD(T), in combination with an infinite or complete basis set (CBS) (CCSD(T)/CBS). 

Composite methods have been used for the studies presented in this dissertation to 

enable the prediction of highly accurate energetics (i.e., on average predicting values 

within the threshold of chemical accuracy) while maintaining computational feasibility. 

Composite methods use a series of less-computationally intensive (i.e., reduced 

CPU time, memory, and disk space requirements) to approximate calculations at high 

levels of theory with large basis sets, such as CCSD(T)/CBS. In order to achieve 

reliable energetics, a composite method must account for physical effects arising from 

electron correlation, relativistic effects, and anharmonic zero point energies.108 Well-

known ab initio composite methods include the Weizmann-n (Wn),35-38 the High 

Accuracy Extrapolated ab initio Thermochemistry  (HEAT), 39,40 and the Gaussian-n 

(Gn) methods.41-51 The Wn method of Martin and co-workers35-38 and HEAT method of 

Stanton and coworkers39,40 use a series of coupled cluster calculations targeting an 

exact solution to the Schrödinger equation (i.e., Full CI/CBS), with a goal of achieving 

results within 0.2 kcal/mol of reliable experimental data.35-38 A limiting factor of the Wn 

and HEAT methods is the computational cost, rendering them too computationally 

demanding for molecules with more than about for several non-hydrogen atoms. The 

Gn methods of Pople, Curtiss, Redfern, Raghavachari, and co-workers41-51 use Møller–

Plesset perturbation reference energy (MP4 or MP2). The Gn methods aim to predict 

energetic properties such as enthalpies of formation, ionization potentials, and electron 

and proton affinities within 1-2 kcal/mol from experiment. The Gn methods, however, 

make use of empirical high-level corrections (HLC), which are parameters that have 

been fitted to experimental data. In the development of the G1 method, an HLC with a 
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physical foundation was introduced, being equal to the difference between the G1 

electronic energy of H or H2 and the experimental energies. For subsequent Gn 

methods the HLC became a semiempirical parameter derived to minimize the MAD of 

the composed test sets, which can lead to unphysical results when the method is 

applied to molecules outside of the test set (i.e., for s-block compounds).109 The test set 

G2-1 was used in the parameterization of the G2 method in which the HLC was 

optimized by minimizing the parameters to lower the deviation from experiment for a 

test set of 55 molecules with reliable experimental values.42 The optimized empirical 

parameter contributes up to 24.56 mEh (millihartrees) to the electronic energy for the 

first and second row atoms.52 To note, the HLC has been shown to account mostly for 

basis set incompleteness error in the composite method.52 

Various test sets of molecules and their energetics have been compiled by 

Curtiss et al. which are used to assess the accuracy of the Gn methods. These widely 

used test sets include the G2/97,43 G3/99,48 and G3/0550 test suites. Each suite includes 

enthalpies of formation (ΔHf’s), ionization potentials (IP’s), electron affinities (EA’s), and 

proton affinities (PA’s). The G2/97 test set contains 301 experimental values including 

147 ΔHf’s, 88 IP’s, 58 EA’s, and 8 PA’s.  The G2/97 set was expanded to 376 energies 

by the addition of 75 ΔHf’s to construct the G3/99 test set. The test set was expanded 

yet again to contain 78 additional energies, resulting in the G3/05 test set which 

includes a total of 454 energies with 247 ΔHf’s. These test sets also include a wide 

variety of bonding environments. The G3/99 test set contains energies for molecules 

with up to 10 non-hydrogen atoms, including 47 non-hydrogen compounds, 38 

hydrocarbons, 91 substituted hydrocarbons, 15 inorganic hydrides, and 31 open-shell 
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radicals. All of the molecules in the test set have experimental energetic properties with 

standard deviations less than ±1.0 kcal/mol. Due to the large size of these test sets, and 

the vast range of molecules, they have become widely used in the assessment of 

composite methods.110,111  

 Our laboratory has developed an ab initio composite method that does not rely 

on empirical parameters and has been shown to provide a MAD for thermochemical 

properties within “chemical accuracy” for a wide range of species while maintaining 

computational feasibility. This method is known as the correlation consistent composite 

approach (ccCA). 52-60,64,112,113 The ccCA method achieves a MAD of 0.96 kcal/mol for 

the G3/99 test set,60 an improvement in comparison to the G3 method which achieved a 

MAD of 1.16 kcal/mol. The ccCA method has also been shown to determine reliable 

properties, such as enthalpies of formation, for molecules including sulfur containing 

species,113 hypervalent inorganics, 60 s-block,53,54 transition metals,56,58 where other 

composite approaches have had difficulty or have not yet been developed.  For 

example, ccCA was used to calculate enthalpies of formation for a test set of 40 sulfur 

containing molecules, obtaining a 0.93 kcal/mol MAD, while G3 achieved a MAD of 1.98 

kcal/mol.113 Our laboratory has also compiled a transition metal test set targeting an 

accuracy of ±3 kcal/mol (“transition metal chemical accuracy”)58 compared to 

experiment. This definition of chemical accuracy for transition metals is based upon the 

average experimental uncertainty of ±3 kcal/mol for the enthalpies of formation of a 

large, diverse series of transition metal species.58 In a study by DeYonker et al.,56 on a 

test set of 52 experimental transition metal enthalpies of formation from experiment 

(currently expanded to 225 molecules), transition metal ccCA (ccCA-TM), a slight 
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variation of the main group ccCA, produced a MAD of 2.85 kcal/mol. It should be noted 

that ccCA-TM is also reliable for calculating enthalpies of formation for main group 

species producing a 0.89 kcal/mol MAD for the G2/97 test set compared to main group 

ccCA which achieved a MAD of 0.81 kcal/mol.56  The prescribed main group ccCA 

methodology is described in the below section (Section 2.4.1).  

2.4.1 The Correlation Consistent Composite Approach 

The correlation consistent composite approach is based upon a geometry 

optimization and frequency calculation using DFT with the B3LYP functional in 

conjunction with the cc-pVTZ basis set.  The zero-point vibrational energies and 

enthalpy corrections are scaled by a factor of 0.9890 to account for deficiencies in the 

harmonic approximation.57 Single-point calculations are carried out at the B3LYP/cc-

pVTZ optimized geometries for each of the ccCA components which include a series of 

MP2/aug-cc-pVnZ (n=D,T,Q) calculations from which the energies are then extrapolated 

to the CBS limit. Due to the faster convergence of HF energies as compared to 

correlation energies, separate extrapolations are carried out for the HF energies and the 

MP2 correlation energies. For the HF energy extrapolation a two point exponential 

extrapolation scheme developed by Halkier114 is used;  

)63.1exp()( nBEnE CBSHF  
    2.25 

where E(n) is a molecular property at the nth basis set level, n is the ζ-level of basis set 

functions (i.e. for main group atoms n=2 for aug-cc-pVDZ, n=3 for aug-cc-pVTZ, …), 

EHF-CBS is the molecular property at the HF CBS limit, and B is a fitting variable.   

The MP2 correlation energy is then extrapolated by one of three extrapolation 

schemes. One extrapolation scheme is a three-point mixed exponential/gaussian 
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formula115 developed by Peterson, Woon, and Dunning: 

])1(exp[)]1(exp[)( 2
CBS  nCnBEnE            2.26 

where E(n) represents a molecular property at the nth basis set level, n corresponds to 

the ζ-level of the aug-cc-pVnZ basis set, ECBS is the molecular energy extrapolated to 

the CBS limit, and B and C are variables that are determined in the extrapolation fit. The 

Schwartz-3 (Eq. 2.27) and Schwartz-4 (Eq. 2.28) extrapolations are a power inverse of 

the highest angular momentum of the basis set;116-121       
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where lmax is the maximum angular momentum value within the basis set, and E(lmax) is 

the molecular property at lmax.  For main group atoms, lmax=3 for aug-cc-pVTZ, and 

lmax=4 for aug-cc-pVQZ energies. ECBS is the extrapolated energy to the CBS limit, and 

B is a fitting parameter determined in the extrapolation. The Peterson extrapolation 

tends to overestimate while the Schwartz-3 extrapolation tends to underestimate CBS 

limit energies.57  Therefore, the arithmetic mean of the Schwartz-3 and Peterson 

extrapolation schemes is also considered for the CBS extrapolation of the energies at 

the MP2 level of theory. The averaged extrapolation scheme was originally introduced 

by Dixon, Feller, Peterson, and co-workers.122-127 The total ccCA energy is then denoted 

by extrapolation scheme as ccCA-P, ccCA-S3, ccCA-S4, and ccCA-PS3, respectively. 

To calculate the total ccCA energy (Eq. 2.29) the MP2/CBS reference energy 

[E(MP2/CBS)] is then combined with contributions accounting for correlation beyond 

second order perturbation [ΔE(CC)], core–core and core–valence electron correlation 
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[E(CV)], scalar relativistic effects [ΔE(SR-MP2)], molecular vibrational zero point energy 

[ΔE(ZPE)], along with atomic spin orbit (SO) corrections [ΔE(SO)]. (note: For molecules 

containing third row (Ga-Kr) compounds molecular SO corrections are also included.)55  

)SO()ZPE()MP2-SR()CV()CC()MP2/CBS(ccCA EEEEEEE   2.29 

Additional contributions to the extrapolated reference energy are made based 

upon a series of single-point calculations. To account for ΔE(CC), the energy arising 

from CCSD(T) - a coupled cluster method including single, double, and 

quasiperturbative triple excitations, E[CCSD(T)/cc-pVTZ] - is used (Eq. 2.30).  

]pVTZ-MP2/cc[]pVTZ-cc/CCSD(T)[)CC( EEE            2.30 

In Eq. 2.30, E denotes the energy for the defined method/basis combination. ΔE(CV) is 

taken into account with the use of a FC1 frozen core calculation along with a core-

valence basis set (Eq. 2.31).  

]pVTZ-cc-MP2/aug[pCVTZ]-cc-ugMP2(FC1)/a[)CV( EEE            2.31 

The Gaussian key word FC1 allows for the inner noble gas electrons to remain frozen 

while the inner shell closest to the valence shell is correlated.  For example, all 

electrons in first row atoms (Li-Ne) are correlated, all electrons of second row atoms 

(Na-Ar) except the 1s orbitals are correlated, and all electrons in third row atoms (K-Kr) 

are correlated except the 1s2s2p. Scalar relativistic (SR) effects are also taken into 

account by implementing a Douglas Kroll (DK) Hess Hamiltonian and DK-contracted 

basis sets (6) (Eq. 2.32). 

]pVTZ-MP2/cc[]DK-pVTZ-DK/cc-MP2[)MP2-SR( EEE           2.32 

The correlation consistent composite approach as prescribed above has been used 

throughout the following studies presented in this dissertation.  
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CHAPTER 3 

ENERGETIC NITROGEN-CONTAINING SPECIES: RELIABLE ENERGETICS VIA THE 

CORRELATION CONSISTENT COMPOSITE APPROACH (CCCA)*  

3.1 Introduction 

The risks of catastrophic explosion during manufacture, storage, destruction, 

demilitarization and disposal of many common sensitive explosives has prompted 

continued research on the discovery and synthesis of insensitive high explosives for 

military and commercial uses, (e.g., fireworks, demolition, excavation, and mining).128 

Such compounds are characterized by the swiftness with which their decomposition, 

detonation or explosion occur supersonically but are surprisingly insensitive to triggering 

stimuli such as impact, friction and electrostatic discharge. Potential alternatives to the 

existing shock and friction-sensitive energetic compounds include caged 

polynitropolycycloalkanes, polynitramines, and many N-heterocycles due to their high 

nitrogen content. These compounds exhibit high endothermicity, a property that is 

suggestive of their incredible insensitivity, and high energy densities (i.e., large amount 

of energy can be liberated from a small quantity of the material). These critical 

properties are important to explosive performance.129  

Energetic species containing nitrogen-substituted benzene rings derive their 

energy from the increased carbon-nitrogen and nitrogen-nitrogen bonds, in contrast to 

                                            
* Work reported in this chapter including all figures, tables and graphs has been 
reprinted from K.R. Jorgensen, G. Oyedepo, and A.K. Wilson, “Highly Energetic 
Nitrogen Species: Reliable Energetics via the Correlation Consistent Composite 
Approach (ccCA)”, J. Hazard. Mater. 2011, 186, 583, with permission from Elsevier. 
This work is also discussed in the dissertation of G. Oyedepo. 
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carbon based non-substituted explosives which draw their energies mostly from the 

oxidation of the carbon and hydrogen atoms.130 The oxidation of a carbon based 

explosive leads to an incomplete combustion reaction, resulting in toxic gases such as 

carbon monoxide and nitrogen oxides. The oxygen balance (a measurement of the 

ability for a compound to become oxidized) of nitrogen substituted compounds is usually 

close to zero, indicating a more complete combustion reaction than for carbon-based 

explosives. Optimal sensitivity, power, and brisance of an explosive tend to be attained 

as the oxygen balance approaches zero.  

While highly endothermic compounds are most sought after to ensure high 

insensitivity and complete decomposition,131 energetics for these mostly nitrogen-rich 

compounds have been observed to be directly related to explosive properties examined 

in propellant development. Properties derived from ∆Hf include: enthalpy of explosion 

(∆He), which is used in computing the temperature of explosion (Te), work potential 

(nRT), and velocity of detonation (VOD), which is used in prediction of detonation 

pressure (Pd).132 For example, ∆He is calculated:  

∆He = Σ ∆Hf,(product)- Σ ∆Hf,(Explosive)      3.1 
 

Prediction of thermochemical properties to within chemical accuracy using 

computational chemistry ensures that experimental efforts are focused on promising 

compounds exhibiting required enhanced performance. Since the development, 

manufacture, testing and fielding of a new energetic material is costly in terms of time 

and money, using accurate energetics to eliminate poor candidates lacking required 

sensitivity or having performance problems through theoretical predictions at the early 

stages of development is highly desirable. Computational chemistry provides an 
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effective means for the prediction of gas phase Hf’s for energetic species. Any chosen 

methods, however, must first demonstrate utility, reliability, and accuracy for the 

prediction of energetic properties before being utilized in the prediction of the energetic 

behavior of species not yet fully characterized experimentally.  

In a study by Rice et al.,133 the Hf’s of energetic materials including 

nitroaliphatics, nitroaromatics, nitroamines, nitrotiazoles, nitrofuroxans, nitrate esters, 

nitrites, azidoaliphatics, azidoaromatic, and C-nitroso species were calculated. An 

objective of the study was to determine the impact of methodological choice on the Hf, 

with the goal of identifying a suitable strategy of studying CHNO systems. The 

methodology used by the authors comprised a semi-empirical approach to obtain Hf’s 

from quantum mechanical energies using a training set for the parameterization of the 

method. However, cautions must be exercised in utilizing this method on compounds 

which are not contained in the training set due to this parameterization. B3LYP/6-31G* 

was used for geometry optimizations in the method while an increase in basis set size 

from 6-31G*, to 6-311++G(2df,2p) was used for single point calculations to give slightly 

more accurate Hf’s. The root mean squared (RMS) deviation reduced from 3.1 to 2.9 

kcal/mol (using a so-called group-equivalent method) with respect to experimental Hf’s. 

The dependence of the training set on the methods was also investigated with the 

conclusion that molecules not included in the training set (compounds containing 

tetrazole rings, doubly bonded NH groups, and nitrogen linked bridges) tend to result in 

an increased RMS deviation by as much as an order of magnitude when compared with 

experimental Hf’s. The authors’ semi-empirical atom- and group-equivalent methods 

are only viable for CHNO molecules which display properties related to those in the 
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training set, eliminating large classes of energetic compounds, such as high nitrogen 

containing compounds.  

 Identifying computationally feasible methodology to quantitatively predict Hf’s 

has continued to be of much interest. The Rice et al. study133 shows that by increasing 

basis set size and introducing group equivalence approach, which includes reliance on 

empirically optimized parameters, could lead to a decrease in MAD from experimental 

values. As previously mentioned, for the quantitative prediction of Hf’s an electron 

correlation method such as CCSD(T) should be used in conjunction with a basis set 

extrapolated to the asymptotic complete basis set (CBS) limit.23 However, using 

CCSD(T) with a large basis set quickly becomes too costly with as molecule size 

increases, and an alternative strategy is to use ab initio composite methods.  

Recently Kiselev and Gritsan134 computed Hf’s for nitroalkanes and their isomer 

and radical forms using the G2,42 G3,46,50 and G2M(CC5)135 composite methods. 

B3LYP/6-31+G(d,p), B3LYP/6-311G(d,p), MPW1B95136/6-31+G(d,p), MPW1B95/6-

311G(d,p), MPWB1K136/6-31+G(d,p) and MPWB1K/6-311G(d,p) density functional 

theory methods were also utilized. Though their molecule set included fourteen neutral 

and four radical compounds that contained one or more NO2 or ONO groups, 

experimental values are only available for eight of these species. Of these eight 

molecules, the G3 method resulted in a MAD of 2.6 kcal/mol. The B3LYP method, on 

the other hand, resulted in a MAD of 8.6 kcal/mol while MPWB1K led to an outrageously 

high MAD of 32.2 kcal/mol for the same species.  

Tetrazine compounds are of high nitrogen content and produce nitrogen gas as 

the main combustion product rather than carbon dioxide and other toxic gases and are 
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thus more “environmentally friendly” explosives. In addition to their military and 

commercial uses, they are also used in the pyrotechnics of smokeless, more vibrant 

fireworks due to their almost carbon-free combustion.137 Tetrazine explosives are known 

to be highly endothermic (e.g., 211.0 kcal/mol for 3,6-bis(1H-1,2,3,4-tetrazole-5-

ylamino)-s-tetrazine) and usually exhibit high insensitivity towards increased 

temperature, impact, and friction.129,138,139 An example is furazano-1,2,3,4-tetrazine-1,3-

dioxide (FTDO) that has been considered140 as a promising high energy candidate for 

increasing the momentum of propellants and as a component of energetic plasticizers. 

Teselkin140 has studied the sensitivity of FTDO and has compared its critical initial 

pressure with those of well-known secondary high explosives like cyclotetramethylene-

tetranitamine (HMX) and pentaerythritol tetranitrate (PETN). The study revealed that 

FTDO has a relatively high sensitivity, similar to that of lead azide, a known sensitive 

compound used in detonators to initiate secondary explosives. Thus, this suggests that 

studies may discover better insensitive tetrazine compounds. There have been a 

number of studies141-144 on the synthesis and characterization of novel tetrazine 

compounds. However, additional insight would be gained by a computational study of 

these species. 

 In this study, forty R-NOX and five heterocyclic tetrazine-containing species were 

examined using the ccCA, G3(MP2) and G3 methods. The R-NOX compounds contain 

three to fifteen non-hydrogen atoms and include several well-known explosive 

compounds like RDX, 1-methyl-4-nitrobenzene (PNT), and N-methyl-N-

nitromethanamine (DMNO). Twenty-five of the R-NOx species in the Rice et al. study133 

are in this set of thirty-nine molecules. As well, ΔHf’s are predicted for five heterocyclic 
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tetrazine-containing compounds (Figure 3.1):129,139-141,145-148 ditetrazinetetroxide (DTTO), 

iso-ditetrazinetetroxide (isoDTTO), FTDO, pyrido[2,3-e]-1,2,3,4-tetrazine-1,3-dioxide 

(PTDO), and benzotetrazine-1,3-dioxide (BTDO) that may have potential use as highly 

energetic species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Computational Methodology  

The ccCA methodology (Section 2.4.1) was used. Atomistic Hf’s were 

calculated for a molecule (M) and its atomic products (A) with stoichiometric coefficients 

(n). (Eq. 3.2) 

             

Figure 3.1 Heterocyclic tetrazine-containing compounds  
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 This can be explained in four terms. The first term is the enthalpic contribution from the 

atoms at 0 K. The second term is the atomization energy of the molecule, including the 

ZPE, where E denotes the electronic energy. The third term is the thermal contribution 

to the enthalpy due to the molecule.  The final term is the thermal contribution due to the 

atoms. The G3 and G3(MP2) theoretical ΔHf’s were also calculated. In this study 

deviations are calculated with respect to experimental values unless specified 

otherwise. 

 

3.3 Results and Discussion 

The ΔHf’s of the 40 RNOx molecules in our test set have been reported in three 

tables: R-NO2 (Table 3.1), R-ONO (Table 3.2), and R-ONO2 (Table 3.3). Table 3.4 

includes the MADs for all molecules in this study, including these three families of 

molecules. The ccCA-PS3 variant has proven to be the most effective for the highly 

energetic nitrogen-containing species; hence, the MAD reported for the ccCA method in 

the remainder of this paper will be the ccCA-PS3 scheme (Section 2.4.1).  

The overall MAD for the nitro-molecules (Table 3.1) is 1.2 kcal/mol using the 

ccCA method, 1.8 kcal/mol for the G3(MP2) approach, and 1.3 kcal/mol with the G3 

method. Since ccCA is MP2 based, its performance is best compared with that of 

G3(MP2), another MP2 method, rather than the MP4 based G3 method. The maximum 

absolute deviation for ccCA is 4.1 kcal/mol and for G3(MP2) is 5.9 kcal/mol; both 
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corresponding to tetranitromethane compound. The G3 approach shows a deviation of 

only 0.9 kcal/mol for the same compound, suggesting that a higher level reference 

correlation method than MP2 is needed for this molecule. Interestingly, the G3 HLC is    

-38.1 kcal/mol while the HLC for G3(MP2) is -46.6 kcal/mol, indicating the significant 

reliance (but success of G3 for this molecule) on experimental parameterization. 

However, for the study of energetic properties of compounds without reliable 

experimental data, which is a major objective of this study, ccCA provides a useful 

approach, as it does not rely upon empirical parameters such as HLC’s. The ccCA 

method is shown to be more accurate than G3(MP2), the more comparable method. If 

tetranitromethane is removed from the test set, ccCA would result in a MAD, for the 

ensuing subset, of 1.1 kcal/mol, G3 would remain at 1.3 kcal/mol, and G3(MP2) would 

have a MAD of 1.6 kcal/mol. The ccCA method also results in a deviation of 4.2 

kcal/mol for m-nitrotoluene for which the G3 method is in disagreement by 2.8 kcal/mol 

relative to the experimental value. The consistency of the theoretical methods leads to 

the suggestion that experimental values could have been underestimated. For RDX, a 

well known and studied explosive, ccCA is shown to deviate by 0.5 kcal/mol from the 

experimental value. G3 differs by 3.1 kcal/mol while G3(MP2) has the highest mean 

absolute deviation of 4.0 kcal/mol. Overall, for the R-NO2 compounds, the ccCA and G3 

methods are shown to be reliable for the study of nitro-containing energetic molecules. 
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Table 3.1 The enthalpies of formation (kcal/mol) of nitro compounds calculated by 
G3, G3(MP2) and variants of ccCA method. 
Molecule ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.ref 
Nitrogendioxide 9.3 8.5 8.9 8.1 9.1 8.1±0.2149 
Nitroamine 0.8 -0.6 0.1 1.9 3.8 -0.7150 
DMNO -0.8 -3.1 -1.9 -1.4 1.1 -1.2±0.3151 
Nitromethane -17.4 -18.8 -18.1 -17.7 -16.0 -17.8±0.2152 
Dinitromethane -9.2 -11.4 -10.3 -11.2 -8.1 -9.2±0.3152 
Trinitromethane 4.2 1.2 2.7 0.6 5.4 5.7±0.3152 
Tetranitromethane 25.6 22.0 23.8 18.8 25.6 19.7±0.4152 
Nitroethane -24.5 -26.3 -25.4 -25.5 -24.1 -24.4±1.0153 
n-Nitropropane -29.6 -31.9 -30.8 -30.6 -28.8 -29.6±0.2154 
Isonitropropane -32.7 -35.0 -33.9 -33.8 -31.9 -33.2±0.2154 
1,3-Dinitropropane -30.9 -34.0 -32.5 -32.5 -29.3 -32.4±0.4155 
2,2-Dinitropropane -31.4 -34.4 -32.9 -34.7 -31.0 -32.1±0.5155 
n-Nitrobutane -34.1 -36.9 -35.5 -35.0 -33.2 -34.4±0.34154 
1,4-Dinitrobutane -36.2 -39.8 -38.0 -39.1 -35.9 -38.9±0.7155 
N-Nitropentane -38.8 -42.0 -40.4 -40.3 -38.5 -39.4±0.5155 
Nitrocyclohexane -36.1 -39.6 -37.8 -38.2 -36.4 -38.1±0.2156 
N-Nitropiperidine -7.4 -10.9 -9.1 -9.1 -6.7 -10.6±0.6157 
RDX 47.8 42.8 45.3 42.7 49.8 45.8158 
Nitrobenzene 17.7 14.6 16.2 15.2 15.2 16.1±0.1157 
m-Dinitrobenzene 16.4 12.5 14.5 12.3 14.1 12.9±0.4159 
p-Dinitrobenzene 16.3 12.5 14.4 12.5 14.3 13.3±0.2156 
o-nitroaniline 16.5 13.0 14.8 14.7 15.5 15.0±1.0160 
m-Nitrotoluene 10.1 6.5 8.3 6.9 7.1 4.1150 
p-Nitrotoluene (PNT) 9.8 6.3 8.0 6.7 7.0 7.4±1.0161 
2,6-Dinitrotoluene 13.6 9.3 11.5 7.9 10.3 9.6150 
o-Nitrophenol -27.8 -31.2 -29.5 -30.4 -29.5 -31.6±0.3157 
m-Nitrophenol -24.3 -27.6 -25.9 -27.0 -26.4 -25.2±0.4157 
2,4-Dinitrophenol -29.9 -34.0 -32.0 -34.1 -31.4 -30.6±1.2162 
Nitro MAD 1.9 1.7 1.2 1.3 1.8  
 

The results for the R-ONO compounds (Table 3.2) show that the ccCA method 

leads to a MAD of 0.7 kcal/mol. The G3 MAD is 0.9 kcal/mol while the MAD for 

G3(MP2) method is 1.8 kcal/mol. The ccCA method is within the threshold of chemical 

accuracy for the eight nitrite molecules considered. The maximum deviation is 3.7 

kcal/mol for G3(MP2) while G3 and ccCA exhibit deviations of 2.7 and 1.9 kcal/mol 

respectively, all corresponding to the molecule ethyl nitrite. 
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Table 3.2 The enthalpies of formation (kcal/mol) of nitrite compounds calculated by 
G3, G3(MP2) and variants of ccCA methods compared with experimental values.  
Molecule ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.ref 
Methylnitrite -15.7 -17.1 -16.4 -15.5 -14.6 -15.6±0.2163 
Ethylnitrite -23.1 -24.9 -24.0 -23.2 -22.2 -25.9164 
n-Propylnitrite -27.8 -30.1 -28.9 -28.1 -27.1 -28.4±1.0163 
Isopropylnitrite -31.3 -33.6 -32.5 -32.2 -31.6 -31.9±1.0163 
n-Butylnitrite -32.6 -35.3 -34.0 -33.0 -32.0 -34.8±1.0163 
Isobutylnitrite -34.5 -37.2 -35.9 -35.2 -34.1 -36.1±1.0163 
sec-Butylnitrite -34.4 -37.1 -35.8 -35.5 -34.2 -36.5±1.0163 
t-butylnitrite -39.5 -42.3 -40.9 -41.1 -39.7 -41.0±1.0163 
Nitrite MAD 1.4 1.2 0.7 0.9 1.8  

 

Table 3.3 The enthalpies of formation (kcal/mol) of nitrate compounds 
calculated by G3, G3(MP2) and variants of ccCA methods compared with 
experimental values. 
Molecules ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.ref 
Nitric acid -32.1 -33.3 -32.7 -31.7 -29.8 -32.0±0.1163 
Methylnitrate -28.8 -30.5 -29.7 -29.6 -27.3 -29.2± 0.3163 
Ethylnitrate -36.7 -38.8 -37.8 -37.8 -35.5 -37.0± 0.8163 
n-Propylnitrate -41.3 -43.9 -42.6 -42.6 -40.3 -41.6± 0.3157 
Nitrate MAD 0.3 1.7 0.7 0.7 1.8  

 

Table 3.3, results for the R-ONO2 molecules are presented. The ccCA method 

yields a MAD of 0.7 kcal/mol, G3 leads to a MAD of 0.7 kcal/mol, while the G3(MP2) 

method achieves a MAD of 1.8 kcal/mol. The ccCA shows a maximum absolute 

deviation of 1.0 kcal/mol for n-propylnitrate, G3 shows its maximum deviation to be 1.0 

kcal/mol for nitric acid, while G3(MP2)’s maximum deviation from experimental results is 

2.3 kcal/mol for nitric acid. Overall, the performances of the ccCA and G3 methods are 

within the desired chemical accuracy when compared to experiment. 

Table 3.4 contains the summary of the MAD for Hf for the 40 compounds 

studied. The G3 approach, which is MP4 based, lead to a MAD of 1.2 kcal/mol. The 

ccCA method exhibits a MAD of 1.1 kcal/mol, indicating that it is a reliable method to 
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predict and validate Hf’s for highly energetic nitrogen-containing compounds. The 

G3(MP2) method results in a MAD of 1.8 kcal mol -1 for the entire set of compounds, 

which is greater than the MAD obtained with the ccCA method even though both are 

based on MP2 calculations. The experimental Hf’s plotted against the ccCA calculated 

values (Figure 3.2) show a linear regression coefficient (R2) value of 0.997. The 

similarities observed in the MAD of the ccCA method compared to the G3 method, 

coupled with the aforementioned advantages of ccCA over G3, encourage our 

recommendation of ccCA for the prediction of highly energetic nitrogen containing 

compounds.    

Table 3.4 The calculated MAD (kcal/mol) of the 
enthalpies of formation for all 40 molecules compared to 
experimental values. 

 ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) 
Nitro 1.9 1.7 1.2 1.3 1.8 
Nitrite 1.4 1.2 0.7 0.9 1.8 
Nitrate 0.3 1.7 0.7 0.7 1.8 
Overall 1.6 1.6 1.1 1.2 1.8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Theoretical vs. experimental enthalpy of formation 
(kcal/mol) calculated using ccCA-PS3. 
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Table 3.5 The predicted enthalpies (kcal/mol) of 
formation of tetrazine-containing compounds using G3 
and variants of ccCA methods. 
Molecule ccCA-P ccCA-S3 ccCA-PS3 G3 
FTDO 178.2 174.7 176.5 178.3 
PTDO 139.6 135.6 137.6 137.3 
BTDO 124.1 120.0 122.0 121.5 
DTTO 234.4 230.0 232.2 233.0 
isoDTTO 233.3 228.8 231.1 232.1 

 

 The ccCA and G3 methods have also been utilized in the determination of the 

Hf’s for five relatively new tetrazine compounds (Table 3.5). The syntheses of these 

compounds are currently being studied.129,139-141,145-148 The ΔHf’s of FTDO, PTDO, 

BTDO and DTTO and isoDTTO, have been computed using the G3 and ccCA methods 

due to their low MAD as found in this study. The results for five heterocyclic explosives 

are in Table 3.5. The predicted Hf for FTDO using the ccCA approach is 176.5 

kcal/mol, in good agreement with 178.5 kcal/mol of the G3 method, but at variance with 

171.7 and 168.8 kcal/mol of G2 and CBS-QB3 methods, respectively, as reported by 

Kiselev and co-workers. 145 The ccCA method predicts the Hf for PTDO, BTDO, DTTO 

and isoDTTO as 137.6, 122.0, 232.2, and 231.1 kcal/mol while the G3 method gives 

137.3, 121.5, 233.0, and 232.1 kcal/mol respectively.  

 

3.4 Conclusions 

 Accurate prediction of the enthalpy of formation of potential energetic compounds 

will assist in the discovery of materials with low sensitivity to reduce disastrous 

premature explosions. Formulation of high explosives with enhanced performances can 

be improved by using chemically accurate ΔHf in the calculation of explosive properties 
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like VOD, Te, Pd, and ΔHe. Three composite methods have been utilized in this study, 

the G3, G3(MP2), and ccCA methods, to determine an effective method able to 

accurately predict the gas phase Hf at 298 K for energetic nitrogen-containing 

compounds.   

The set of 40 molecules was divided into three subsets in order to assess the 

energetic differences between the different types of nitrogen-containing groups (nitro, 

nitrate, and nitrite) in the study. The ΔHf’s have also been predicted for five heterocycle-

tetrazine compounds which have no experimental energetic data available. Due to their 

comparable accuracies and low MAD, the ccCA and G3 methods have been used to 

predict the ΔHf’s for five tetrazine-based heterocyclic compounds with high-nitrogen 

content and desirable endothermic properties. The ccCA method predicts the Hf for 

FTDO, PTDO, BTDO, DTTO and isoDTTO as 176.5, 137.6, 122.0, 232.2 and 231.1 

kcal/mol respectively, while the G3 method results in 178.3145, 137.3, 121.5, 233.0, and 

232.1 kcal/mol, respectively, indicating a good agreement between the two methods. 

The ccCA method, the only composite method in this study that does not rely on 

empirically derived parameterization, has been shown to produce highly accurate Hf
 

for energetic nitrogen-containing compounds. Based on high Hf, we recommend further 

investigations on DTTO and isoDTTO as potentially insentitive explosives. 
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CHAPTER 4 

ENTHALPIES OF FORMATION FOR ORGANOSULFUR COMPOUNDS: 

ATOMIZATION ENERGY AND HYPOHOMODESMOTIC REACTION SCHEMES VIA 

AB INITIO COMPOSITE METHODS*  

4.1 Introduction 

Sulfur compounds have been a continuing subject of interest due to their 

importance in areas such as atmospheric chemistry, combustion reactions, industrial 

applications, interstellar interactions, and biological reactions.165-170 They play a major 

role in areas such as acid rain formation,165 plant growth,171 and collagen synthesis,172 

to name just a few examples. Insight about these important processes can be provided 

by their thermodynamic properties (e.g., free energies of reaction, barrier heights, and 

enthalpies of formation). However, experimental research focusing on the accurate 

determination of these energetic properties can be limited by difficult synthesis, or 

instability of some organosulfur compounds in the gas phase arising from weaker sulfur-

sulfur and sulfur-carbon single bonds173-175 with standard bond energies of 54 and 65 

kcal/mol, respectively, as compared with carbon-carbon and carbon-hydrogen bonds, 

which have standard bond energies of 83 and 99 kcal/mol, respectively. The difference 

in bond energies causes the sulfur bonds to become increasingly labile compared to 

carbon-carbon bonds, leading to side reactions which can plague experimental 

investigations. Thus, computational chemistry can be particularly important not only in 
                                            
* This entire chapter has been reprinted from K. R. Jorgensen, and A. K. Wilson, 
“Enthalpies of formation for organosulfur compounds: Atomization energy and 
hypohomodesmotic reaction schemes via ab initio composite methods” Comp. and 
Theor. Chem. 2012, 991, 1, with the permission of Elsevier. 
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predicting energetic properties, but also in validating experimentally obtained 

thermochemical properties. As thermochemical description (i.e., enthalpies of formation) 

for large sulfur-containing organosulfur species are dependent upon reliable 

thermochemical properties of small organosulfur compounds,171,173,174,176-186 it is critical 

to be able to provide quantitatively accurate thermochemistry for these small species.   

As a result, there is a very rich volume of literature on sulfur species in which various 

methods have been considered to achieve highly accurate thermodynamic properties.  

CCSD(T) has been used in numerous studies to calculate the thermochemical 

properties for sulfur species.187-190 For example, in prior work, the success of 

CCSD(T)/CBS for sulfur compounds has been reported for 35 small sulfur compounds 

(containing up to four non-hydrogen atoms).  Eight of these molecules had reported 

experimental ΔHf’s with reasonable uncertainties (i.e., below 1 kcal/mol).  For these 

eight molecules, CCSD(T)/CBS calculations resulted in a mean absolute deviation 

(MAD) of 0.4 kcal/mol in the ΔHf’s from experimental values.188  Rayne et al.190 studied 

a set of 55 sulfur-containing hydrocarbons using density functional theory (DFT) 

including the popular B3LYP and the newer M06-2X functional with a 6-311+G(d,p) 

basis set for the calculation of ΔHf’s. Using these DFT methods, MADs of 28.6 and 14.7 

kcal/mol, respectively, versus experiment for ΔHf’s were obtained for the sulfur-

containing organics.190  Improving the basis set to 6-311+G(3df,3p) resulted in MADs of 

16.9 (B3LYP) and 2.6 (M06-2X) kcal/mol for the 55 sulfur-containing organics.  

Though it is clear that CCSD(T)/CBS can be critical in the prediction of 

thermodynamic properties, practical calculations limit the size of molecule that can be 

addressed due to the N7 computational cost of CCSD(T), where N is the number of 
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basis functions. There are a number of alternative approaches that attempt to achieve 

an accuracy that is similar as to that of CCSD(T)/CBS, but at reduced cost. Among the 

most popular are ab initio composite methods (discussed in Section 2.4).  

A recent study by Martin et al.99 considered the performance of composite 

methods including G3B3,44 G3(MP2)B3,44 CBS-QB3,191 ROCBS-QB3,192 G4,193 

G4(MP2),192 G4(MP2)-6X,194 two ccCA variants (ccCA,52,60 and ccCA-PS3, which differ 

by extrapolation method),57,195 and W1.35 Overall, 99 bond dissociation energies, 707 

heavy atom transfer, 20 isomerization, and 13 nucleophilic substitution reactions were 

examined along with the 140 atomization reactions of the W4-11 dataset.99  To gauge 

the performance of the other composite methods, W4 theory, rather than experiment, 

has been used.  (W4 serves as a useful gauge, as it resulted in energies within 0.080 

kcal/mol MAD from experiment for a set of 35 atomization energies which have an 

experimental uncertainty of 0.05 kcal/mol or less.99) The W4-11 set contains a broad 

range of neutral compounds (e.g., closed shell, radicals, triplet compounds, hydrogen-

containing, hydrogen-free, organic, inorganic, and various bonding types) containing up 

to five non-hydrogen first- and second-row main group atoms. For the total atomization 

energies (TAEs) and reaction schemes the ccCA methods were shown to be consistent 

with the more computationally demanding W1 variants. The G4 variants followed the 

W1U and ccCA methods with regards to accuracy, being consistently less accurate, 

overall, than the ccCA methodologies. For example, ccCA and ccCA-PS3 were shown 

to result in TAEs within 0.84 kcal/mol and 0.77 kcal/mol, on average, from the W4 

methodology, while G4 has an associated 1.6 kcal/mol mean absolute deviation 

(MAD).99 G4, unlike the ccCA and W1 variants, relies upon a high level correction 
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(HLC), which is based on experimental parameterization, inherent to the Gn 

approaches. It is also important to note that correct values for a few reported deviations 

for three sulfur compounds (S2O, SO2, and SO3) TAEs using ccCA would further reduce 

the MAD for ccCA. These ccCA deviations were reported to be between 2.5 to 5 

kcal/mol from the W4 method TAEs. However, comparing the zero-point inclusive, 

relativistic, diagonalized Born–Oppenhiemer corrected W4 total atomization energies at 

0 K with ccCA actually result in deviations of S2O, SO2, and SO3 are 0.70, 0.43, and 

1.23 kcal/mol, respectively using the ccCA-PS3 variant.) 

Earlier studies have shown the applicability of the ccCA and G3 methodologies 

specifically for sulfur containing compounds.113,184  For example, enthalpies of formation 

(ΔHf’s) for 40 sulfur-containing molecules, including 19 organosulfur compounds, were 

determined in an earlier study using ccCA and G3.113  In that study, ccCA achieved a 

MAD of 0.93 kcal/mol, while G3 resulted in a MAD of 1.98 kcal/mol. The G3 and G3B3 

approaches resulted in substantial deviations for compounds such as H2SO4, with 

deviations of 6.79 and 7.21 kcal/mol, and HOSO2F, with deviations of 6.26 and 9.39 

kcal/mol, respectively (ccCA had a deviation of 1.86 and 3.49 kcal/mol for these 

species).  The ccCA method had a maximum ΔHf deviation for the 40 compounds 

investigated of 3.94 kcal/mol for the PS dimer, for which G3 and G3B3 obtained MADs 

of 3.32 and 1.55 kcal/mol respectively. However, this was suspected to be due to large 

spin contamination, also noted by Denis et al.,196 and the use of a non-multireference 

approach. If no spin contamination is present then the spin squared value, <S2>, should 

equal s(s+1), where s is ½ times the number of unpaired electrons; however, the PS 

dimer had an S2 value of 1.08 indicating spin contamination.196 The possible need for a 
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multireference wavefunction–based approach is suggested by the T1 diagnostic, a 

common indicator used to assess whether a molecule suffers from significant 

nondynamical correlation.197  The T1 diagnostic makes use of the t1 amplitudes, where 

T1 equals ||t1||/√nelec, where nelec is the number of electrons.  A system should be 

considered to have significant multireference character if the T1 value exceeds 0.02;198 

for the PS dimer, a T1 value of 0.033 was reported.196  

Calculations of energetics for compounds containing sulfur have not been without 

their difficulties. Sulfur species have shown a large sensitivity to basis set choice.176,199-

207  Slow convergence of relative energies with increasing basis set size has been 

shown to occur not only for MP2 and CCSD(T) calculations, but also for density 

functional theory (DFT).205,208  Further complications in calculating sulfur compound 

energetics have been linked to basis set deficiencies, which can significantly impact the 

convergence of energies to the CBS limit. To briefly illustrate the problem, Bauschlicher 

and Partridge,199 using CCSD(T)42,43,209 with a cc-pVnZ (where n=T, Q, 5) basis set, 

predicted the dissociation energy of SO2 having a deviation of -6.2 kcal/mol from 

experiment at the CBS limit, which represents a very large error.  A deficiency was 

noted in the Dunning style basis sets, resulting in a series of studies investigating these 

deficiencies.35,105,199,201,202 A modified series of the correlation consistent basis sets, the 

tight d sets, cc-pV(n+d)Z were introduced105 in order to account for two problems found 

in the d sets of the standard correlation consistent basis sets: “(1) a near duplication of 

the M-shell exponents in the 3d and 4d sets and (2) a deficiency in the L-shell region in 

the early members of the d sets needed to describe molecular core polarization effects 

as well as valence orbital correlation effects.”.105 The modified basis sets have shown to 
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converge more rapidly and smoothly for accurate extrapolations to the CBS limits, and 

have shown only minute effects on ZPE and vibrational frequencies when comparing to 

the standard cc-pVnZ sets. The largest effect of the modified basis sets correlates with 

properties (e.g., dissociation energies) and relative energies calculated at smaller basis 

set levels (DZ and TZ).200,204,205  For example, a CCSD(T) calculation on SO2, using the 

cc-pV(D+d)Z basis set improved the atomization energy by 15.87 kcal/mol, compared to 

cc-pVDZ.204 Thus, with these revised basis sets, more accurate calculations of 

energetic properties (e.g., dissociation energies) of sulfur compounds have been 

demonstrated compared to those calculations without the use of +d 

functions.200,204,205,210,211 

The calculation of ΔHf’s, in general, is further complicated by the choice of 

thermochemical approach. The enthalpy of a chemical process is independent of the 

thermochemical pathway taken from the initial to the final state; therefore a number of 

possible approaches can be used to calculate ΔHf’s for molecules. Among the simplest 

is the atomization energy approach. This approach utilizes the energy difference 

between a molecule and its isolated atoms. While this is the most common approach 

used in calculations, and has seen enormous success, it suffers from known 

deficiencies arising from differential correlation effects and size extensivity.  Differential 

correlation effects arise as the electrons in an atom result in a different correlation 

energy than in a molecule due to chemical interactions such as polarization, 

conjugation, and ring strain.212-214 This is problematic as properties are calculated using 

relative energies. For example, in the calculation of ΔHf’s via the atomization approach 

the atomic enthalpies of formation and the atomic energies are used (see below 
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equation (1)). Additionally, size extensivity (i.e., the ability for a method to scale linearly 

with the number of electrons) can cause errors to arise when utilizing an atomization 

energy approach.39,63 As molecular size increases, the errors that can arise from 

approximations made in correlation energy calculations also increase, causing for less 

cancellation of errors when using atomic energies for the calculation of atomization 

energy (i.e., the sum of the atomic energies minus the energy of the molecule). For 

example, the atomization energy approach is implemented by Nicolaides 215 using the 

G2 method. The ΔHf of benzene was calculated (via the atomization energy approach) 

with a 3.87 kcal/mol deviation from experiment; however, the enthalpies of reaction 

involving benzene (when utilized in working reactions) were calculated to within 1.0 

kcal/mol. The deviation in the benzene ΔHf was attributed to the accumulation of errors 

arising from approximations to the Schrödinger equation (i.e., Born–Oppenhiemer 

approximation, method approximations).63,215  In order to better account for the 

approximations made in the method choice, the use of chemical reaction schemes 

(a.k.a. working reactions, isodesmic reactions, or homodesmotic reactions) allow for the 

reduction of differential correlation and size extensivity effects.39,62,63 Reactions 

schemes allow for the cancellation of errors arising from these effects by using more 

comparable molecules, instead of atoms, in the calculation of relative energies, which 

will be discussed further below.  

Isodesmic reactions use the energy difference between a molecule and its 

constituent fragments (Figure 4.1), reducing the differential correlation and size 

extensivity effects due to the similarity of the chemical interactions (i.e., between the 

bonds being broken and formed) within the reaction schemes. Bond separation 
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reactions were first introduced by Pople and co-workers61 for the prediction of 

thermochemical properties. Other reaction schemes have been defined by size (e.g., 

constituent fragments containing three, four, or five non-hydrogen atoms) or based on 

the type of bonds maintained when breaking a molecule into its constituent fragments 

(e.g., conjugated bonds, pi-bonds, aromatic rings). A detailed review of the many 

reaction scheme definitions was published by Wheeler et al.2  Confusion and misuse of 

the definitions for the different types of reactions schemes led Wheeler et al. to define a 

hierarchy that would eliminate ambiguity surrounding the classification of working 

reactions.2 

 

 

 

The hierarchy of homodesmotic equations include: isogyric (RC1), isodesmic 

(RC2), and hypohomodesmotic (RC3) reactions.2 Examples of these reaction schemes 

are shown in Figure 4.1 and are defined as follows: RC1 reactions must maintain the 

same number of paired and unpaired electrons; RC2 reactions must maintain the same 

number of electron pairs, and the same types of bonds in order to balance the reaction 

scheme; finally, RC3 reactions have the additional criteria to maintain the same 

hybridizations in reactants and products and the same number of carbon atoms with 

zero, one, two, and three hydrogens attached in reactants and products.2 The criteria of 

(RC1) 

(RC2) 

(RC3) + 2

+ 2 +CH42

+ CH44H25

Figure 4.1 Examples of RC1, RC2, and RC3 from the 
Wheeler hierarchy of homodesmotic equations for 
hydrocarbons.  
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the constituent fragments are further extended to define homodesmotic (RC4, note: 

RC3 = RC4 for non-conjugated systems) and hyperhomodesmotic (RC5), both of which 

are beyond the scope of this article. The advantage of these reaction schemes is that 

due to the increased similarity in chemical composition of the molecules used to 

calculate the ΔHf’s, reduction of the error caused by the differential correlation occurs, 

allowing for more accurate energetics to be calculated.2  An increased similarity 

between the constituent molecules (product and reactants) and the target molecule is 

obtained with the higher levels of the hierarchy (RC1 < RC2 < RC3, see Figure 4.1) as 

the size of the constituent molecules increase (compared to the scheme lower in the 

hierarchy).2 Additionally, more physical characteristics of the molecules are maintained 

(e.g., number of atoms, hybridization, conjugation), allowing for additional cancellation 

of error due to size extensivity and differential correlation. For example, in the 

calculation of 14 conjugated hydrocarbons containing five to six carbon atoms, M05-

2X/6-31G(d) calculations determined bond separation energies with MADs of 8.88, 

21.53, and 3.71 kcal/mol from experiment, using atomization energy (RC0), isogyric 

(RC1), and isodesmic (RC2) thermochemical schemes, respectively. However, with the 

use of a hypohomodesmotic (RC3) approach, the MAD of the highly parameterized 

M05-2X functional216,217 is reduced to 0.91 kcal/mol for the 14 compounds.2  The 

comparison of RC3 to RC0 (atomization energy approach), using CCSD(T)/cc-pVTZ, 

showed that the bond separation energies for the 14 hydrocarbon compounds resulted 

in a MAD 0.55 and 35.10 kcal/mol, for RC3 and RC0 respectively.2  This is a particularly 

dramatic effect, illustrating how basis set choice (i.e., cc-pVTZ is far from the 
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convergence limit for CCSD(T)) can have a major impact when an atomization energy 

scheme is used to determine enthalpies of formation. 

Though changing the hierarchy from RC0 to RC1 to RC2 reaction schemes has 

shown no trend in terms of increasing or decreasing MAD, the use of RC3 has 

consistently resulted in a decrease in the MAD compared to RC0 in bond separation 

energies across all sets (conjugated hydrocarbons, non-conjugated hydrocarbons, and 

cyclic compounds), and methods (HF, B3LYP, M05-2X, M06, M06-2X, MP2, and 

CCSD(T)) investigated by Wheeler et al..2  Although not considered in this article, RC4 

(for conjugated systems) and RC5 reaction mechanisms can also be used to calculate 

these properties, as they are considered to be even “higher” in the thermochemical 

hierarchy allowing for increased cancellation of error.2 

A recent hydrocarbon study by Wilson et al.63 shows the applicability of this 

hierarchy using ccCA. By using ccCA and the RC3 reaction scheme, for the calculation 

of ΔHf’s of 60 hydrocarbons, a MAD of 0.85 kcal/mol was obtained from experiment. 

This scheme resulted in a reduced error in comparison to the RC0 (1.10 kcal/mol) and 

RC2 (1.84 kcal/mol) schemes. This study demonstrated that with increasing molecular 

size, the use of RC3 schemes becomes progressively more important in the calculation 

of enthalpies of formation that compare well with experiment. For example, the MADs 

(for ΔHf’s) when using ccCA with RC0 for one to four, five to seven, and eight or more 

carbon-containing hydrocarbons were 0.90, 1.64, and 4.80 kcal/mol,63 respectively, 

demonstrating the connection between MAD and molecular size. However, when using 

the RC3 scheme, the MADs decreased to 0.85, 0.86, and 0.85 kcal/mol, respectively.63  
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It is important to investigate the effects of these reaction schemes on other 

molecules in order to understand the limitations of reactions schemes and their 

relevance in the prediction of thermodynamic properties for a broader range of 

molecules. Windus et al.218 recently extended these reaction schemes to ΔHf’s of 

oxygen compounds and demonstrated its utility for molecules as large as β-D-

glucopyranose-gg. In this work, we consider the impact of these schemes for other 

compounds, specifically, organosulfur compounds, to consider the effects of reaction 

schemes on the prediction of energetic properties. 

The current study investigates the impact of both thermochemical schemes, 

specifically RC0 and RC3, and composite method choice including ccCA, G4, and G3 

on the prediction of ΔHf’s for a series of 43 organosulfur species. B3LYP, MP2, 

MP2(FC1), and MP2-DK have also been considered in combination with the correlation 

consistent basis sets (utilizing the proper tight d form for sulfur species) to understand 

the influence of thermochemical approach upon components included within the ccCA 

methodology. 

 

4.2 Computational Methodology 

The ccCA methodology is detailed in Section 2.4.1. Note that the proper form of 

the correlation consistent basis sets, containing tight d functions (cc-pV(n+d)Z), have 

been used for second row atoms, (i.e., the sulfur atoms).105,219  Several variants of ccCA 

have been used, distinguished by the means used to extrapolate the MP2 correlation 

energy (MP2/aug-cc-pVnZ) to the CBS limit; the variants are ccCA-P (where n=D,T,Q, 

via Peterson’s mixed gaussian exponential formulation),115 ccCA-S4 (where n=T,Q, via 
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Schwartz’s inverse quartic scheme)116-121, ccCA-S3 (where n=T,Q, via Schwartz’s 

inverse cubic scheme)117, and ccCA-PS3 (an average of ccCA-P and ccCA-S3), all of 

which are discussed in more detail in Section 2.4.1.  In order to compute the composite 

energies, a series of calculations have been carried out including: B3LYP/cc-pVTZ, 

MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ, MP2/aug-cc-pVQZ, CCSD(T)/cc-pVTZ, 

MP2(FC1)/aug-cc-pCVTZ, and MP2-DK/cc-pVTZ-dk. These calculations were 

performed at the B3LYP/cc-pVTZ geometry, which is known to provide reliable 

geometries for many organosufur molecules.180,220-222 G3223 and G4193 calculations have 

also been performed for comparison. The MADs, mean signed deviations (MSDs), and 

root mean squared (RMS) values were determined in reference to the experimental 

ΔHf’s unless otherwise noted. The Gaussian 03 program224 was used for all ccCA and 

G3 calculations. The Gaussian 09 program225 was used for the G4 calculations. 

4.2.1 Enthalpies of Formation 

Two methods were used in the calculation of ΔHf’s: the atomization energy 

approach (RC0) and hypohomodesmotic reaction schemes (RC3). Atomization Hf’s 

were calculated using the following equation (Eq. 4.1). 
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The atomization energy includes four primary components. The first part is the 

enthalpic contribution from the atoms (A) at 0 K.  The new experimental carbon 

ΔHf,A(0K) value, 170.11 kcal/mol,226 has been used in this study.  Hydrogen and sulfur 

experimental ΔHf,A(0K) are 51.63 kcal/mol and 65.66 kcal/mol, respectively.  Recently, 

however, the sulfur experimental ΔHf value was re-evaluated186 using new dissociation 
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energies measured by Frederix et al.,227 and this new value of 66.26 kcal/mol for the 

sulfur ΔHf,A(0K) has been used in this study. The second component is the atomization 

energy of the molecule (M), including the scaled ZPVE (EZPE), where E denotes the 

electronic energy calculated at the chosen level of theory. The third and fourth terms 

represent the thermal contributions to the enthalpy due to the molecule. The atomic 

thermal contribution to the enthalpy was calculated in the manner of Curtiss and 

coworkers.43 Hypohomodesmotic reaction schemes were also used to calculate ΔHf’s in 

a similar fashion.    
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Experimental ΔHf’s are employed for the products and reactants (ΔHf,prod and ΔHf,react, 

respectively) along with the calculated enthalpies (H(298K)) to calculate the ΔHf of a 

compound. In order to apply the hypohomodesmotic reactions of the hydrocarbon 

hierarchy2 to sulfur compounds, additional products and reactants are included in this 

study (Figure 4.2). The RC3 reactions proposed in this study are provided in Figure 4.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SH2

Figure 4.2 Additional products and reactants to the Wheeler et al.2 
hydrocarbon set for sulfur containing compounds. 
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Figure 4.3 Hypohomodesmotic (RC3) reaction schemes for the 
forty-three organosulfur compounds. 



55 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.3     Hypohomodesmotic (RC3) reaction schemes for 
the forty-three organosulfur compounds continued. 
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4.3 Results and Discussion  

 The ΔHf’s for 43 organosulfur species, selected from the NIST database,228 

were calculated using ccCA, G4, and G3. The molecules investigated followed the 

following criteria: 1) contain only carbon, sulfur, and hydrogen atoms; 2) consist of 

up to eight non-hydrogen atoms (two additional compounds containing nine non-

hydrogen atoms were also included); 3) target molecules constituent pieces have 

experimental gas phase enthalpies of formation available (Table 4.1). To assess 

the importance of RC3 for the calculations of ΔHf’s  for organosulfur compounds, 

the Wheeler et al.2 definition of RC3 was redefined to include sulfur. 

Hypohomodesmotic (RC3) reaction schemes for the forty-three organosulfur 

compounds are presented in Figure 4.3. The atomization approach (RC0) was also 

considered. It is important to note that the performance of RC3 is linked to the error 

associated with the constituent atoms in the reaction proposed to calculate the 

thermodynamic properties. Therefore, experimental values with small standard 

deviations (relevant to system size and reaction scheme used) are required for 

each of the molecular fragments in the thermochemical pathway (Table 4.1). in 

addition to those listed in Wheeler et al.2). For example, calculating the ΔHf for 2-

butanethiol via RC3 includes the use of ethane (σexptl,ΔHf  is 0.05 kcal/mol), propane 

(σexplt,ΔHf  is 0.1 kcal/mol), and 2-propanethiol (σexptl,ΔHf is 0.15 kcal/mol) as reactant 

and products, leading to an overall 0.3 kcal/mol maximum error. However, this error 

increases by more than a factor of two when analyzing cyclopentanethiol, as the 

RC3 reaction contains five ethane, four propane, and one 2-propanethiol molecules 

(i.e., σexp,rxn is 5(0.05) + 4(0.1) + (0.15) kcal/mol). The error associated with this 
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reaction increases from a maximum of 0.30 to 0.80 kcal/mol. Experimental 

uncertainties associated with ΔHf’s can cause the overall experimental deviations in 

these reaction schemes to become unreasonable (i.e., much larger than 1.0 

kcal/mol), resulting in unreliable comparisons for energetic properties between the 

calculated and experimental values. For example, thioformaldehyde has an 

experimental uncertainty for ΔHf (σexptl,ΔHf) of 2.0 kcal/mol, introducing error into the 

reaction scheme; therefore, experimental ΔHf’s with low uncertainties are 

necessary. This is equivalent to the necessity for accurate and precise experimental 

atomistic ΔHf’s for accurate calculations of ΔHf’s using RC0. The reference 

molecules used within the RC3 reaction scheme for this study are listed, along with 

their calculated ΔHf’s using ccCA, G4, and G3 via the atomization energy approach 

(RC0), in Table 4.1. 
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Table 4.1 Calculated enthalpies of formation (kcal/mol) for the constituent fragments of the molecules 
via the atomization (RC0) scheme. 
Reaction Pieces ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3 Expt.a σ 
Methanethiol -5.47 -6.32 -5.53 -5.89 -4.67 -4.34 -5.46 0.14 
Ethenethiol 19.58 18.44 19.57 19.01 19.69 20.22 19.6 2.00 
Dimethyl sulfide -8.94 -10.27 -9.04 -9.60 -8.50b -7.97 -8.98 0.14 
Ethanethiol -10.71 -12.01 -10.82 -11.36 -9.90b -9.80 -11.03 n/a 
2-Propanethiol -18.21 -19.96 -18.37 -19.69 -17.62 -17.63 -18.39 0.15 
2-Propanethiol,2-methyl- -26.00 -28.18 -26.21 -27.09 -26.03 -26.08 -25.99 0.21 
Ethene 12.83 11.94 12.80 12.39 13.47b 12.61 12.50 0.10 
Ethane -20.14 -21.20 -20.26 -20.67 -19.31b -20.12 -20.0c 0.1 
Propene 5.33 3.98 5.25 4.66 38.95b 5.14 4.8c 0.2 
Propane -24.97 -26.49 -25.13 -25.73 -23.93b -24.92 -25.0c 0.1 
1-Propene,2-methyl- -3.22 -5.03 -3.35 -4.13 -3.47b -3.45 -4.0c 0.2 
Isobutane -31.69 -33.66 -31.90 -32.67 -31.34b -31.78 -32.1c 0.2 
Propane,2,2-dimethyl- -39.14 -41.53 -39.39 -40.33 -39.27b -39.96 -40.3c 0.3 
a Experimental ΔHf’s came from the NIST Webbook228 unless otherwise noted.  
b Calculated in the Gaussian-4 theory,193 or Gaussian-3 study48 using the previous experimental 
carbon and sulfur enthalpies of formation at 0 K of 169.98 and 65.66 kcal/mol, respectively.229 The 
value shown here is using the new experimental value of 170.11 kcal/mol226 for carbon and 66.26 
kcal/mol for sulfur.186 
c Experimental ΔHf’s from Cioslowski and coworkers.230 
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Table 4.2 Calculated enthalpies of formation (kcal/mol) via the atomization (RC0) approach. 
Sulfur Compounds ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3  Expt.a σ 
Thiirane  (C2H4S) 18.84 17.65 18.79 18.24 18.72b 19.72  19.7 0.24 
1,2-Ethanedithiol  (C2H6S2) -0.35 -1.89 -0.45 -1.12 0.67 1.24  -2.23 0.26 
Thietane  (C3H6S) 15.49 13.85 15.38 14.67 15.64 16.29  14.6 0.3 
1-Propanethiol  (C3H8S) -15.67 -17.42 -15.83 -16.55 -14.87 -14.84  -16.39 0.15 
Ethane, (methylthio)-  (C3H8S) -14.17 -15.95 -14.32 -15.06 -13.74 -13.48  -14.42 0.27 
1,3-Propanedithiol  (C3H8S2) -5.66 -7.65 -5.82 -6.65 -4.63 -4.11  -7.13 0.28 
Diethyl sulfide  (C4H10S) -19.38 -21.61 -19.58 -20.49 -18.99 -18.97  -19.80 0.19 
1-Propanethiol, 2-methyl-  (C4H10S) -22.14 -24.33 -22.35 -23.24 -21.65 -21.68  -23.06 0.21 
2-Butanethiol  (C4H10S) -23.18 -25.38 -23.39 -24.28 -22.67b -22.84  -22.97 0.19 
Propane, 2-(methylthio)-  (C4H10S) -21.19 -23.41 -21.39 -22.30 -20.98 -20.9  -21.43 0.18 
1,4-Butanedithiol  (C4H10S2) -10.98 -13.42 -11.19 -12.20 -10.06 -9.54  -12.08 0.44 
Thiophene  (C4H4S) 28.95 27.14 28.98 28.04 27.58b 28.83  27.49 0.24 
Thiophene, 2,3-dihydro-  (C4H6S) 20.76 18.82 20.68 19.79 20.28 20.99  21.67 0.3 
Thiophene, 2,5-dihydro-  (C4H6S) 21.20 19.26 21.11 20.23 20.84b 21.7  20.86 0.28 
Thiophene, tetrahydro-  (C4H8S) -6.96 -9.05 -7.13 -8.00 -6.95b -6.56  -8.02 0.28 
2H-Thiopyran, tetrahydro-  
(C5H10S) -13.98 -16.51 -14.21 -15.24 -14.21b -13.98  -15.18 0.25 

Thiophene, tetrahydro-2-methyl-  
(C5H10S) -14.19 -16.71 -14.41 -15.45 -14.48 -14.31  -15.27 0.18 

Cyclopentanethiol  (C5H10S) -10.58 -13.09 -10.80 -11.84 -10.39 -10.37  -11.42 0.18 
Thiophene, tetrahydro-3-methyl-  
(C5H10S) -13.43 -15.96 -13.66 -14.69 -13.88 -13.64  -14.47 0.2 

3-Ethylthio-1-propene  (C5H10S) 7.55 5.03 7.37 6.29 7.36 7.57  4.3 0.7 
1-Pentanethiol  (C5H12S) -25.50 -28.16 -25.76 -26.83 -24.77 -24.81  -26.49 0.42 
Butane, 1-(methylthio)-  (C5H12S) -24.02 -26.69 -24.26 -25.35 -23.67 -23.49  -24.42 0.26 
Sulfide, ethyl propyl  (C5H12S) -24.32 -27.00 -24.57 -25.66 -23.97 -24.01  -25.03 0.19 
2-Butanethiol, 2-methyl-  (C5H12S) -29.98 -32.59 -30.24 -31.28 -30.29 -30.46  -30.33 0.22 
Propane, 2-methyl-2-(methylthio)-  
(C5H12S) -28.50 -31.14 -28.75 -29.82 -28.87 -28.94  -28.93 0.18 

2-Butanethiol, 3-methyl-  (C5H12S) -28.32 -30.96 -28.59 -29.64 -28.19 -28.33  -28.91 0.23 
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Table 4.2   Continued. 
Sulfur Compounds ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3  Expt.a σ 
1-Butanethiol, 3-methyl-  (C5H12S) -25.82 -28.47 -26.09 -27.15 -25.51 -25.50  -27.40 0.28 
1-Butanethiol, 2-methyl-  (C5H12S) -26.28 -28.92 -26.54 -27.60 -25.94 -26.05  -27.42 0.23 
Propane, 2-(ethylthio)-  (C5H12S) -25.57 -28.23 -25.82 -26.90 -25.45 -25.65  -28.0 0.6 
1-Propanethiol, 2,2-dimethyl-  
(C5H12S) -29.36 -31.98 -29.62 -30.67 -29.55 -29.63  -30.76 0.21 

1,5-Pentanedithiol  (C5H12S2) -16.60 -19.48 -16.85 -18.04 -15.72 -15.24  -16.97 0.36 
Thiophene, 3-methyl-  (C5H6S) 21.57 19.32 21.54 20.45 19.69 20.90  19.74 0.22 
Cyclohexanethiol  (C6H12S) -21.90 -24.86 -22.20 -23.38 -22.23 -22.25  -22.87 0.19 
Propane, 1,1'-thiobis-  (C6H14S) -29.23 -32.36 -29.53 -30.79 -28.94 -29.07  -30.1 n/a 
1-Hexanethiol  (C6H14S) -30.40 -33.50 -30.71 -31.95 -29.83 -29.79  -30.90 0.23 
Pentane, 1-(methylthio)-  (C6H14S) -28.93 -32.05 -29.22 -30.49 -28.67 -28.48  -29.1 0.6 
Butane, 1-(ethylthio)-  (C6H14S) -29.24 -32.37 -29.54 -30.80 -28.92 -29.02  -30.3 0.6 
Propane, 2-(ethylthio)-2-methyl-  
(C6H14S) -33.60 -36.69 -33.90 -35.15 -34.12 -34.38  -35.3 0.6 

2-Butanethiol, 2,3-dimethyl-  
(C6H14S) -34.74 -37.79 -35.06 -36.27 -35.47 -35.72  -35.34 0.25 

Disulfide, dipropyl  (C6H14S2) -18.31 -21.70 -18.61 -20.01 -18.25 -17.88  -19.83 0.35 
1-Heptanethiol  (C7H16S) -35.29 -38.84 -35.64 -37.06 -34.84 -34.77  -35.73 0.23 
Di-n-butyl sulfide  (C8H18S) -39.06 -43.08 -39.46 -41.07 -38.93 -39.11  -40.01 n/a 
Di-tert-butyl sulfide  (C8H18S) -44.11 -48.05 -44.51 -46.08 -45.76 -46.33  -45.05 0.27 
MAD 0.98 1.71 0.78 0.69 1.08 1.23  -- -- 
MSD -0.89 1.66 -0.66 0.39 -0.93 -1.11  -- -- 
RMS 1.16 1.88 1.00 0.85 1.31 1.46  -- -- 

a Experimental ΔHf’s came from the NIST Webbook228 unless otherwise noted.  
b Calculated in the Gaussian-4 theory193, or Gaussian-3 study48 using the previous experimental carbon and sulfur 
enthalpies of formation at 0 K of 169.98 and 65.66 kcal/mol, respectively.229 The value shown here is using the new 
experimental value of 170.11 kcal/mol226 for carbon and 66.26 kcal/mol for sulfur.186
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Table 4.3 Calculated enthalpies of formation (kcal/mol) using a hypohomodesmotic (RC3) approach. 
Sulfur Compounds ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3  Expt.a σ 
Thiirane  (C2H4S) 18.02 18.00 18.06 18.01 17.88 18.40  19.7 0.24 
1,2-Ethanedithiol  (C2H6S2) -1.13 -1.12 -1.13 -1.13 -1.29 -1.33  -2.23 0.26 
Thietane  (C3H6S) 14.50 14.49 14.52 14.49 14.54 14.76  14.6 0.3 
1-Propanethiol  (C3H8S) -16.16 -16.15 -16.16 -16.16 -16.26 -16.26  -16.39 0.15 
Ethane, (methylthio)-  (C3H8S) -14.52 -14.51 -14.52 -14.52 -14.53 -14.58  -14.42 0.27 
1,3-Propanedithiol  (C3H8S2) -6.62 -6.60 -6.62 -6.61 -6.86 -6.88  -7.13 0.28 
Diethyl sulfide  (C4H10S) -20.05 -20.05 -20.05 -20.05 -20.12 -20.18  -19.8 0.19 
1-Propanethiol, 2-methyl-  (C4H10S) -23.01 -23.00 -23.02 -23.00 -23.24 -23.35  -23.06 0.21 
2-Butanethiol  (C4H10S) -23.53 -23.52 -23.54 -23.53 -23.70 -23.79  -22.97 0.19 
Propane, 2-(methylthio)-  (C4H10S) -21.39 -21.39 -21.39 -21.39 -21.42 -21.53  -21.43 0.18 
1,4-Butanedithiol  (C4H10S2) -11.51 -11.44 -11.55 -11.47 -11.22 -12.03  -12.08 0.44 
Thiophene  (C4H4S) 28.41 28.36 28.41 28.38 28.33 28.27  27.49 0.24 
Thiophene, 2,3-dihydro-  (C4H6S) 19.91 19.89 19.90 19.90 19.98 19.85  21.67 0.3 
Thiophene, 2,5-dihydro-  (C4H6S) 19.50 19.49 19.52 19.49 19.64 19.69  20.86 0.28 
Thiophene, tetrahydro-  (C4H8S) -8.12 -8.13 -8.12 -8.12 -8.31 -8.27  -8.02 0.28 
2H-Thiopyran, tetrahydro-  (C5H10S) -15.31 -15.31 -15.32 -15.31 -15.83 -15.89  -15.18 0.25 
Thiophene, tetrahydro-2-methyl-  (C5H10S) -15.20 -15.21 -15.20 -15.20 -15.49 -15.55  -15.27 0.18 
Cyclopentanethiol  (C5H10S) -11.59 -11.59 -11.59 -11.59 -11.91 -12.02  -11.42 0.18 
Thiophene, tetrahydro-3-methyl-  (C5H10S) -14.97 -14.97 -14.98 -14.97 -15.45 -15.61  -14.47 0.2 
3-Ethylthio-1-propene  (C5H10S) 6.20 6.20 6.19 6.20 6.11 5.91  4.3 0.7 
1-Pentanethiol  (C5H12S) -26.34 -26.32 -26.35 -26.33 -26.68 -26.62  -26.49 0.42 
Butane, 1-(methylthio)-  (C5H12S) -24.71 -24.69 -24.71 -24.70 -24.99 -24.98  -24.42 0.26 
Sulfide, ethyl propyl  (C5H12S) -25.16 -25.15 -25.17 -25.16 -25.36 -25.41  -25.03 0.19 
2-Butanethiol, 2-methyl-  (C5H12S) -30.14 -30.12 -30.15 -30.13 -30.51 -30.57  -30.33 0.22 
Propane, 2-methyl-2-(methylthio)-  (C5H12S) -28.52 -28.51 -28.52 -28.51 -28.50 -28.73  -28.93 0.18 
2-Butanethiol, 3-methyl-  (C5H12S) -29.05 -29.04 -29.07 -29.04 -29.44 -29.52  -28.91 0.23 
1-Butanethiol, 3-methyl-  (C5H12S) -26.87 -26.85 -26.89 -26.86 -27.37 -27.37  -27.4 0.28 
1-Butanethiol, 2-methyl-  (C5H12S) -27.33 -27.30 -27.34 -27.31 -27.80 -27.91  -27.42 0.23 
Propane, 2-(ethylthio)-  (C5H12S) -26.10 -26.08 -26.10 -26.09 -26.22 -26.38  -28 0.6 
1-Propanethiol, 2,2-dimethyl-  (C5H12S) -30.98 -30.97 -31.00 -30.98 -31.42 -31.32  -30.76 0.21 
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Table 4.3     Continued. 
Sulfur Compounds ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3  Expt.a σ 
1,5-Pentanedithiol  (C5H12S2) -17.91 -17.87 -17.91 -17.89 -18.47 -18.39  -16.97 0.36 
Thiophene, 3-methyl-  (C5H6S) 20.79 20.75 20.78 20.77 20.33 20.13  19.74 0.22 
Cyclohexanethiol  (C6H12S) -23.09 -23.07 -23.11 -23.08 -24.02 -24.11  -22.87 0.19 
Propane, 1,1'-thiobis-  (C6H14S) -30.25 -30.23 -30.26 -30.24 -30.58 -30.67  -30.1 n/a 
1-Hexanethiol  (C6H14S) -31.42 -31.39 -31.42 -31.40 -32.00 -31.80  -30.9 0.23 
Pentane, 1-(methylthio)-  (C6H14S) -29.80 -29.77 -29.80 -29.78 -30.24 -30.16  -29.1 0.6 
Butane, 1-(ethylthio)-  (C6H14S) -30.26 -30.24 -30.27 -30.25 -30.57 -30.62  -30.3 0.6 
Propane, 2-(ethylthio)-2-methyl-  (C6H14S) -33.95 -33.93 -33.95 -33.94 -34.09 -34.27  -35.3 0.6 
2-Butanethiol, 2,3-dimethyl-  (C6H14S) -35.29 -35.25 -35.31 -35.27 -35.90 -36.07  -35.34 0.25 
Disulfide, dipropyl  (C6H14S2) -19.81 -19.79 -19.81 -19.80 -20.22 -20.41  -19.83 0.35 
1-Heptanethiol  (C7H16S) -36.47 -36.43 -36.48 -36.45 -37.27 -36.97  -35.73 0.23 
Di-n-butyl sulfide  (C8H18S) -40.43 -40.39 -40.44 -40.41 -41.10 -41.10  -40.01 n/a 
Di-tert-butyl sulfide  (C8H18S) -44.12 -44.08 -44.13 -44.10 -44.56 -44.91  -45.05 0.27 

MAD 0.54 0.54 0.54 0.54 0.70 0.66  -- -- 
MSD -0.02 -0.03 -0.02 -0.03 0.27 0.32  -- -- 
RMS 0.77 0.77 0.76 0.77 0.88 0.82  -- -- 

a Experimental ΔHf’s came from the NIST Webbook.228 
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4.3.1 Atomization Energy Approach via Composite Methods  

The ΔHf’s using the RC0 approach for the principal molecules are shown in Table 

4.2. For the 43 molecules, the ccCA-P, ccCA-S4, and ccCA-PS3 variants via RC0 (i.e., 

atomization energy approach), result in ΔHf’s with MADs of 0.98, 0.78, and 0.69 

kcal/mol, respectively, having excellent overall agreement with experiment. Conversely, 

the Schwartz-3 (ccCA-S3) results in MADs of 1.71 kcal/mol, and the Schwartz-3 

extrapolation scheme is shown to underestimate the ΔHf’s, with an MSD of 1.66 

kcal/mol. This underestimation of ΔHf’s is also shown in a previous ccCA studies by 

DeYonker et al.57 and Wilson et al..63  The G4 and G3 methodologies result in MADs of 

1.08 and 1.23 kcal/mol, respectively, showing a decrease in overall accuracy as 

compared to ccCA-P, ccCA-S4, and ccCA-PS3. G4 and G3 MSDs are -0.93 and -1.11 

kcal/mol, indicative of a tendency to overestimate ΔHf’s for organosulfur compounds. 

The ccCA-P and ccCA-S4 variants show the tendency to overestimate organosulfur 

ΔHf’s as well, with MSDs of -0.89 kcal/mol and -0.66 kcal/mol. ccCA-PS3 tend to 

underestimate the experimental enthalpies, as shown by an MSD of 0.39 kcal/mol. The 

RMS value is smallest for the set of enthalpies using ccCA-PS3 as compared to the 

other composite methods. The ccCA-PS3 variant has the best overall agreement with 

experiment as shown by the MAD (0.69 kcal/mol) for the compounds investigated using 

RC0 (Table 4.2). This is in agreement with the work done by DeYonker et al.57 which 

shows the ccCA-PS3 variant to result in ΔHf’s closest to experiment overall, compared 

to the other variants of ccCA, for the G305 test set which contains 270 experimental 

ΔHf’s.50 The maximum errors for the atomization ΔHf determined using ccCA-P, ccCA-

S4, ccCA-PS3, and G4 all occur for 3-ethylthio-1-propene, with deviations of -3.25,        
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-3.07, -1.99, and -3.06 kcal/mol, respectively, from the experimental value (4.3+0.7 

kcal/mol).231 The utilization of the hypohomodesmotic reactions, allowing for the 

cancellation of differential correlation effects associated with this molecule, may 

eliminate this deviation, which will be evaluated with the use of RC3 (Section 4.3.2).  

4.3.2 Hypohomodesmotic Approach via Composite Methods  

The calculated ΔHf’s using the RC3 (hypohomodesmotic) reaction schemes with 

the ccCA variants, G4, and G3 are presented in Table 4.3. The MADs were smaller as 

compared to the MADs shown by the atomization approach for all of the composite 

approaches. The largest decrease for the ccCA variants is shown for the MADs of the 

ccCA-S3 and ccCA-P ΔHf’s. Comparing the atomization and RC3 schemes, the MAD 

for ccCA-S3 decreases by 1.17 kcal/mol, from 1.71 to 0.54 kcal/mol, while the ccCA-P 

MAD decreases by 0.44 kcal/mol (i.e., from 0.98 to 0.54 kcal/mol). The cancellation of 

error achieved with the RC3 approach nearly eliminates the differences between the 

four variants of ccCA (i.e., ccCA-P, ccCA-S3, ccCA-S4, and ccCA-PS3) for MSD, MAD, 

and RMS. Extrapolation schemes for the ccCA methodology, therefore, become less 

important in the determination of ΔHf’s using RC3. The MAD using ccCA is reduced to 

0.54 kcal/mol for all four variants of ccCA. Using RC3 schemes, G4 and G3 result in a 

decrease of MADs by 0.38 (from 1.08 to 0.70 kcal/mol) and by 0.57 kcal/mol (from 1.23 

to 0.66 kcal/mol), respectively. The RC3 scheme, as compared to the atomization 

scheme, results in a reduction of the MSDs for all of the composite methods, resulting in 

a reduction of systematic bias (i.e., methodology tends to neither over nor 

underestimate). Using RC3, the MSD for the set of ΔHf’s is -0.02 kcal/mol for both 

ccCA-P and ccCA-S4 and is -0.03 kcal/mol for both ccCA-S3 and ccCA-PS3. The G4 
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and G3 approaches overestimate the ΔHf’s using the atomistic approach, while they 

slightly underestimate the ΔHf, on average, with the RC3 approach, with MSDs of 0.27 

and 0.32 kcal/mol, respectively. The RMS has been reduced for all variants of ccCA. 

For ccCA-P the RMS decreases by 0.39 kcal/mol, while an even larger decrease in 

RMS occurs when using ccCA-S3, which decreases by 1.11 kcal/mol. Therefore, a 

positive overall effect for the RMS when using the RC3 reaction scheme is shown. The 

G4 and G3 RMS values were reduced, to 0.88 and 0.82 kcal/mol respectively, when 

using the RC3 scheme, as compared to the RC0 approach. Due to the similarity in the 

analysis (i.e., MAD, MSD, RMS) of the ccCA variations, further analysis focuses on the 

ccCA-PS3 variation of ccCA as this approach is suggested for ccCA studies.57  

The largest deviation when using the RC0 approach for ccCA and G4 composite 

methods, and second largest deviation for G3, is for the ΔHf of 3-ethylthio-1-propene, 

with deviations of -1.99, -3.06, and -3.27 kcal/mol for ccCA, G4, and G3, respectively. 

The deviations when using the RC0 approach for G4 and G3 are more than 1.0 kcal/mol 

larger than for ccCA. As previously stated, RC3 allows for the reduction of errors arising 

from differential correlation and size extensivity. Using the RC3 reaction, the deviations 

of G4, and G3 from experiment are reduced to -1.81, and -1.61, while ccCA reduces to -

1.90 kcal/mol, respectively. This large decrease in the G4 and G3 ΔHf’s may be due to a 

larger dependency on the cancellation of errors within these composite methods. 

However, as 3-ethylthio-1-propene contains a carbon-carbon double bond, and thus 

may suffer from differential correlation effect, the four other systems that contain 

carbon-carbon double bonds have been assessed. Only one of these five carbon-

carbon double bond containing molecules, thiophene, has a calculated ΔHf within 0.95 
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kcal/mol from experiment for all composite methods and reaction schemes used. The 

other three molecules containing double bonds are 2,3-dihydro-thiophene, 2,5-dihydro-

thiophene, and 3-methyl-thiophene with ccCA deviations of 2.48(1.77), 1.23(1.37), and -

0.11(-1.03) kcal/mol when using RC0 (RC3). Compounds containing double bonds have 

some of the largest deviations from experiment for the organosulfur compounds, 

including four of the eight compounds, within the forty-three compounds studied, which 

have deviations above 1.0 kcal/mol from experiment (Table 4.4). If the molecules that 

contain double bonds were not included, the MAD for ΔHf’s using RC3 would be 0.43, 

0.63, and 0.60 kcal/mol for ccCA, G4, and G3 respectively. These compounds also 

have cyclic structures, which may be another source of differential correlation effects. 

For example, in the Wilson et al. study63 a larger error (MAD) was obtained for the cyclic 

hydrocarbon ΔHf s using RC3 (MAD of 0.94 kcal/mol) than for the ΔHf’s of the acyclic 

compounds (MAD of 0.66 kcal/mol). The overall MADs for the ΔHf’s using RC3 for the 

twelve cyclic sulfur compounds via ccCA, G4, and G3 are 0.67, 0.83, and 0.82 kcal/mol. 

For acyclic compounds the MAD is 0.49, 0.65, and 0.60 for the ccCA, G4, and G3 

methods using RC3, which is consistent with the findings of the Wilson et al. study63 that 

the calculated ΔHf’s for acyclic compounds have greater agreement with experiment 

than the cyclic compounds. Within the subset of twelve cyclic compounds, only four 

compounds have ΔHf’s above 1.0 kcal/mol, including the three thiophene derivatives 

mentioned previously and thiirane, with a signed deviation of 1.69 for ccCA using RC3.  

Utilizing the RC3 reaction scheme with ccCA, G4, and G3 results in absolute 

deviations for 2-(ethylthio)-propane of 1.90, 1.78, and 1.62 kcal/mol, respectively. The 

experimental ΔHf for 2-(ethylthio)propane is -28.0 + 0.6 kcal/mol from a 1962 study by 
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Mackle and Mayrick.179  However, the ΔHf for a similar molecule, 2-methylthio-propane, 

compares quite well with experiment with a signed deviation from experiment when 

using ccCA of -0.04 kcal/mol. The ΔHf’s for other similar molecules such as diethyl 

sulfide, 2-methyl-1-propanethiol, and ethyl propyl sulfide, all have absolute deviations 

below 1.0 kcal/mol (ccCA signed deviations of 0.28, -0.06, and 0.13 kcal/mol, 

respectively).  

The previous hydrocarbon studies2,63 have shown that the use of RC3 reactions 

schemes, compared to atomization schemes, resulted in a decrease in the MAD for 

ΔHf’s. The MADs using the RC3 scheme and RC0 approach with ccCA are 2.37 and 

0.87 kcal/mol, respectively, for hydrocarbon ΔHf’s,63 decreasing the overall MAD by 1.5 

kcal/mol when using ccCA. However, for organosulfur compounds investigated in this 

study there is less than 1.0 kcal/mol difference between the two thermochemical 

pathways, RC0 and RC3, across all composite methods. For example, when using 

ccCA the overall MAD for ΔHf’s via the RC0 and RC3 approach is decreased from 0.69 

to 0.54 kcal/mol, respectively.  
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Table 4.4 Mean absolute deviations of the organosulfur enthalpies of formation (kcal/mol) compared to 
experiment by category for the ccCA variations, G4, and G3 composite methods. 
Atomization (RC0) ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3 
Acyclic (31) 0.95 1.83 0.72 0.74 1.23 1.32 
Cyclic (12) 1.04 1.41 0.92 0.56 0.72 0.99 
π-bonds (5) 1.56 1.19 1.52 1.15 0.92 1.46 
no π-bonds (38) 0.90 1.78 0.68 0.63 1.11 1.20 
Two to five Non-hydrogen (14) 0.83 1.39 0.75 0.72 1.08 1.28 
Six Non-hydrogen (17) 1.20 1.46 0.97 0.58 1.18 1.30 
Seven to Nine Non-hydrogen (12) 0.84 2.44 0.54 0.82 0.96 1.07 
Overall (43) 0.98 1.71 0.78 0.69 1.08 1.23 
       
Hypohomodesmotic (RC3) ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 G4 G3 
Acyclic (31) 0.49 0.50 0.49 0.49 0.65 0.60 
Cyclic (12) 0.67 0.67 0.67 0.67 0.83 0.82 
π-bonds (5) 1.40 1.39 1.39 1.39 1.23 1.15 
no π-bonds (38) 0.43 0.43 0.43 0.43 0.63 0.60 
Two to five Non-hydrogen (14) 0.63 0.63 0.62 0.63 0.62 0.61 
Six Non-hydrogen (17) 0.50 0.50 0.49 0.50 0.63 0.56 
Seven to Nine Non-hydrogen (12) 0.51 0.50 0.51 0.50 0.91 0.86 

Overall (43) 0.54 0.54 0.54 0.54 0.70 0.66 
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Table 4.5 Statistical analysis for the forty-three organosulfur enthalpies of formation 
(kcal/mol) compared to experiment using the levels of theory specified at the B3LYP/cc-
pVTZ geometry.a 

Atomization 
(RC0) 

B3LYP
/VTZ 

MP2/ 
aVDZ 

MP2/ 
aVTZ 

MP2/ 
aVQZ 

CCSD(T
)/ VTZ 

MP2(FC1)/ 
aCVTZ 

MP2/ 
VTZdk 

MAD 16.64 79.06 14.58 3.21 37.84 10.61 23.64 
MSD -16.64 -79.06 -14.27 2.71 -37.84 -9.82 -23.64 
RMS 17.31 81.65 15.57 5.37 38.76 11.37 24.93 
SD 4.81 20.65 6.31 4.69 8.49 5.81 7.99 
Max Dev. 31.79 127.74 24.44 18.94 58.06 17.57 38.18 

        
Hypohomo-
desmotic (RC3) 

B3LYP
/VTZ 

MP2/ 
aVDZ 

MP2/ 
aVTZ 

MP2/ 
aVQZ 

CCSD(T
)/ VTZ 

MP2(FC1)/ 
aCVTZ 

MP2/ 
VTZdk 

MAD 1.32 0.95 0.85 0.82 0.65 0.86 0.89 
MSD -0.5 0.63 0.51 0.4 0.17 0.52 0.55 
RMS 1.67 1.25 1.2 1.23 0.86 1.22 1.35 
SD 1.61 1.09 1.1 1.18 0.86 1.11 1.25 
Max Dev. 4.93 4.25 4.11 4.36 2.13 4.12 4.56 
a. All calculations were carried out at the B3LYP/ cc-pVTZ (denoted VTZ) optimized 
geometry.  
 

4.3.3 Hypohomodesmotic Approach via Single Point Energies 

The impact of thermochemical approach has also been considered for each of 

the methods utilized within the correlation consistent basis sets. To reiterate, these 

single point calculations carried out at the B3LYP/cc-pVTZ optimized geometry include 

B3LYP/cc-pVTZ, MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ, MP2/aug-cc-pVQZ, 

CCSD(T)/cc-pVTZ, MP2(FC1)/aug-cc-pCVTZ, and MP2/cc-pVTZ-dk. The calculated 

RC0 and RC3 ΔHf’s using the various levels of theory have also been calculated, and 

the statistical analysis is shown in Table 4.5. Table 4.5 shows that the accuracy when 

calculating ΔHf’s of organosulfur compounds is highly dependent on basis set size; of 

the level of theories presented, the lowest MAD for ΔHf’s (3.21 kcal/mol) was obtained 

by MP2/aug-cc-pVQZ using RC0. This is in comparison to the CCSD(T)/cc-pVTZ MAD 

of 37.84 kcal/mol using the same approach. The MP2/aug-cc-pVTZ calculated ΔHf’s 



70 
 

have a MAD of 14.58 kcal/mol via the atomization scheme, showing an improvement 

compared to the CCSD(T)/cc-pVTZ MAD of 37.84 kcal/mol (showing the importance of 

augmented basis sets for the calculation of ΔHf’s for organosulfur compounds). 

MP2/aug-cc-pVQZ also displays this tendency to underestimate the ΔHf’s via the RC0 

approach with a MSD of 2.71 kcal/mol. Across the other single point calculations, RC0 

tends to overestimate the ΔHf s, with negative MSDs (see Table 4.5). This is consistent 

with the Vandeputte et al. study222 which demonstrated this tendency towards 

overestimation for the calculation of ΔHf s via RC0 using more sophisticated levels of 

theory (e.g.,MP4, and CCSD(T)). The Vandeputte study,222 which focused on the effects 

of method and basis sets choice on small organosulfur compounds including only five 

compounds (i.e.,H2S, (CH3)2S, H2S2, (CH3)2S2, and H2C=S) using the atomistic 

approach, however, the basis set sizes investigated were no larger than cc-pVTZ (the 

present study shows increased dependency on basis set size when investigating RC0 

as compared to RC3). In Table 4.5 the largest MAD is associated with the smallest 

basis set calculation, MP2/aug-cc-pVDZ, having a MAD 79.06 kcal/mol via the RC0 

approach, while the lowest MAD (3.21 kcal/mol) is associated with the largest basis set 

calculation (MP2/aug-cc-pVQZ). This high dependency on basis set size is well known 

and expected for sulfur species.176,199-202,204,205 

All of the method/basis set combinations investigated using the RC0 for ΔHf’s 

have associated MADs between 3.21 and 79.06 kcal/mol. As discussed previously, the 

utilization of RC3 allows for cancellation of differential correlation and size extensivity 

effects.  Employing the RC3 reactions the MAD is lowered for all calculations to within 

1.0 kcal/mol from experiment, except for B3LYP/cc-pVTZ (lowered to 1.32 kcal/mol 
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MAD via RC3). Basis set size is demonstrably the most important factor in the 

calculation of ΔHf’s for the RC0 approach. However, when using RC3, CCSD(T)/cc-

pVTZ has the lowest MAD (0.65 kcal/mol) as opposed to the MP2/cc-pVQZ calculation. 

The RC3 reaction scheme allowed for a reduction of basis set dependency, showing the 

MP2/aug-cc-pVDZ, TZ, QZ  MADs for ΔHf’s using RC0 of 79.06, 14.58, and 3.21 

kcal/mol to decrease to 0.95, 0.85, 0.82 kcal/mol when using the RC3 scheme. It is 

important to note the maximum deviations of these methods. With the exception of the 

coupled cluster calculation, the maximum deviations for ΔHf’s using the various 

method/basis set combinations are all above 4.0 kcal/mol. 

The compounds investigated were separated into subcategories by bonding 

types and molecular size including: acyclic, cyclic, pi-bonded, non-pi-bonded, two-to-

five, six, and seven-to-nine non-hydrogen atoms (Table 4.6). With the exception of the 

ΔHf’s calculated using MP2/aug-cc-pVQZ, the MADs for ΔHf’s via RC0 increase as the 

molecule size increases (i.e., two-to-five < six < seven-to-nine non-hydrogen atoms). 

MP2/aug-cc-pVQZ resulted in ΔHf’s with the lowest MAD as compared to enthalpies 

determined using the other method/basis set combinations for the RC0 approach. 

Within the subcategories, the π-bonded complexes show the largest MAD for the 

calculated ΔHf’s at the MP2/aug-cc-pVQZ level. This is in agreement with the trend by 

the RC3 scheme throughout all composite methods and method/basis set calculations, 

in which the largest MAD is for the π-bonded subcategory (see Table 4.4 and Table 

4.6). This trend is also observed when utilizing the RC0 approach for ccCA-P, ccCA-S4, 

G4, and G3. Increasing molecular size for organosulfur compounds becomes less 

important in calculating ΔHf’s when using the RC3 scheme. An example of this is shown 
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with MP2/aug-cc-pVDZ, resulting in  ΔHf’s with MADs for compounds with two-to-five, 

six, and seven-to-nine non-hydrogen atoms of 57.56, 79.91, and 102.94 kcal/mol when 

using the RC0 approach to MADs of 0.67, 1.03, 1.16 kcal/mol via RC3.  

 The MADs for each of the reaction schemes (i.e., RC0 and RC3) with the 

composite methods and method/basis set calculations are compared in Table 4.4 and 

Table 4.5, respectively. For method/basis set calculations, the hypohomodesmotic 

reaction schemes are crucial to achieve a reasonable level of accuracy (i.e., 

approximately 1.0 kcal/mol), whereas the ccCA, G4, and G3 composite methods 

achieve nearly 1.0 kcal/mol without the use of RC3 schemes. However, the large 

maximum deviations for ΔHf’s using RC3 reaction schemes with the method/basis set 

calculations are unreasonable (above 4.0 kcal/mol) for the accurate description of 

chemical properties.  For high accuracy, using RC3 schemes with composite methods 

allow for the reduction of the maximum deviations within the set of forty-three 

compounds, while reducing reliability on extrapolation scheme choice within the ccCA 

methodology.  
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Table 4.6 Mean absolute deviations of the organosulfur enthalpies of formation (kcal/mol) compared to experiment by 
category using the single point calculations specified at the B3LYP/cc-pVTZ geometry.a 

Atomization (RC0) B3LYP/ 
 VTZ 

MP2/ 
aVDZ 

MP2/  
aVTZ 

MP2/  
aVQZ 

CCSD(T)/ 
VTZ 

MP2(FC1)/  
aCVTZ 

MP2/  
VTZdk 

Acyclic (31) 17.37 86.15 17.40 1.13 39.79 12.80 27.37 
Cyclic (12) 14.74 60.75 7.30 8.60 32.83 4.94 14.02 
π-bonds (5) 12.92 56.79 5.75 11.86 33.45 5.67 10.66 
no π-bonds (38) 17.13 81.99 15.74 2.08 38.42 11.26 25.35 
Two to five Non-hydrogen (14) 11.61 57.56 10.15 4.28 28.48 7.60 16.73 
Six Non-hydrogen (17) 17.36 79.91 14.78 3.09 38.47 10.85 23.91 
Seven to Nine Non-hydrogen (12) 21.47 102.94 19.44 2.14 47.88 13.78 31.33 

Overall (43) 16.64 79.06 14.58 3.21 37.84 10.61 23.64 
        

Hypohomodesmotic (RC3) B3LYP/ 
VTZ 

MP2/ 
aVDZ 

MP2/ 
aVTZ 

MP2/ 
aVQZ 

CCSD(T)/ 
VTZ 

MP2(FC1)/ 
aCVTZ 

MP2/ 
VTZdk 

Acyclic (31) 1.16 0.95 0.63 0.56 0.49 0.65 0.53 
Cyclic (12) 1.73 0.94 1.40 1.47 1.05 1.41 1.82 
π-bonds (5) 2.02 1.65 2.56 2.76 1.55 2.54 3.05 
no π-bonds (38) 1.23 0.86 0.62 0.56 0.53 0.64 0.60 
Two to five Non-hydrogen (14) 1.38 0.67 0.89 0.96 0.80 0.90 1.08 
Six Non-hydrogen (17) 1.43 1.03 0.80 0.80 0.56 0.80 0.86 
Seven to Nine Non-hydrogen (12) 1.10 1.16 0.85 0.68 0.57 0.89 0.70 

Overall (43) 1.32 0.95 0.85 0.82 0.65 0.86 0.89 
a. All calculations were carried out at the B3LYP/ cc-pVTZ (denoted VTZ) optimized geometry. 
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4.4 Conclusions 

The hydrocarbon hypohomodesmotic reaction schemes (RC3) have been 

extended to include sulfur species, and the potential need of these reaction schemes for 

organosulfur compounds has been investigated using various composite methods 

including the correlation consistent composite approach (ccCA), G3, and G4. The effect 

of RC3 on the individual steps of ccCA has also been assessed. These reaction 

schemes were compared to the more widely used atomization approach (RC0) in the 

calculation of enthalpies of formation (ΔHf’s).  

In the calculation of ΔHf’s for organosulfur compounds, little change was 

observed in the overall MADs (i.e., from 0.57 to 0.15 kcal/mol) when using the RC3 

compared to the RC0 approach with composite methods (ccCA, G4, G3). However, it is 

important to note that while this change is small, utilization of RC3 consistently 

decreases the overall MAD in the ΔHf’s when compared to the RC0 approach.  

The effects of the reaction schemes on the methods used within ccCA were 

investigated. While the MAD of ccCA showed little change from one reaction scheme to 

another, there are large changes in MAD for the methods within ccCA, ranging from 

differences of 2.39 to 78.11 kcal/mol when comparing RC0 to RC3 ( 

Figure 4.4.). From this work, the impact of the cancellation of errors within 

composite methods is clear.  Within ccCA, there is heavy reliance upon cancellation of 

errors between the steps of ccCA for the RC0 approach, while this dependency is 

greatly reduced for the RC3 approach.     
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Figure 4.4 Comparison of the organosulfur enthalpies of formation MAD for 
atomization and hypohomodesmotic reaction schemes at the various levels of 
theory. 
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CHAPTER 5 

POTENTIAL CARBON DIOXIDE CARPTURE AGENTS: A STUDY OF 

FUNDAMENTAL INTERACTIONS*  

5.1 Introduction 

Over the last century the earth’s average climate has risen about 0.8 oC.232  The 

beginning of this incline in global climate has shown to date back to the industrial 

revolution, sparking research efforts toward determining the effects of burning fossil 

fuels on the atmosphere.  The correlation between the temperature increase and carbon 

dioxide concentration in the atmosphere led Arrhenius233 to carry out the first 

investigation of the effects of atmospheric CO2 concentration on climate.  Recent 

studies by Aresta et al.234 have shown that both the emission of CO2 and the existing 

CO2 in the atmosphere must be reduced in order to decrease greenhouse effects 

arising from the current high levels of CO2 present in the atmosphere.  Therefore, efforts 

have focused on several routes for carbon dioxide mitigation including the conservation 

of fossil fuels, use of alternative energy resources (wind/solar energy), and 

sequestration (storage) of CO2.   

Alternative energy solutions are of tremendous interest in the reduction of CO2; 

however, challenges with many of them are storage, availability, cost, and energy 

density.235-237 Additionally, despite research towards the development of alternative 

energy sources, the burning of fossil fuels remains a major source of CO2 emissions. 

                                            
* The research presented has also been published as part of a larger work in Cundari, 
T. R.; Wilson, A. K.; Drummond, M. L.; Gonzalez, H. E.; Jorgensen, K. R.; Payne, S.; 
Braunfeld, J.; De Jesus, M.; Johnson, V. M. J. Chem. Inf. Model. 2009, 49, 2111. 
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Therefore, research efforts for carbon capture techniques, allowing for the capture of 

carbon dioxide, remain necessary.  Several common carbon capture methods include 

solvent absorption (e.g., amine scrubbers, discussed further in Chapter 6), physical 

absorption, and membrane systems (e.g., metal organic frameworks or MOFs). The 

development of CO2 capture technologies can be guided by investigating fundamental 

interaction of CO2.  

Nature has been a large area of interest for guiding the development of carbon 

capture agents as proteins (e.g., RuBisCO) have been shown to capture large amount 

of CO2 in plants. Several protein structures have been shown to contain CO2 and 

investigation of the interactions of the amino acids present in the binding sites of CO2 

can allow for predictions to be made on how proteins bind to carbon dioxide. Therefore, 

the fundamental interactions involved in the binding of carbon dioxide are examined 

using an ab initio composite method, ccCA. Interaction energies were calculated for 

CO2 complexes with several species relevant to protein-based carbon capture 

approaches (Mg2+ and amino acid side chain models, such as H2S, benzene, phenol, 

etc.), and several other species (Na+, Cl-, H2O, H3O+, F-).  

 

5.2 Computational Methodology 

5.2.1 Compounds of Interest 

Cundari et al.238 considered binding motifs involved in the interactions between 

proteins and CO2 using bioinformatics. In their work, 21 protein structures from the 

Protein Data Bank (PDB) were shown to contain CO2.239 The structural motifs at the 

binding sites of CO2 in protein structures were also investigated using the 
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Macromolecular Structure Database (MSD).240 From these database searches, a list of 

16 prevalent amino acids in the binding sites of CO2 in proteins was generated. 

Molecular mechanics calculations of these amino acids led to the hypothesis that 

acid/base motifs are the driving force of CO2 binding in proteins. In order to prove this 

hypothesis, a quantitative study on the complexes mentioned above was carried out, 

further aiding in the development of bioinspired carbon capture agents by allowing us to 

quantify the interaction of CO2 in these complexes.  Interactions of CO2 and the side 

chains of several amino acids have been modeled. The side chains investigated include 

those of arginine (i.e., guanido), histidine (i.e., imidizole), alanine (i.e., methane), 

tyrosine (i.e., phenol), and phenolalynine (benzene).  Additional molecules investigated 

include hydrogen sulfide, water, hydronium, sodium ion, chloride, and fluoride.     

5.2.2 Modifications to ccCA 

The ccCA methodology, as detailed in Section 2.4.1, was applied to the CO2 

complexes. A modification was made to the ccCA methodology; the B3LYP/cc-pVTZ 

geometry optimization was replaced with B3LYP/aug-cc-pVTZ in order to more 

accurately describe the long distance interactions under investigation.  B3LYP/aug-cc-

pVTZ calculations were also carried out. 

 

5.3 Results and Discussion 

5.3.1 CO2 Complexes 

Carbon dioxide interactions with species present in protein binding sites of CO2 

were investigated in order to determine the affinity for binding CO2. Table 5.1 contains 

the calculated interaction energies for CO2 and amino acid side chains models, while 
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the binding motifs are presented in Figure 5.1.  

Mg2+, an important part of the known CO2 catalyst RuBisCo,241-244 has the largest 

interaction energy of -62.3 kcal/mol.  For the side chains of the amino acids found to be 

the most prevalent in the binding site of CO2, arginine and histidine, binding was shown 

to occur through hydrogen bonding. The guanido group is shown to bind through two 

hydrogen bonds around 2.2 Å with an interaction energy of -6.1 kcal/mol. However, 

imidizole, which binds to CO2 through a single hydrogen bond of 2.0 Å, shows a slight 

decrease in the affinity to bind CO2 with an interaction energy of -5.7 kcal/mol. Two 

additional side chains, benzene (Eint = -1.3 kcal/mol) and phenol (Eint = -1.9 kcal/mol), 

show a change in the binding motif going from the benzene ring to the hydroxyl 

substituted benzene ring.  Benzene interaction with CO2 occurs through pi-pi bonding 

(through the aromatic ring), while phenol interacts through hydrogen bonding.   

 

Table 5.1 Interaction energies (kcal/mol) for 
CO2 complexes using the ccCA methodology. 
Complex ccCA DFT 
CO2•guanido -6.1 -4.9 
CO2•imidizole -5.7 -5.8 
CO2•benzene -1.3 -0.1 
CO2•phenol -1.9 -1.15 
CO2•CH4 0.0 0.0 
CO2•SH2 -1.1 -0.1 
CO2•Mg2+ -62.3 -63.5 
CO2•F- -29.9 -30.1 
CO2•Cl- -7.3 -6.1 
CO2•Na+ -11.9 -12.9 
CO2•H2O -2.1 -1.1 
CO2•H3O+ -14.5 -15.0 
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Methyl groups are common in many neutral non-polar amino acids (e.g., valine, 

alanine, leucine, isoleucine) which through bioinformatics have been shown to be less 

prevalent than other amino acids in CO2 binding sites using bioinformatics.238  The 

interaction energy for methane is -0.0 kcal/mol, showing that these compounds don’t 

Figure 5.1 B3LYP/aug-cc-pVTZ geometries of (a) CO2•guanido, (b) CO2•imidizole, 
(c) CO2•benzene, (d) CO2•phenol, (e) CO2•CH4, (f) CO2•SH2, and (g) CO2•Mg2+ (h) 
CO2•F-, (i) CO2•H2O, (j) CO2•Na+, (k) CO2•Cl-, and (l) CO2•H3O+. 
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show a preference for binding CO2. This interaction energy obtained using ccCA is in 

agreement with bioinformatics results presented which demonstrated that these amino 

acids are not prevalent in the binding sites of CO2.238 Hydrogen sulfide was also 

examined as an amine substituent; sulfur is contained in the neutral amino acids 

methionine and cysteine.  The CO2 interaction with hydrogen sulfide has an interaction 

energy of -1.1 kcal/mol. 

Carbon dioxide complexes with fluoride (F-), chloride (Cl-), sodium ion (Na+), 

water (H2O), and hydronium (H3O+) were also investigated. F- and Cl- show a difference 

in bonding type for CO2. The Cl- complex demonstrates in a van der Waals (vdW) 

interaction, while the F- interaction with CO2 calculated to be a covalent interaction, 

resulting in the formation of fluorocarbon with an O=C=O angle of 137.5o.  While the 

nonlinear angle shows covalent interaction occurring within this complex, we can further 

prove the binding type by inspecting the bond length between the carbon and fluoride. 

The vdW radius for F- is 1.47 Å245 and 1.70 Å245 for C, leading to a bond length of about 

3.2 Å, much longer than the present bond length of 1.5 Å. The covalent radii, however, 

give a bond length of about 1.4 Å246,247 which is in agreement with the calculated bond 

length; therefore, the CO2•F- complex produces a covalent bond. The difference in 

interaction between the F- and Cl- complexes can be attributed to the basicity of F- 

compared to Cl-. F- shows an increased binding affinity for CO2 with an interaction 

energy of -29.9 kcal/mol while Cl- has an interaction energy of -7.3 kcal/mol. F-, Cl-, and 

H2O showed preference to bind through the carbon on the CO2 rather than the oxygen. 

Water and hydronium were also examined.  Unlike H2O, H3O+ prefers to bind through 

hydrogen bonding with the oxygen on the CO2.  H2O and H3O+ interaction energies with 
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CO2 are -2.1 kcal/mol and -14.5 kcal/mol, respectively. This difference in interaction 

energies arises from the positive charge on the hydronium.  This increased interaction 

due to charge is shown with the other ion species presented.  The charge allows for 

increased interaction with the partial charges on the CO2. Sodium ion, which binds 

through the carbon on the CO2, shows only a slightly lower interaction energy, -11.9 

kcal/mol, compared to hydronium.  

 
 
5.4 Conclusions 

The fundamental interactions occurring between CO2 and protein amino acid 

side chains have been examined using ccCA in order to aid in development of carbon 

capture agents.  

Arginine and histidine, two basic hydrophilic amino acids, show interaction 

energies with CO2 of -6.1 kcal/mol and -5.7 kcal/mol, respectively. CO2 has shown a 

propensity to bind to more basic compounds compared to other side groups contained 

in amino acids, such as methyl and sulfur dihydride. Different binding motifs are also 

observed for the benzene ring and its hydroxyl counterpart, phenol.  Benzene is shown 

to bind through pi-pi interactions, whereas phenol binds through hydrogen bonding. 

Interactions of CO2 with Cl-, F-, H3O+, H2O, Na+, were also examined. Chloride 

shows a van der Waals interaction with CO2 having an interaction energy of -7.3 

kcal/mol, while fluoride shows a Lewis acid/base interaction with an interaction energy 

of -29.9 kcal/mol. Fluoride is more basic than chloride, and thus the basicity of a 

compound is a key factor in determining the binding affinity for CO2. H2O and H3O+ 

interactions with CO2 show interaction energies of -2.1 and -14.5 kcal/mol, respectively, 
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concluding that positively charged hydrogen bonded complex have an increased affinity 

for the binding of CO2. Charged compounds are shown to have an affinity to bind CO2 

due to the partially charged CO2 atoms, allowing for CO2 to further interact with the 

species of interest.  

Future studies on carbon capture and utilization can make use of this quantitative 

study on the interaction energies of various compounds with CO2 to assist in the 

development of new more effective CO2 mitigation techniques. The overall preference 

for CO2 is to bind to basic compounds. We speculate that binding through the oxygen 

on the CO2 will aid in the utilization of CO2 by allowing catalysis to occur through the 

carbon. 
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CHAPTER 6 

CARBON CAPTURE THROUGH AMINE SCRUBBER SUBSTITUENTS† 

6.1 Introduction 

The strong correlation between the level of carbon dioxide in the atmosphere and 

climate change initiated substantial efforts towards the reduction of this greenhouse 

gas.  While there are numerous sources of atmospheric carbon dioxide, the burning of 

fossil fuels remains a major source of CO2 emissions. In the United States, coal is the 

largest source of energy, producing approximately 45 percent of its power in 2009,248 

and, unfortunately, substantial amounts of carbon become oxidized to CO2 in the 

combustion of coal. Various methods have been considered for the reduction of emitted 

CO2 from power plants that burn fossil fuels including pre-combustion and post 

combustion techniques.249-254 Pre-combustion techniques, such as water gas shift 

reactions, allow for the removal of CO2 before combustion.255 The water gas shift 

process is less expensive than post combustion carbon capture techniques (i.e., using 

chemical solvents to capture the flue gas after combustion). However, only power plants 

that use integrated coal gasification combined cycles (IGCC), which turn coal into 

synthesis gas (syngas), allow for pre-combustion CO2 removal.256  There are only a 

limited number of IGCC power plants due to the expense of converting a power plant 

into one that can turn coal into syngas,257 when not taking into account the cost of CO2 

capture. Post combustion carbon capture has shown promise as a method that allows 
                                            
† This work has been submitted for publication by K. R. Jorgensen, T. R. Cundari, and 
A. K. Wilson, in J. Phys. Chem. “Interaction energies of CO2•amine complexes: Effects 
of amine substituents” 2012. 
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for the existing conventional Pulverized Coal (PC) power plants to integrate chemical 

solvent based carbon dioxide capture methods into their existing systems.249,258-261  

Amine compounds, called amine scrubbers, are being used to capture CO2 from 

flue gas and are being implemented in the reduction of CO2 in enclosed environments 

such as submarines.262-275 The most commonly used amine scrubber is 

monoethanolamine (MEA), which has been shown experimentally to absorb 0.5 mol of 

CO2 per mol of MEA (1:2 ratio) at low pressure.276 More recently, gas phase 

calculations by Windrup and Schneider273 have suggested a 1:1 ratio for CO2:amine 

when utilizing a negatively charged amine complex, which has been verified 

experimentally.277 However, once absorbed, the CO2 must be stripped from the amine 

solution, a process which is known as regeneration. The high energy requirements for 

amine solvent regeneration (i.e., via CO2 removal from amine scrubber) causes loss of 

MEA, attributed to MEA instability under regeneration conditions.278,279 This instability 

leads to decomposition of the amine compound, releasing volatile compounds such as 

ammonia, and warrants research aimed at decreasing the energy required for the 

regeneration process for amine-based CO2 scrubbers.263 Previous work has focused on 

changing the amine substituents on common CO2 scrubbers (such as MEA) in order to 

optimize amine scrubbing efficiency through increased stability and reduction of 

ammonia vapor.264,265,272-275   

Amino acid salts have been introduced as a means to reduce the volatility of 

amine compounds under solvent regeneration conditions.  This results in a decrease in 

the loss of MEA during solvent regeneration, in turn, leading to an increase in the cyclic 

CO2 loading capacity.264,280,281 Hook et al.264 investigated amine’s substituent effects 
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with the addition of non-volatile amino acid salts with sterically hindered amine groups 

showing increased efficiency in carbon capture with the use of non-volatile amino acid 

salts. However, amine compounds containing alkaline earth metals have been shown to 

result in buildup of salt formation over time, leading to flue obstruction.262,282 

Majchrowicz et al. investigated solid formation under CO2 absorption conditions (i.e., 

temperatures of 293.15 and 313.15 K, and pressures from 1 to 10 kPa) with alkali 

(sodium, potassium, and lithium) salts of taurine, β-alanine, sarcosine, and L-proline.280 

The solubility trend of the alkaline salt amine compounds (potassium > sodium > 

lithium) was noted, along with the general finding that increased temperature and 

decreased CO2 partial pressure lead to increased solubility of CO2 into the modified 

amine.280 Knuutila et al. further examined potassium sarcosine using a laboratory pilot 

plant.281 A high absorptivity rate for the amino acid salt was observed; however, the 

energy required for the solvent regeneration (CO2 desorption) was high compared to 

MEA.281 These amine-salt complexes aid in decreasing the volatility of the amine 

compounds by increasing amine stability. However, improved organic amine 

compounds have been increasingly studied as a means to effectively reduce the energy 

necessary for the regeneration process.272   

 In earlier studies on CO2 binding preferences, our group investigated the binding 

motif of CO2 in protein structures.238  The prevalent amino acids within CO2 adducts 

were determined and the thermodynamics of CO2 interactions between amino acid side 

chains within these adducts were examined.  More basic amino acids (e.g., lysine, 

arginine, and histidine) were shown to favor the binding of CO2. Two primary bonding 

modes were also determined including acid-base interactions and hydrogen bonding 
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which have recently been confirmed by Imtiaz-Ul-Islam and coworkers.283 Our results 

have been utilized in the analysis of CO2-enzyme interactions, as well as the design of 

ways to sequester CO2.238  With the detailed knowledge of how CO2 binds to amino 

acids, proteins with possible binding sites for carbon dioxide can be identified via 

pharmacophore-type queries.  Subsequent work by our groups employed a 

pharmacophore-type approach using the functional groups with an affinity for binding 

CO2 – identified with the correlation consistent composite approach – to determine 

enzymes that could be used for environmentally friendly sequestration of carbon 

dioxide.284 

Investigating the interaction of CO2 with amines in the presence of additives has 

provided more insight into the binding preferences of CO2, as well as how interaction 

energies relate to vaporization of ammonia and regeneration energies.  You et al.265 

investigated the effect of amine and hydroxyl additives (tri-hydroxymethyl 

aminomethane (THAM), 2-amino-2-methyl-1,3-propandiol (AMPD), 2-amino-2-methyl-1-

propanol (AMP), and 2-amino-2-ethyl-1,3-propandiol (AEPD)) on the binding of CO2, 

noting trends in the binding energies calculated using density functional theory (B3LYP) 

with a 6-311G* basis set. They observed that with an increase in the magnitude of 

interaction energies, the vaporization of ammonia decreased. This level of theory is 

shown to be sufficient to note trends between interaction distances and CO2 removal 

efficiency,265 however, more sophisticated levels of theory are necessary to account for 

the long distance interactions within these weakly bound systems, leading to accurate 

predictions of interaction energies.     
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 The role of solvent on the interaction of CO2 with amine scrubbers has also been 

investigated.  Arstad et al.285 investigated the formation of CO2 complexes with popular 

amine scrubbers, specifically MEA and DEA, with and without solvent compounds.  

These investigations were carried out using several computational methods including 

B3LYP, MP2, and G3B3, while also implementing microsolvation and polarized 

continuum models (PCM) techniques to account for solvent effects.  It was concluded 

that although the geometry was insensitive to the computational method when 

comparing MP2 to B3LYP, higher levels of theory are instrumental in the prediction of 

accurate energetics, showing B3LYP to significantly underestimate activation 

barriers.285 Furthermore, the addition of solvent molecules (through the inclusion of 

water or amine compounds into the complex) shows that the solvent acts as a catalyst 

for the interaction of CO2 with amine scrubbers.285   

In the present work, CO2 complexes with monosubstituted and disubstituted 

organic amine compounds have been studied using an ab initio composite method, 

ccCA. The ccCA methodology (Section 2.4.1) attempts to replicate energies that, in 

principle, would be obtained using a frozen core coupled cluster singles, doubles, and 

perturbative triples calculation with augmented correlation consistent polarized core 

valence Douglass-Kroll basis sets extrapolated to the complete basis set limit (CCSD(T, 

FC1)/aug-cc-pCV∞Z-DK). The ccCA methodology has previously been applied in the 

investigation of carbon capture technologies including protein carbon capture,238 and 

the reverse water gas shift reaction.286  In order to determine the effects of amine 

substituent groups on the binding of CO2, electron donating (methyl, CH3) and electron 

withdrawing (silyl, SiH3 and trifluoromethyl, CF3), monosubstituted and disubstituted 
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amine compounds have been investigated.  Theoretical investigation of fundamental 

interactions using ab initio composite methods between these organic amines and CO2 

will help guide efforts towards enhanced CO2 scrubbers with increased CO2 absorption 

and reduced energy requirements for scrubber regeneration.  

   

6.2 Computational Methodology 

The ccCA methodology as detailed in Section 2.4.1 was used in the calculation 

of enthalpies of formation for the determination of interaction energies (Eint). To describe 

the long distance interactions under investigation (e.g., hydrogen bonding and van der 

Waals interactions), a modification was made to the standard ccCA methodology.57 The 

B3LYP/cc-pVTZ geometry optimization was replaced with B3LYP/aug-cc-pVTZ and the 

zero-point energies were scaled by a 0.9867 scale factor to better account for 

anharmonicity.287  In order to note the effects of the geometry on ccCA energy for these 

weakly bound systems, a dispersion corrected density functional, B97D, along with the 

aug-cc-pVTZ basis set was also used for the geometry optimization in the calculation of 

Eint. The ccCA reference correlation energy (MP2/aug-cc-pVnZ, where n = D,T,Q) was 

extrapolated to the complete basis set limit using the average of the mixed Gaussian 

exponential extrapolation scheme developed by Peterson et al.115 and the inverse cubic 

extrapolation formula developed by Schwartz116-121 for the correlation energies (i.e., 

ccCA-PS3).57 B3LYP/aug-cc-pVTZ and B97D/aug-cc-pVTZ simulations were also done 

to provide comparison to ccCA results.  
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6.2.1 Interaction Energies 

Eint’s were determined by taking the difference between the enthalpy of formation 

of the CO2•amine complex and the enthalpies of formation for both CO2 and the 

substituted amine (Eq. 6.1). All calculations were performed using the Gaussian 09 

software package.225    

  Eint= ΔHf,298 (CO2•amine) – [ΔHf,298 (CO2) + ΔHf,298 (amine)]           6.1 

Throughout the remainder of the manuscript, all Eint’s discussed have been determined 

using ccCA unless otherwise stated. 

6.2.2 Molecular Electrostatic Potentials 

 Molecular electrostatic potentials (MEPs) have been plotted using the 

GaussView3 program288 to visually investigate the charge distributions within organic 

amines, allowing conclusions to be made on their behavior in the presence of CO2.  

MEPs are created by calculating the interaction between a proton at each point (x,y,z) 

on the electron density cloud of a molecule.  As this generates an enormous number of 

values, points of interest are selected by defining the isosurface value (Isosurface value 

= 0.0004), or the size density surface of the molecule.  Once the potential at these 

points has been calculated, colors are assigned according to the value of the potential, 

and subsequently plotted on the molecular isosurface. Negative electrostatic potentials 

show the attraction of the proton (red) while the positive electrostatic potentials 

correspond to the repulsion of the proton (blue).   
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6.3 Results and Discussion 

The interaction energy between CO2 and ammonia in the un-substituted 

CO2•ammonia complex was calculated to provide a reference for the interactions of 

substituted amine complexes with CO2 (Figure 6.1).  Minimum energy geometries of 

CO2 with monosubstituted and disubstituted organic amines determined using 

B3LYP/aug-cc-pVTZ are presented in Figure 6.2 to demonstrate the complex binding 

motifs. Methyl, silyl, and trifluoromethyl groups were used to evaluate the electron 

donating and electron withdrawing substituent effects on the interaction of organic 

amine compounds with CO2. The Hammet substituent constant (σp) values of Hansch et 

al.289 were used (Table 6.1) to quantify the degree of electron donating and electron 

withdrawing character of the different substituent groups investigated (a more negative 

σp indicates a more electron donating substituent).  The most electron withdrawing 

group is shown to be CF3 having a σp of 0.54, while the most electron donating group is 

CH3, with a -0.17 σp value. SiH3 exhibits slight electron withdrawing character with a σp 

value of 0.10.                  

 

 

 

 

 

 

 

Figure 6.1  Geometry for the CO2•NH3 complex optimized using (a) B3LYP/aVTZ 
and (b) B97D/aVTZ. 

(a)       (b) 
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6.3.1 Geometries  

 The CO2•ammonia complex is shown to have an interaction distance (ID, the 

shortest distance between one of the atoms in carbon dioxide and one of the atoms in 

the amine compound) of 3.034 and 3.035 Å (Table 6.1) with B3LYP and B97D, 

respectively. This difference in ID is negligible. The addition of substituent groups to the 

ammonia decreases the ID in all cases. The ID between substituted amines and CO2 is 

calculated to decrease with the addition of substituent groups, from the monosubstituted 

to disubstituted amine, for all substituents investigated. The smallest change in the ID 

occurs with the methyl substituent, decreasing by 0.004 Å from the methylamine to 

dimethylamine (2.983 to 2.979 Å, respectively, using B3LYP). However, the largest 

decrease in ID is shown with silyl (from 3.004 to 2.398Å). This large decrease in ID 

between monosilylamine and disilylamine is due to the change in the binding mode of 

the CO2•amine complex from a partial donor-acceptor partial hydrogen bond interaction 

to solely a hydrogen bonding type interaction (Figure 6.2(c)). Root mean squared 

deviations between the B97D geometry and B3LYP geometry for each investigated 

complex are shown in Table 6.1.  An increased RMSD (Table 6.1) is shown for the 

disubstituted complexes as compared with the monosubstituted complexes, and the 

greatest RMSD overall is for the disubstituted silyl complex (RMSD = 1.1557), followed 

by the disubstituted trifluoromethyl complex (RMSD = 0.8614).  

 

 

 

 



93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 CO2•NHxRy complex structures where, (a) R=C2H4OH, (b) R=CH3, 
(c) R= SiH3, and (d) R= CF3. All geometries were optimized using B3LYP/aVTZ. 
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The hydroxyethyl (C2H4OH) substituent was also investigated, as it is currently 

being used in carbon capture agents (i.e., MEA and diethanolamine (DEA)), and can 

provide comparison to the other substituent groups. For the hydroxyethyl substituent, 

both MEA and DEA, have several interactions that contribute to the binding of CO2, 

including both electrostatic interactions and hydrogen bonding interactions (Figure 6.2). 

These interactions have been investigated using several microsolvation calculations 

(carried out by adding additional amine or H2O molecules to the complex).  

 

Table 6.1 Interaction energy, Eint (kcal/mol), and interaction distance, ID (Å), for 
CO2•amine complexes at the B3LYP/aug-cc-pVTZ (and dispersion corrected B97D/aug-
cc-pVTZ) geometry along with the associated binding modes.  

Complex Eint,ccCA
a 

Eint, 

B3LYP(B97D)/aVTZ 
Binding 
Modeb ID RMSDc σp

d 

CO2•NH3 -1.9e (-1.9) -0.9 (-1.4) DD (DD) 3.034 
(3.035) 0.2077  

Monosubstituted Amines    

CO2•MEA -3.1 (-3.2) -1.0 (-3.0) HB (HB)f 2.728 
(2.506) 0.1725 0.00 

CO2•NH2CH3 -2.4 (-2.5) -1.1 (-2.1) DD (DD) 2.983 
(2.952) 0.0929 -0.17 

CO2•NH2SiH3 -1.4 (-1.7) -0.1 (-1.4) DD/HB  3.004 
(2.889) 0.3009 0.10 

CO2•NH2CF3 -1.4 (-1.9) -0.5 (-1.7) HB (HB) 2.323 
(2.472) 0.5130 0.54 

Disubstituted Amines    

CO2•DEA -5.6 (-6.2) -2.0 (-7.0) HB (HB)f 2.393 
(2.458) 0.2249  

CO2•NH(CH3)2 -2.7 (-3.0) -1.0 (-2.6) DD (DD) 2.979 
(2.893) 0.1504  

CO2•NH(SiH3)2 -0.7 (-1.3) -0.0 (-1.0) HB (HB) 2.398 
(2.583) 1.1557  

CO2•NH(CF3)2 -1.8 (-2.2) -1.1 (-2.0) HB (HB) 2.173 
(2.376) 0.8614  

a. Negative interaction energies represent the affinity for the CO2•amine bound complex. 
b. DD stands for dipole-dipole and HB refers to hydrogen bonding. 
c. Root Mean Squared Deviation between B3LYP and B97D geometries. 
d. Substituent (i.e., CH2OH, CH3, SiH3, CF3) ionization factors from Ref. 314. 
e. Ref. 255; f. Binding mode at the closest ID. 
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6.3.2 Microsolvation 

In order to simulate microsolvation, additional amine and/or H2O molecules were 

added to the CO2 amine complexes (Table 6.2). In earlier work, Arstad et al.285 

investigated the interactions of CO2 with amine, MEA, and DEA, and considered the 

presence of H2O or additional amine molecules. They noted that with microsolvation the 

same trends for interaction energies (i.e., solvent increases the interaction energy) 

occurred for the monosubstituted and disubstituted amine compounds, showing that the 

binding of CO2 involves both the solute (amines) and solvent (water or amine).  In the 

present study, microsolvated interaction energies of monosubstituted organic amine 

compounds are investigated to note the affinity for the binding of CO2.  Our findings 

follow the same trends in interaction energies presented in Arstad et al.,285 showing that 

with the addition of another molecule (H2O or amine) to the CO2 organic amine complex 

the interaction energy increases in magnitude (becoming more negative), showing a 

greater affinity for the binding of CO2.  Addition of a water molecule showed the affinity 

for CO2 to increase more than with the addition of an extra substituted amine 

compound. For example, the addition of H2O to methylamine CO2 complex the Eint is -

8.90 kcal/mol, while the Eint is -5.90 kcal/mol with an additional methylamine to 

methylamine CO2 complex. The presence of a solvent molecule also causes the 

interaction preference to change for monosilylamine and methylamine from binding 

through the lone pair to a hydrogen bonding motif.    
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Table 6.2 Microsolvation effects on interaction energy (kcal/mol) at the B3LYP/aug-
cc-pVTZ  (and dispersion corrected B97D/aug-cc-pVTZ) geometry for ccCA and B3LYP. 
Complex   Eint,ccCA Eint,B3LYP(B97D)/aVTZ 
NH3•CO2  

 
-1.9 (-1.9) -0.9 (-1.4) 

NH3•CO2•H2O -5.6 -3.5 (-7.2)  
NH3•CO2•H2O•H2O -8.6 -5.3  
NH3•CO2•NH3 -5.1 -3.0 (-4.5) 
NH3•CO2•NH3•H2O -12.4 -10.1 (-12.2) 

    MEA•CO2 
 

-3.1 (-3.2) -1.0 (-3.0) 
MEA•CO2•H2O -8.5 -5.5 (-7.9) 
MEA•CO2•H2O•H2O -11.2 -6.0 (-11.7) 
MEA•CO2•MEA - -5.4 (-10.8) 
MEA•CO2•MEA•H2O - -7.4 (-14.5) 

   NH2CH3•CO2 -2.4 (-2.5) -1.1 (-2.1) 
NH2CH3•CO2•H2O -8.9 -6.8  
NH2CH3•CO2•NH2CH3 -6.0 -3.1 
   NH2SiH3•CO2 -1.4 (-1.7) -0.1 (-1.4) 
NH2SiH3•CO2•H2O  -6.9 -4.6  
NH2SiH3•CO2•NH2SiH3 -5.0 -1.7 
   NH2CF3•CO2 -1.4 (-1.9) -0.5 (-1.7) 
NH2CF3•CO2•H2O -6.7 -4.3 
 

 
6.3.3 Molecular Electrostatic Potentials (MEPs) 

The molecular electrostatic potentials (MEPs) have been mapped (Figure 6.3), 

scaling from more electron rich (red) to electron deficient (blue) regions. The mapped 

surfaces demonstrate that CF3 decreases the electron density of the nitrogen lone pair 

of the amine, and so hydrogen bonding occurs between the lone pairs on the oxygen in 

CO2 and the electron deficient amine hydrogen. By contrast, in the methylamine group, 

the amine lone pair is especially electron rich, due to the electron donating methyl 

group. This permits an acid-base interaction with the partial positive charge on the 

carbon of CO2. The CO2 interaction with the substituted organic amines that contain 

methyl groups are bound through the lone pair on the nitrogen and the carbon on CO2 
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(i.e., R3-yHyN---CO2, where R = CH3), the CO2 complexes that contain a trifluoromethyl 

group are bound through hydrogen bonding with the lone pair on the oxygen of CO2 

(i.e., R3-yHy-1NH---OCO, where R = CF3) due to its electron withdrawing character. This 

difference in fundamental binding motifs implies that the substituents on the amine may 

be altered to allow for chemical interactions to take place with the CO2. For example, 

the trifluoromethyl group causes binding through the oxygen on the CO2, potentially 

allowing for catalysis to occur through the carbon due to the carbon being left sterically 

open for subsequent interactions.  

A correlation is seen between the electrostatic interaction and the relative 

bonding strengths. The trifluoromethyl group results in hydrogen bonding and has a 

shorter bond length than the silyl group, increasing the relative binding strength (i.e., 

increasing the negativity of the interaction energy). 

 

 

 

 

 

 

 

 

 

 

 

       

        
(a)NH2CH3  (b)NH2SiH3  (c)NH2CF3      (d)NH(CH3)2    (e)NH(SiH3)2     (f)NH(CF3)2 

Figure 6.3 MEPs mapped onto the electron density surfaces of (a) NH2CH3, (b) 
NH2SiH3, (c) NH2CF3, (d) NH(CH3)2, (e) NH(SiH3)2, and (f) NH(CF3)2 before (top) and 
after (bottom) the addition of CO2. (MEP color scale shows increasing acidity in the 
direction red  orange  yellow  green  blue).  Isosurface value = 0.0004. 
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6.3.4 Interaction Energies 

Interaction energies (Eint’s) are more indicative than the interaction distances of 

the binding strength between the molecules within a complex. Eint’s are calculated for 

each of the CO2 amine complexes (Table 6.1) using both the B3LYP and B97D 

optimized geometries. It is important to note the dependence of these geometry 

optimizations on the Eint’s, which are shown in Figure 6.4.  For ccCA, varying the 

geometry optimization shows only small changes in the overall interaction energy with 

an R2 value of 0.9777, demonstrating less of a reliance on geometry.  However, when 

DFT methods are utilized for calculating the Eint, B3LYP differs greatly from B97D, with 

an R2 value of 0.7287, showing that energies are more sensitive to functional than 

Figure 6.4 Comparison of interaction energies when using B3LYP/aVTZ 
vs. B97D/aVTZ geometry optimizations.      
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geometry optimization. Additionally, interaction energy determined using the ccCA 

approach was compared to the DFT calculated Eint. Using the B97D/aug-cc-pVTZ 

geometry optimization shows that there is increased similarity between the DFT (B97D) 

and ccCA calculated Eint’s (R2 = 0.9873, slope = 0.8051, and y-intercept = 0.6979) 

compared to using a B3LYP/aug-cc-pVTZ geometry optimization (DFT (B3LYP) vs. 

ccCA R2 = 0.8299, slope = 2.1927, and y-intercept = -0.4327), shown in Figure 6.5.  

Therefore, when using the ccCA method to calculate interaction energies, the geometry 

optimization method is shown to be less significant in terms of predicted E int’s. Hence, 

all Eint’s discussed in the remainder of this paper have been determined at the ccCA 

level of theory using the B3LYP/aVTZ geometry unless otherwise stated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Comparison of interaction energies using ccCA vs. DFT 
approaches.      
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 With the addition of silyl and trifluoromethyl on the amine, the Eint’s decrease by 

0.1 to 1.3 kcal/mol as compared to the CO2•ammonia Eint of -1.9 kcal/mol. (Note that the 

CO2•ammonia Eint at 0 K was previously reported using ccCA by Cundari et al.238 with a 

binding energy of -2.1 kcal/mol. The slight difference is due to use of zero point 

corrected energies (Eo), rather than enthalpy corrected energies (E298) in the calculation 

of binding energies.)  In contrast, the addition of a methyl group shows an increase in 

the magnitude, with Eint’s for methylamine and dimethylamine CO2 complexes of -2.4 

and -2.7 kcal/mol, respectively. Changes from monosubstituted to disubstituted amine 

CO2 complexes cause differences in Eint ranging from 0.3 to 0.7 kcal/mol (Table 6.1), 

with the exception of MEA to DEA, which differ by 2.5 kcal/mol due to the multiple 

stabilizing interactions within the molecule (Figure 6.2). The addition of a second 

substituent causes the Eint to increase in magnitude for every complex, with the 

exception of the silyl-substituted amine complex. The methyl substituent on the amine 

shows bonding affinity for CO2 with an Eint of -2.4 kcal/mol for methylamine, and -2.7 

kcal/mol for dimethylamine. SiH3 exhibits the opposite behavior with a tighter binding 

affinity upon the addition of a single subsequent silyl group with an Eint of -1.4 kcal/mol, 

while the disubstituted amine has an Eint of -0.7 kcal/mol. This is due to the different 

nature of monosilylamine, which has a electrostatic interaction with CO2, and 

disilylamine having a hydrogen bonding interaction with CO2. The trifluoromethyl 

substituent on the amine group resulted in a slightly stronger binding when increasing 

from one to two substituents on the amine. The addition of a single CF3 substituent to 

the amine resulted in an Eint of -1.4 kcal/mol, while two CF3 groups resulted in an Eint of 

-1.8 kcal/mol. Varying the substituents, from the methyl to trifluoromethyl group shows ~ 
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1 kcal/mol difference in Eint’s (Table 6.1). The monosubstituted silyl and trifluoromethyl 

groups, however, displayed a different binding motif. In Figure 6.2 the CO2•NH2CF3 

complex is a hydrogen bonded structure, differing from the electrostatic interaction 

shown by the monosilylamine and methylamine complexes. This shows that the amine 

compound can be engineered to amplify the technique for CO2 removal.  For example, 

using the hydrogen bonded trifluoromethylamine the carbon dioxide may be reduced 

through the use of a catalyst at the carbon site.  The strength of the acid-base 

interaction involved in the methyl substituted amine complexes suggests that increased 

energy for the removal of CO2 may be required, leading to increased byproducts.  An 

overall scheme for the modification of complex interaction energies is shown in Figure 

6.6.   

 

6.4 Conclusions  

An ab initio composite approach, the correlation consistent composite approach 

(ccCA), was utilized in the investigation of amine complex interactions with carbon 

dioxide. Two density functional theory (DFT) methods were investigated for the 

geometry optimizations, including the popular B3LYP and a dispersion corrected 

functional, B97D, differing slightly when comparing optimized structures.  It was shown 

that interaction energies using ccCA were not largely affected by changes in geometry.  

However, when calculating interaction energies at lower levels of theory (B3LYP and 

B97D) the use of dispersion corrections are necessary for accurate interaction energy 

trends.  Interaction energies calculated using B97D are in better agreement than B3LYP 

when comparing to interaction energies calculated using ccCA.   
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The overall preference for the binding of CO2 is to bind more tightly to 

compounds of greater basicity. Trifluoromethyl substituents (CF3) on the amine group 

resulted in hydrogen bonding between the hydrogen present on the amine and the 

oxygen from CO2. In contrast, for methyl substituent groups on the amine, the 

interaction between the organic amine and CO2 group is shown to bind through the lone 

pair on the nitrogen of the amine group with the carbon on the CO2. However, when 

using a silyl group (SiH3) the bonding motif changes from the monosubstituted amine: 

dipole-dipole interaction; to the disubstituted amine: hydrogen bond complex. 

Introducing solvent (water or organic amine) into the complex causes hydrogen bonding 

motifs to be prevalent, while also increasing interaction energies.  This shows that both 

solvent and the organic amine play an important role in the binding of CO2.  

 Overall the following recommendations are noted for amine scrubber complexes: 

1. To increase CO2•amine interaction energies 

 Use electron donating amine substituents (NH2CH3, and NH2(CH3)2) 

 Binding through acid-base interactions 

 Increase the number of substituents on the amine  

 Addition of solvent molecules (increased hydrogen bonding)  

2. To decrease CO2•amine interaction energies 

 Use electron withdrawing amine substituents (NH2SiH3, NH(SiH3)2, NH2CF3, 

and NH(CF3)2) 

 Binding through hydrogen bonding with the Oxygen in CO2 

 Removal of solvent molecules (decrease hydrogens available for hydrogen 

bonding) 
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Figure 6.6 Graphical representation of the effects of substituent groups on the interaction energies of CO2•amine 
complexes 
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CHAPTER 7 

 
LOCAL SECOND ORDER MØLLER–PLESSET CALCULATIONS: INVESTIGATION 

ON RECOVERY OF CORRELATION ENERGY*  

7.1 Introduction 

 Ab initio quantum chemistry calculations can be limited in regards to the size of 

molecular system that can be investigated due to the computer time, memory, and disk 

space requirements associated with some post Hartree-Fock methods. Even the 

simplest ab initio correlated method, second-order Møller-Plesset perturbation theory 

[MP2], scales as N5, while coupled cluster theory with single and double excitations and 

perturbative treatment of triple excitations [CCSD(T)] scales formally as N7, where N is 

the number of basis functions in the system. 

 A major difficulty that traditional correlation methods suffer from is their use of 

canonical molecular orbitals which are delocalized over an entire molecular system.  

These orbitals increase in size with the molecular system, resulting in numerous two-

electron integrals that must be retained in calculations, leading to the high 

computational cost with respect to system size. To circumvent this problem, local 

methods, which are based on the premise that the size of the correlation space for a 

given orbital should remain relatively constant and independent of molecular size, have 

been developed. By utilizing localized orbitals within correlated methods, the sparsity of 

two-electron integral matrices is greatly increased, enabling a means for substantial 

                                            
* Parts of the work presented in this chapter were carried out by Vinay V. Ramasesh, 
Sonja Hannibal, and Nathan DeYonker. 
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reduction of computational cost.290  Computational costs can be reduced even further 

within local approaches by employing methods such as density fitting.291-294 

 Two primary implementation schemes for local methods include the approaches 

developed by Pulay and Saebø,295-298  and the Laplace methods developed by Almlöf, 

Wilson, and Häser.69,299-301 The Pulay and Saebø methods utilize localization 

techniques for the occupied orbital space, and span the virtual orbital space by non-

orthogonal projected atomic orbitals (PAOs), whereas the Laplace implementation 

rewrites the canonical orbital energies component in the denominator in methods such 

as MP2 in terms of a Laplace transform. Additional development of low-order scaling 

MP2 schemes include the cutoff-based Laplace-transform MP2 of Ayala and 

Scuseria,68,302 and Ochsenfeld et al.,303 atomic orbital (AO)-based LMP2 of Lee, 

Maslen, and Head-Gordon,304 scaled-opposite-spin MP2 of Head-Gordon et al.,305 the 

psuedospectral LMP2 of Friesner et al.306 and Carter et al.307 and the dual-basis (DB)-

MP2 of Deng and Gill.308  

 Within any local method, a means for localizing the orbitals is needed.  The three 

primary techniques for localization include the Edmiston-Ruedenberg,32,309,310 Boys,311 

and Pipek-Mezey312,313 schemes. The Boys method is based on orbital centroids;314 the 

Edmiston and Ruedenberg method is based on orbital self-repulsion energies;32,309,310 

and the Pipek-Mezey localization scheme is based on gross atomic populations.312  The 

Pipek-Mezey scheme is unique in that it has no mixing of the σ and π bonds in planar 

molecules.315  Wilson and Almlöf examined these three schemes extensively,69 and 

have shown that while overall, the performance of all three methods was similar, for 

some molecules, the Pipek-Mezey scheme resulted in a greater degree of localization, 
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providing a slight advantage when implemented within local methods. Boughton and 

Pulay have also compared the Boys and Pipek-Mezey schemes, and shown that the 

Pipek-Mezey is superior for well-localized systems.315  

 Local approaches are based upon the premise that correlation energy decreases 

with increasing distance between electrons. Pulay-Saebø-based methods therefore 

allow for energy contributions from electron pair correlation to be treated according to 

the distance – strong, close, weak, distant, or very distant – between electron pairs. The 

correlation between remote electrons (i.e., distant, or very distant) can then be omitted 

or treated at a lower level of theory than correlation between nearer electrons. For 

example, in local second-order perturbation theory, distant and very distant pairs are 

neglected.  Note that for a reduction in computational cost, pre-screening measures – 

such as that of Boughton and Pulay based on Löwdin charges315 or the natural 

population analysis approach316 – must be implemented for the resulting local molecular 

orbitals (MOs).   

 The local methods of Pulay and Saebø have a long history, and have been 

implemented within both a range of correlated methods and numerous computational 

chemistry software programs (e.g., MOLPRO,317 Gaussian225).  Werner et al. have 

utilized the Pulay and Saebø local approach in combination with the Pipek-Mezey 

localization scheme, and have claimed linear scaling, with respect to molecular size, for 

single-reference methods such as Møller-Plesset perturbation and coupled cluster 

theories.67,318-327 It has been demonstrated that for small to medium-sized molecules 

(molecules less than 18 atoms) with domains (a subset of projected atomic orbitals) 

selected using defined criteria (described in the next section), local methods can 
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recover more than 98% of the correlation energy that would be obtained using the same 

method and basis set with conventional methods.328,329  To increase the accuracy of the 

local method, standard domains can be extended by augmenting them with additional 

two-electron integrals centered on neighboring atoms which are not contained in the 

standard domain (i.e., increasing the subset of projected atomic orbitals).  Several 

routes can be used to extend the standard domain.328  However, with any increase in 

domain size, the computational cost rises quickly with the accuracy. 

 In recent work, Werner et al. investigated the accuracy that can be achieved at 

the complete basis set (CBS) limit when local methods are used. The extrapolation of 

energetic properties to the CBS limit allows for the elimination of the error arising from 

basis set choice, leaving only the error intrinsic to the method choice.  Werner et al. 

investigated the LMP2 correlation energy and reaction energy convergence to the CBS 

limit utilizing the correlation consistent basis sets,102-105,107,219,330-333 cc-pVnZ.334 The set 

of molecules investigated included 24 small molecules ranging from 4-10 atoms with 

one molecule containing 18 atoms. Two of the molecules included second row (Al-Ar) 

elements (COCl2 and C2H3Cl).  Similar trends in convergence were shown for LMP2 

and MP2, while LMP2 was shown to converge faster than MP2. However, as local 

schemes can have much greater impact on the energetics of larger molecules (there is 

an increased number of sparse integrals, so a larger number of integrals can be 

prescreened, and these large numbers can increase the propagation of errors).   

 In this study, we investigate the effect of local domain choice on twenty-four 

molecules containing eighteen to twenty-six atoms, in various binding environments 

(i.e., second row, cyclic, polycyclic, and alkane compounds). The convergences of 
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correlation energy to the CBS limit for LMP2 and conventional (i.e., non-local) MP2 is 

examined.  Seven small compounds are investigated to compare computational cost 

between local versus canonical orbital methods and convergence when extrapolating 

energies to the CBS limit. The effect of domain extension choice and basis set choice 

on the determination of correlation energy has been considered. Several different 

means to determine the CBS limit were also utilized.   

 

7.2 Computational Methodology 

7.2.1 Localization Scheme 

 A brief description of the procedure for selecting and extending domains in the 

local approximation scheme, as currently implemented in Molpro 2009.1, is presented. 

A more detailed discussion is given by Werner elsewhere.328  

 The localized occupied orbitals are described using the Pipek-Mezey 

algorithm,312 and a set of projected atomic orbitals (PAOs) is created for each occupied 

orbital using the Boughton and Pulay procedure.315  The virtual orbitals are spanned by 

unoccupied non-orthogonal projected atomic orbitals (PAOs), which are orthogonal to 

all occupied orbitals. The PAOs formed from the atomic orbitals on the same atom are 

either all included in a domain, or all omitted. Löwdin charges are used to determine the 

atoms to be used in a localized orbital domain.335 Threshold maximum and threshold 

minimum Löwdin value are then used to include or omit, respectively, atoms from the 

domain list.  Atoms with Löwdin charges between these threshold values are then 

added to the domain list in order of decreasing Löwdin charge until the Boughton and 

Pulay criterion is satisfied. The resulting subset of PAOs is the standard domain.   
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 After standard domains are selected, pairs of MOs are placed into the pair 

classes strong, close, weak, and distant.  This classification is based on thresholds (i.e., 

RCLOSE, RWEAK, RDIST, and RVDIST as defined in Molpro)317 dependent upon 

distance, R, between atoms in the standard domain of the orbitals.  For strong pairs, 0 ≤ 

R ≤ RCLOSE; for close pairs, RCLOSE ≤ R ≤ RWEAK; etc. The default values for these 

are: RCLOSE=1, RWEAK=3, RDIST=8, RVDIST=15 (all distances are in Bohr).328 The 

pair classes are important in selecting domain extensions, as discussed below.  Also, as 

previously mentioned, substitutions involving distant and very distant pairs are 

completely neglected in the computation of the correlation energy. 

 To increase accuracy in the approximations the domains can be extended. The 

following options for domain extension, found in MOLPRO 2009.1, are used: IEXT, 

IEXTS, and IEXTC. Their meanings and physical interpretations are illustrated in Figure 

7.1. “IEXT” options denote that standard domains are augmented by adding projected 

atomic orbitals centered on atoms bonded (i.e., directly interacting with) those in the 

standard domains. The number following the option indicates the maximum number of 

bonds separating an atom to be added to the domain from an atom already in the 

standard domain.  For example, the IEXT=1 option adds to the standard domain list all 

atoms bonded to an atom in the standard domain, while the IEXT=2 option adds all 

atoms separated by a maximum of two bonds from an atom in the standard domain.  In 

the IEXTS options, calculations use extended domains only for strong pairs (classified 

by the Boughton Pulay criteria mentioned above); in the IEXTC options, extended 

domains are used for both strong and close pairs.  Including all localized orbitals leads 

to the canonical solution to the energy, therefore increasing domain size leads to a 
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better description of the energy, yet also increases the computational cost. The order of 

increasing recovery of electron correlation energy (in reference to non-local MP2) when 

comparing local domains, both in terms of cost and accuracy, should be, due to the 

increasing domain size,: LMP2 < IEXTS=1 < IEXTS=2 < IEXTC=1 < IEXTC=2 < IEXT=1 

< IEXT=2.  

 

 

 

 

 

 

 

 

 

 

 

7.2.2 Correlation Energies  

 To study convergence trends of local and conventional MP2 methods for a wide 

variety of bonding types for large molecules, 24 molecules that contain 18 or more 

atoms were selected from the 600-member training set of Cioslowski and co-workers,230 

as local schemes can have much greater impact on the energetics of larger molecules 

due to the increased number of sparse integrals and the number of integrals that can be 

prescreened. The 24 molecules include cyclic, poly-cyclic and non-cyclic alkanes, 

Figure 7.1 Representation of the orbitals included in each domain. 
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conjugated molecules, cage structures, and organosulfur compounds. An additional 7 

smaller hydrocarbons were included, of which the difference between standard MP2 

and LMP2 is presumed to be negligible as they have fewer cases of distant electrons, 

thus fewer number of integrals to be prescreened, to give a total training set of 31 

molecules. 

 Structures were initially optimized at the B3LYP level of theory with the cc-pVTZ 

basis set.  Subsequent LMP2/cc-pVTZ optimizations were also carried out for 

comparison. Although LMP2 optimizations are more computationally demanding than 

B3LYP, LMP2 is beneficial compared to MP2 both because of reduced computational 

cost and almost no basis set superposition error (BSSE) in the calculations. BSSE is 

present in conventional MP2 calculations even with large basis sets, as demonstrated 

by Schütz, Rauhut, and Werner318 and Saebø, Tong, and Pulay.336  Single-point 

energies were calculated based upon the B3LYP/cc-pVTZ optimized structures using 

the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets with both conventional MP2 and 

variants of LMP2 (i.e., standard domain, IEXTS, IEXTC, IEXT). In the geometry 

optimizations and single-point energy calculations, additional tight d functions were 

included for second-row atoms [cc-pV(n + d)Z].105 

 The correlation energies obtained at the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis 

sets were extrapolated to the CBS limit energy.  Several extrapolation schemes have 

been developed, and it remains that no one extrapolation scheme consistently 

outperforms the others.337  Therefore, commonly used extrapolation schemes have 

been utilized: 
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 The simple exponential form proposed by Xantheas and Dunning338 and 

Feller,339,340 (F) which uses the formula, 

)exp()( CnBEnE CBSHF  
          7.1 

where n is the zeta level, or cardinal number, of the basis set; a mixed 

exponential/Gaussian scheme (P) developed by Peterson et al.115; 

])1(exp[)]1(exp[)( 2
CBS  nCnBEnE    7.2 

and formulas involving reciprocals of powers of the highest angular momentum in the 

basis set from the work of Schwartz117,341 and Kutzelnigg and Morgan,120 including the 

two-point Schwartz-3 inverse cubic (S3) and Schwartz-4 (S4) inverse 

quarticschemes,116,118 
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where lmax is the value of the highest angular momentum function in the basis set. In 

general, the parameters in the equations come from a nonlinear least-squares fitting of 

the extrapolation equation to the energy data obtained from a sequence of basis sets.  

Correlation energies were extrapolated from the double-zeta, triple-zeta, and quadruple-

zeta basis set levels using the Feller and Peterson formulas. The Schwartz schemes 

were extrapolated at the cc-pVDZ and cc-pVTZ [S3(DT) and S4(DT)] and cc-pVTZ and 

cc-pVQZ [S3(TQ) and S4(TQ)] basis set levels. 

The correlation error for a given local method and molecule is the difference 

between the correlation energy (Ecorr) obtained with the specified variant of LMP2 and 

the Ecorr obtained with standard MP2 at the same basis set.  Correlation percent (%corr) 
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of a given local method and molecule refers to the percent of conventional correlation 

energy recovered by the local method at the same basis set.   

  All MP2 and LMP2 calculations were carried out utilizing the Molpro 

2009.1 software package,317 and all B3LYP geometry optimizations utilize 

Gaussian09.225  

 

7.3 Results and Discussion 

7.3.1 Geometry Independence of Correlation Energy 

For twenty molecules (methane, ethane, and the smallest eighteen molecules in 

our subset of the Cioslowski training set, Table 7.1), equilibrium geometries were 

optimized at both the B3LYP and LMP2 levels of theory using the cc-pVTZ basis set. 

For each molecule, the B3LYP-optimized structures and the LMP2-optimized structures 

differed very little. All bond lengths were within 0.1 angstrom of the corresponding bond 

when comparing the B3LYP and LMP2 optimized geometries for a particular molecule, 

and all angles were within 2 degrees of each other.  

 

Table 7.1 Set of thirty-one molecules investigated.  
  Alkane 2nd Row Cyclic Polycyclic 
Methane X 

   Ethene 
    Ethane X 

   Cyclopropane 
  

X 
 Propane X 

   Cyclobutane 
  

X 
 Butane X 

   Cyclohexane 
  

X 
 m-xylene 

  
X 

 o-xylene 
  

X 
 p-xylene 

  
X 
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Table 7.1    Continued. 
      Alkane 2nd Row Cyclic Polycyclic 

Naphthalene 
  

X X 
(CH3)3SiNH(CH3) 

 
X 

  Hexane X 
   Cyclohexanethiol 

 
X X 

 Norbornane 
  

X X 
Ethoxytrimethylsilane 

 
X 

  (CH3)3SiN(CH3)2 
 

X 
  1-Azabicyclo[2,2,2]octane 

  
X X 

Bicycloctane 
  

X X 
Diethylsulfite 

 
X 

  Octane X 
   p-ClC6H4C2H5 

  
X 

 Diethylsulfate 
 

X 
  Si(OCH3)4 

 
X 

  Azulene 
  

X X 
2,4,10-trioxaadamantane 

  
X X 

Bullvalene 
  

X X 
Triquinacene 

  
X X 

1-chloronaphthalene 
 

X X X 
2-chloronaphthalene 

 
X X X 

 

 

 In addition to the geometric parameters, the cc-pVDZ and cc-pVTZ correlation 

energies were computed at the B3LYP- and LMP2-optimized structures with all variants 

of LMP2.  The mean difference between LMP2 correlation energies at B3LYP versus 

LMP2 geometries for molecules with only first-row atoms was 0.41 kcal/mol with double-

zeta basis sets, and 0.16 kcal/mol with triple-zeta basis sets.  Conventional MP2 

energies were also computed at both equilibrium geometries; the mean difference 

between correlations at the different geometries was 0.34 kcal/mol with double-zeta 

basis sets and 0.16 kcal/mol with triple-zeta basis sets. For molecules with second-row 

atoms as well, the double-zeta mean absolute deviation (MAD) of LMP2 correlation 
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energy at the B3LYP and LMP2 geometries was 0.43 kcal/mol, while the triple-zeta 

MAD was 0.24 kcal/mol. The double-zeta MAD of MP2 correlation energy at the B3LYP 

and LMP2 geometries was 0.42 kcal/mol, and the triple-zeta MAD was 0.27 kcal/mol.  

Correlation energies for molecules containing second-row atoms seem to have a 

stronger geometry dependence than those containing only first-row atoms, although 

generally the geometry dependence was minimal. Due to the minimal difference 

between B3LYP and LMP2 optimized geometries, and the reduced computational cost 

of B3LYP compared to LMP2, B3LYP-optimized structures were used for the correlation 

energy calculations. 

7.3.2 Correlation Energy Basis Set Dependence 

 As the basis set level is increased, LMP2 recovers a greater percentage of the 

MP2 correlation energy (Table 7.2). The double- and triple- zeta energy extrapolations 

recover more correlation energy than the cc-pVDZ and cc-pVTZ single point 

calculations, the cc-pVQZ single point energy is necessary when using standard domain 

LMP2 to achieve over 99% of the MP2 correlation energy for all molecules excluding 

methane and ethene which can achieve this accuracy at the cc-pVTZ basis set level. 

The correlation energy error using LMP2 with the standard domain is greatest at the 

double zeta level, and then decreases as the basis set size increases.  The triple-zeta 

error in correlation energy is, on average, reduced by 28.57% of the double-zeta error.  

When the basis set size is increased from cc-pVTZ to cc-pVQZ, the error is further 

reduced by an average of 43.16%.  Domain extensions can further reduce the 

correlation energy error between MP2 and LMP2 (Table 7.3). 

 



116 
 

Table 7.2 Correlation energy error (kcal/mol), and percent of MP2 
correlation energy obtained with LMP2. 
  cc-pVDZ cc-pVTZ cc-pVQZ 
Methane 1.38 98.64% 1.07 99.14% 0.63 99.52% 
Ethene 2.19 98.73% 2.03 99.04% 1.14 99.49% 
Ethane 3.80 98.00% 2.75 98.82% 1.54 99.37% 
Cyclopropane 6.10 97.70% 4.58 98.59% 2.47 99.28% 
Propane 6.68 97.61% 4.67 98.63% 2.63 99.27% 
Cyclobutane 9.61 97.30% 6.71 98.46% 3.82 99.17% 
Butane 9.63 97.39% 6.65 98.52% 3.79 99.21% 
Cyclohexane 17.28 96.79% 11.56 98.23% 6.67 99.04% 
m-Xylene 16.10 97.61% 12.17 98.51% 6.84 99.21% 
o-Xylene 14.31 97.88% 11.10 98.65% 6.13 99.29% 
p-Xylene 15.39 97.72% 11.33 98.62% 6.32 99.27% 
Naphthalene 15.19 98.13% 12.56 98.72% 5.98 99.43% 
(CH3)3SiNH(CH3) 13.16 97.55% 9.66 98.54% 5.79 99.18% 
Hexane 15.59 97.16% 10.67 98.41% 6.13 99.14% 
Cyclohexanethiol 20.11 96.76% 13.54 98.22% 8.00 99.02% 
Norbornane 21.81 96.48% 13.86 98.16% 8.04 98.99% 
Ethoxytrimethylsilane 16.24 97.43% 12.28 98.43% 7.33 99.12% 
(CH3)3SiN(CH3)2 15.82 97.49% 11.40 98.53% 6.69 99.19% 
1-Azabicyclo[2,2,2]octane 23.49 96.75% 15.75 98.21% 9.34 99.00% 
Bicyclo[2,2,2]octane 25.49 96.41% 16.65 98.07% 9.76 98.93% 
Diethylsulfite 13.76 98.27% 10.91 98.91% 6.72 99.38% 
Octane 21.53 97.04% 14.70 98.35% 8.49 99.10% 
p-ClC6H4C2H5 17.89 97.64% 13.23 98.58% 7.61 99.23% 
Diethylsulfate 14.96 98.36% 12.28 98.93% 8.75 99.29% 
Si(OCH3)4 20.51 97.65% 17.66 98.40% 11.36 99.04% 
Azulene 15.52 98.11% 11.07 98.89% 5.82 99.45% 
2,4,10-Trioxaadamantane 30.65 96.74% 19.94 98.29% 11.17 99.10% 
Bullvalene 24.39 97.07% 16.12 98.40% 8.23 99.23% 
Triquinacene 27.66 96.65% 15.82 98.42% 8.10 99.24% 
1-Chloronaphthalene 17.56 98.05% 14.06 98.72% 7.15 99.39% 
2-Chloronaphthalene 17.24 98.08% 13.97 98.73% 6.93 99.41% 
MEAN 15.84 97.52% 11.31 98.55% 6.43 99.23% 
Std. Dev. 7.11 0.63% 4.66 0.26% 2.71 0.16% 
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Table 7.3 Mean and standard deviation (Std. Dev.) of correlation 
percentages for LMP2, all domain variants.  
    cc-pVDZ cc-pVTZ cc-pVQZ 

LMP2 Mean 15.84 97.52% 11.31 98.55% 6.43 99.23% 
Std. Dev. 7.11 0.63% 4.66 0.26% 2.71 0.16% 

        
IEXTS=1 Mean 4.9 99.29% 3.61 99.57% 2.12 99.76% 

Std. Dev. 3.29 0.39% 2.11 0.19% 1.27 0.11% 

        
IEXTC=1 Mean 3.5 99.51% 2.77 99.68% 1.63 99.82% 

Std. Dev. 2.34 0.28% 1.66 0.15% 1.01 0.09% 

        
IEXT=1 Mean 1.92 99.73% 1.65 99.80% 0.87 99.90% 

Std. Dev. 1.17 0.13% 0.87 0.08% 0.45 0.04% 

        
IEXTS=2 Mean 3.46 99.50% 2.49 99.70% 1.55 99.83% 

Std. Dev. 2.49 0.30% 1.64 0.16% 1.04 0.09% 

        
IEXTC=2 Mean 1.94 99.73% 1.54 99.82% 1.01 99.89% 

Std. Dev. 1.44 0.18% 1.15 0.11% 0.77 0.07% 

        
IEXT=2 

Mean 0.23 99.97% 0.31 99.96% 0.19 99.98% 
Std. Dev. 0.16 0.02% 0.19 0.02% 0.11 0.01% 

 

For the 31 molecules, the reduction in correlation errors with increasing basis-set 

level occurs with extended as well as standard domains. 2,4,10-trioxaadamantane had 

the largest correlation error (Ecorr,LMP2-Ecorr,MP2) at cc-pVDZ and cc-pVTZ for standard 

LMP2 and the IEXT=1, IEXTC=1, IEXTS=1 and IEXTS=2 domains, while Si(OCH3)4 has 

the largest correlation error at cc-pVQZ when using LMP2 and the IEXTS=1, IEXTS=2, 

IEXTC=1 IEXTC=2 and IEXT=2 domains. For all of these molecules, the error was 

lowered when going from cc-pVDZ to cc-pVTZ and from cc-pVTZ to cc-pVQZ, as 

expected.  It is known, however, that anomalies can occur partly because of differences 

in the domain approximation at different basis set levels. Some domains at the double-

zeta level are significantly larger, including more atoms, than their triple-zeta 
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counterparts.342 For example, with Si(OCH3)4, one orbital domain at the double-zeta 

level includes the central silicon atom and all oxygen and carbon atoms as well; at the 

triple-zeta level,  this domain only included one carbon, one oxygen, and the central 

silicon.  In atoms for which the errors may be reduced with increasing basis-set size, the 

domains either stayed fixed across varying basis set levels or differ only by the 

presence of a single hydrogen or carbon.342   

The average correlation percentages across all domain extensions investigated 

(Table 7.3), have shown that over 99% of the MP2 correlation energy is recovered when 

using the specified domain extensions across all correlation consistent basis sets used.  

In general, as the basis set level is increased, the LMP2 energies with the various 

domain extensions approach the conventional MP2 values. The conventional MP2 

correlations are further approached when increasing basis set size (Table 7.4 and Table 

7.5). 

 

Table 7.4 Correlation errors (kcal/mol) and percent recovered 
correlation energy using LMP2 with cc-pVTZ, cc-pVQZ, and cc-pV5Z, 
for smaller hydrocarbons.  

  cc-pVTZ cc-pVQZ cc-pV5Z 
Methane 1.07 99.14% 0.63 99.52% 0.32 99.76% 
Ethene 2.03 99.04% 1.14 99.49% 0.61 99.73% 
Ethane 2.75 98.82% 1.54 99.37% 0.81 99.68% 
Cyclopropane 4.58 98.59% 2.47 99.28% 1.32 99.62% 
Propane 4.67 98.63% 2.63 99.27% 1.39 99.62% 
Cyclobutane 6.71 98.46% 3.82 99.17% 2.02 99.57% 
Butane 6.65 98.52% 3.79 99.21% 2.01 99.59% 
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Table 7.5 Mean and standard deviations of correlation energy errors 
(kcal/mol) and percent of recovered correlation energy using LMP2 with 
various domain extensions for small hydrocarbons.  
    cc-pVTZ cc-pVQZ cc-pV5Z 

LMP2 Mean 4.07 98.74% 2.29 99.33% 1.21 99.65% 
Std. Dev. 2.2 0.26% 1.25 0.14% 0.66 0.07% 

        
IEXT=1 Mean 0.39 99.90% 0.19 99.95% 0.1 99.98% 

Std. Dev. 0.31 0.07% 0.16 0.03% 0.08 0.02% 

        
IEXTS=1 Mean 0.83 99.78% 0.45 99.89% 0.24 99.94% 

Std. Dev. 0.71 0.16% 0.4 0.08% 0.22 0.04% 

        
IEXTC=1 Mean 0.48 99.87% 0.25 99.94% 0.14 99.97% 

Std. Dev. 0.43 0.09% 0.24 0.05% 0.13 0.03% 

        
IEXTS=2 Mean 0.51 99.87% 0.3 99.93% 0.16 99.96% 

Std. Dev. 0.49 0.11% 0.29 0.06% 0.16 0.03% 
 

 To further confirm the reduction in correlation error with increasing basis set size, 

single-point calculations were run on the smaller hydrocarbons (through butane) at the 

cc-pV5Z basis set level (Table 7.4 and Table 7.5).  As expected, difference in 

correlation energy using LMP2 compared to MP2 are less at the cc-pV5Z basis set level 

than they are at the cc-pVQZ level.  However this may be due to the BSSE which is 

introduced in MP2 calculations as mentioned previously.334 On average, LMP2/cc-pV5Z 

correlation errors are 52.94% (i.e., decreasing from the cc-pVQZ energy by an average 

of 47.06%) of the LMP2/cc-pVQZ errors, with similar values occurring for the domain-

extended variants. The cc-pV5Z errors were never greater than either the cc-pVQZ or 

cc-pVTZ errors.  The reduction in errors as the basis set zeta level increases will likely 

hold as the zeta level is increased further and approaches the complete basis set limit. 
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7.3.3 Extrapolation of Correlation Energies 

 The amount of correlation energy recovered using LMP2 at the CBS limit varies 

with extrapolation scheme (Table 7.6).  The extrapolation schemes did not recover more 

than 100% of the correlation energy obtained with MP2 for any of the molecules 

investigated.  This was expected as the local approximation will neglect certain 

couplings even with a complete basis set, the energies obtained with MP2/CBS should 

be a lower bound to the energies calculated with LMP2.  In addition, CBS-S3 energies 

computed using cc-pVTZ and cc-pVQZ were, on average, 61.64% closer to the 

conventional CBS-P values than those computed with the cc-pVDZ, and cc-pVTZ 

correlation energies. This was expected as it is well known that double zeta basis set 

are not suitable for two point extrapolation schemes.116  While double and triple-zeta 

extrapolations have been included for completeness, further discussion focuses on the 

triple-quadruple zeta extrapolation within the Schwartz formulas. Therefore, the 

Schwartz-3 and Schwartz-4 extrapolations using triple-quadruple zeta basis sets will be 

designated as S3 and S4.  In addition, the values of the errors obtained with the S3, S4 

and Peterson (P) schemes are within 1 kcal/mol of each other, while the values 

obtained with the Feller formula (F) are not consistent with S3, S4 and P. The reduced 

recovery of MP2 correlation energy using Feller compared to the Schwartz and 

Peterson extrapolations mimics results shown our previous studies.60 For example, 

when applying ccCA to the G3/99 test set of 376 atoms and molecules: ccCA using the 

Peterson and Schwartz fits (ccCA-P and ccCA-S4) gave very similar energetic 

properties (i.e., enthalpies of formation, ionization potentials, electron affinities, proton 
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affinities), whereas ccCA using the exponential fit (ccCA-F) did not perform well due to 

the slow convergence of correlation energy.60 

For the 31 molecules investigated, the correlation energies – calculated using 

MP2/CBS using the S4 and P extrapolation schemes – were often identical, on average 

within 0.15 kcal/mol difference, and always within 1.05 kcal/mol of each other.  The 

correlation energies calculated using LMP2, and extrapolated with the S3 scheme are 

on average within 0.18 and 0.33 kcal/mol from P and S4, respectively. However, 

correlation energies extrapolated using S3 are both lower and closer to the 

corresponding CBS limit of the correlation energies using MP2 than those obtained from 

the P and S4 schemes. On average, energies obtained with LMP2/CBS(S3) were 0.41 

kcal/mol closer to the energies obtained using MP2/CBS(S3) than the energies obtained 

with LMP2/CBS(P) were to the energies when using MP2/CBS-P (0.74 kcal/mol closer 

when comparing using CBS(S4)). Thus, of the extrapolation schemes examined, the 

Schwartz-3 triple- and quadruple- zeta fit recovers the most MP2 correlation energy 

when using local methods and discussion of CBS limits hereafter will refer to the 

CBS(S3) scheme.  
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Table 7.6 Correlation energy error (kcal/mol) using LMP2 and percent correlation recovered, compared to MP2, 
for 31 molecules at the extrapolated CBS limits. 
  CBS Extrapolations 
  S3(DT) S4(DT) F P S3(TQ) S4(TQ) 
Methane 0.94 99.30% 0.96 99.27% 0.52 99.61% 0.34 99.75% 0.3 99.78% 0.37 99.73% 
Ethene 1.96 99.13% 1.97 99.12% 0.92 99.59% 0.54 99.76% 0.49 99.79% 0.63 99.73% 
Ethane 2.31 99.08% 2.38 99.04% 1.25 99.50% 0.76 99.70% 0.66 99.74% 0.84 99.67% 
Cyclopropane 3.95 98.87% 4.05 98.83% 1.96 99.44% 1.1 99.69% 0.93 99.74% 1.25 99.65% 
Propane 3.82 98.96% 3.96 98.91% 2.14 99.42% 1.33 99.64% 1.15 99.70% 1.46 99.61% 
Cyclobutane 5.48 98.83% 5.68 98.77% 3.12 99.33% 1.97 99.59% 1.71 99.64% 2.15 99.55% 
Butane 5.39 98.89% 5.6 98.83% 3.09 99.36% 1.95 99.60% 1.69 99.66% 2.13 99.57% 
Cyclohexane 9.15 98.70% 9.55 98.63% 5.48 99.22% 3.56 99.50% 3.1 99.57% 3.85 99.46% 
m-Xylene 10.51 98.80% 10.79 98.76% 5.54 99.37% 3.37 99.62% 2.95 99.67% 3.77 99.58% 
o-Xylene 9.75 98.89% 9.97 98.85% 4.92 99.44% 2.88 99.68% 2.51 99.72% 3.26 99.64% 
p-Xylene 9.62 98.91% 9.9 98.86% 5.11 99.42% 3.08 99.66% 2.67 99.70% 3.44 99.62% 
Naphthalene 11.45 98.92% 11.63 98.89% 4.37 99.59% 1.61 99.85% 1.17 99.89% 2.18 99.80% 
(CH3)3SiNH(CH3) 8.18 98.85% 8.43 98.81% 4.85 99.32% 3.3 99.55% 2.98 99.60% 3.56 99.51% 
Hexane 8.59 98.81% 8.93 98.75% 5.02 99.30% 3.23 99.56% 2.82 99.62% 3.51 99.52% 
Cyclohexanethiol 10.78 98.69% 11.23 98.62% 6.65 99.19% 4.47 99.47% 3.95 99.53% 4.8 99.43% 
Norbornane 10.52 98.70% 11.07 98.61% 6.62 99.18% 4.37 99.47% 3.79 99.54% 4.68 99.43% 
Ethoxytrimethylsilane 10.61 98.75% 10.89 98.70% 6.12 99.28% 4.12 99.52% 3.72 99.57% 4.47 99.48% 
(CH3)3SiN(CH3)2 9.54 98.86% 9.85 98.81% 5.54 99.34% 3.66 99.57% 3.25 99.62% 3.97 99.53% 
1-Azabicyclo[2,2,2]octane 12.49 98.68% 13.03 98.61% 7.78 99.18% 5.28 99.46% 4.67 99.52% 5.64 99.42% 
Bicyclo[2,2,2]octane 12.93 98.60% 13.54 98.52% 8.08 99.13% 5.4 99.43% 4.72 99.50% 5.78 99.39% 
Diethylsulfite 9.71 99.11% 9.91 99.08% 5.7 99.48% 3.98 99.64% 3.66 99.68% 4.3 99.62% 
Octane 11.82 98.76% 12.29 98.70% 6.97 99.27% 4.52 99.54% 3.96 99.60% 4.9 99.50% 
p-ClC6H4C2H5 11.26 98.88% 11.59 98.83% 6.25 99.38% 3.98 99.61% 3.52 99.66% 4.38 99.58% 
Diethylsulfate 11.16 99.11% 11.34 99.08% 7.89 99.37% 6.45 99.50% 6.17 99.52% 6.71 99.48% 
Si(OCH3)4 16.45 98.62% 16.65 98.59% 9.83 99.18% 7.2 99.41% 6.76 99.45% 7.73 99.37% 
Azulene 9.2 99.14% 9.5 99.10% 4.54 99.58% 2.42 99.78% 1.99 99.82% 2.79 99.74% 
2,4,10-Trioxaadamantane 15.44 98.78% 16.18 98.70% 9.04 99.29% 5.61 99.57% 4.78 99.63% 6.11 99.53% 
Bullvalene 12.64 98.83% 13.21 98.76% 6.31 99.42% 3.18 99.71% 2.47 99.78% 3.68 99.67% 
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Table 7.6    Continued. 
  CBS Extrapolations 
  S3(DT) S4(DT) F P S3(TQ) S4(TQ) 
Triquinacene 10.83 98.99% 11.65 98.90% 6.21 99.42% 3.28 99.70% 2.46 99.78% 3.64 99.67% 
1-Chloronaphthalene 12.59 98.94% 12.84 98.90% 5.46 99.54% 2.58 99.79% 2.1 99.83% 3.15 99.74% 
2-Chloronaphthalene 12.59 98.94% 12.81 98.91% 5.22 99.56% 2.28 99.81% 1.8 99.85% 2.87 99.76% 
Mean 9.41 98.88% 9.72 98.83% 5.24 99.38% 3.28 99.62% 2.87 99.67% 3.61 99.58% 
Std. Dev. 3.81 0.17% 3.94 0.18% 2.28 0.14% 1.68 0.12% 1.57 0.11% 1.76 0.12% 
 
 
Table 7.7 Mean and standard deviation (Std. Dev.) of correlation errors (kcal/mol) and percent correlation recovered 
using LMP2 with various domain extensions at the extrapolated CBS limit. 
    CBS Extrapolations 
    S3(DT) S4(DT) F P S3(TQ) S4(TQ) 

LMP2 Mean 9.41 98.88% 9.72 98.83% 5.24 99.38% 3.28 99.62% 2.87 99.67% 3.61 99.58% 
Std. Dev. 3.81 0.17% 3.94 0.18% 2.28 0.14% 1.68 0.12% 1.57 0.11% 1.76 0.12% 

              

IEXTS=1 Mean 3.07 99.66% 3.15 99.64% 1.76 99.81% 1.16 99.88% 1.04 99.89% 1.26 99.87% 
Std. Dev. 1.76 0.14% 1.81 0.15% 1.08 0.09% 0.82 0.07% 0.78 0.06% 0.86 0.07% 

              

IEXTC=1 Mean 2.46 99.73% 2.51 99.72% 1.35 99.85% 0.89 99.91% 0.8 99.92% 0.97 99.90% 
Std. Dev. 1.45 0.12% 1.48 0.12% 0.87 0.07% 0.67 0.06% 0.65 0.05% 0.71 0.06% 

              

IEXT=1 Mean 1.54 99.83% 1.56 99.82% 0.69 99.92% 0.36 99.96% 0.31 99.97% 0.43 99.95% 
Std. Dev. 0.76 0.06% 0.78 0.06% 0.35 0.03% 0.21 0.02% 0.2 0.02% 0.24 0.02% 

              

IEXTS=2 Mean 2.08 99.77% 2.15 99.76% 1.32 99.86% 0.95 99.90% 0.86 99.91% 1.01 99.89% 
Std. Dev. 1.44 0.13% 1.46 0.13% 0.91 0.08% 0.71 0.06% 0.69 0.06% 0.75 0.06% 

              

IEXTC=2 Mean 1.37 99.86% 1.4 99.85% 0.88 99.91% 0.66 99.93% 0.61 99.94% 0.7 99.93% 
Std. Dev. 1.09 0.10% 1.09 0.10% 0.69 0.06% 0.56 0.05% 0.55 0.05% 0.59 0.05% 

              

IEXT=2 
Mean 0.35 99.96% 0.34 99.96% 0.16 99.98% 0.11 99.99% 0.1 99.99% 0.12 99.99% 
Std. Dev. 0.21 0.02% 0.21 0.02% 0.1 0.01% 0.07 0.01% 0.07 0.01% 0.08 0.01% 
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7.3.4 Impact of Domain Extension on Convergence 

 The CBS limit of LMP2 is closer to the canonical MP2 limit than the LMP2 

calculations at each basis set level were to the conventional calculations (Table 7.2 and 

Table 7.6).  Extrapolating to the CBS limit in LMP2 reduces its correlation error relative 

to MP2. This is consistent with the observation made in the previous section that the 

errors in correlation energy diminished as the zeta level increased (Figure 7.2 and 

Figure 7.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2  A comparison of local domain choice on correlation energy 
convergence behavior using the Schwartz-3 extrapolation scheme using cc-
pVnZ. 
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LMP2/CBS with all domain variants presented recover an average of 99.67% of 

the conventional CBS limit correlation energy (Table 7.7).  The worst case occurred for 

Si(OCH3)4, in which only 99.45% was recovered.  Table 7.7 shows, when the domains 

are extended in the computationally least expensive way (IEXTS=1), the average 

fraction of the correlation energy increases to 99.89%, and the average deviation 

decreases from 2.87 to 1.04 kcal/mol. Extending strong pair domains out two atoms 

from the standard domain (IEXTS=2) brings the mean percentage of correlation energy 

recovered up to 99.91%. When strong and close pair domains included (IEXTC=1), the 

mean percentage increases only slightly, to 99.92%. Likewise, the addition of extended 

domains for strong, close, weak, and distant pairs (IEXT=1), the mean percentage 

increases by 0.05% to 99.97%, but within these extended domains the standard 

Figure 7.3 Comparison of local domain choice on recovered correlation 
energy in comparison to MP2 using cc-pVnZ.  

n 
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deviations are only 0.02%.  Also significant are the absolute errors in LMP2 correlation 

energy at the CBS limit, shown for standard LMP2 and for the domain-extended LMP2 

in Table 7.7. 

Table 7.8 shows the correlation error and correlation percent for each molecule 

at the Schwartz-3 CBS limit, computed with all variants of LMP2. With standard 

domains, the local CBS energies for all but two of the molecules (Si(OCH3)4 and 

C2H5O2SO2 having correlation errors of 6.76 and 6.17 kcal/mol respectively) are within 5 

kcal/mol of the energies using canonical MP2/CBS. Augmenting strong pair domains 

with neighboring AOs brings all molecules to within 3.0 kcal/mol of the MP2/CBS 

calculated value, and augmenting strong and close pair domains (IEXTC=1) with 

neighboring PAOs brings all but two molecules — Si(OCH3)4 (3.04 kcal/mol) and 

C2H5O2SO2 (2.22 kcal/mol) — within 1.4 kcal/mol of the canonical energy. Only with the 

IEXT=1 option, however, can achieving LMP2/CBS energies that are within 1.0 kcal/mol 

of the standard MP2/CBS energies be expected.  With domains thus extended, such 

accuracy was achieved for all molecules.  On average, the extrapolated energy 

obtained with IEXT=1 was 0.25 kcal/mol higher than the MP2 energy. 
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Table 7.8 Correlation errors (kcal/mol) and correlation percentages (%) for LMP2 using the S3 CBS extrapolation 
scheme.  
  LMP2 IEXTS=1 IEXTC=1 IEXT=1 IEXTS=2 IEXTC=2 IEXT=2 
Methane 0.30 99.78 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 
Ethene 0.49 99.79 0.03 99.99 0.02 99.99 0.02 99.99 0.01 100.00 0.00 100.00 0.00 100.00 
Ethane 0.66 99.74 0.07 99.97 0.02 99.99 0.02 99.99 0.05 99.98 0.00 100.00 0.00 100.00 
Cyclopropane 0.93 99.74 0.11 99.97 0.02 99.99 0.02 99.99 0.10 99.97 0.00 100.00 0.00 100.00 
Propane 1.15 99.70 0.23 99.94 0.13 99.97 0.07 99.98 0.18 99.95 0.07 99.98 0.01 100.00 
Cyclobutane 1.71 99.64 0.39 99.92 0.19 99.96 0.12 99.97 0.29 99.94 0.08 99.98 0.01 100.00 
Butane 1.69 99.66 0.44 99.91 0.28 99.94 0.13 99.97 0.36 99.93 0.18 99.96 0.03 99.99 
Cyclohexane 3.10 99.57 1.12 99.85 0.77 99.89 0.31 99.96 0.96 99.87 0.59 99.92 0.10 99.99 
m-Xylene 2.95 99.67 0.90 99.90 0.67 99.93 0.38 99.96 0.62 99.93 0.38 99.96 0.08 99.99 
o-Xylene 2.51 99.72 0.64 99.93 0.52 99.94 0.17 99.98 0.56 99.94 0.44 99.95 0.08 99.99 
p-Xylene 2.67 99.70 0.73 99.92 0.57 99.94 0.25 99.97 0.58 99.94 0.41 99.96 0.08 99.99 
Naphthalene 1.17 99.89 0.74 99.93 0.58 99.95 0.25 99.98 0.60 99.94 0.44 99.96 0.10 99.99 
(CH3)3SiNH-
(CH3) 

2.98 99.60 0.81 99.89 0.74 99.90 0.28 99.96 0.63 99.91 0.55 99.92 0.07 99.99 

Hexane 2.82 99.62 0.89 99.88 0.61 99.92 0.26 99.96 0.75 99.90 0.44 99.94 0.08 99.99 
Cyclohexane-
thiol 3.95 99.53 1.56 99.82 1.19 99.86 0.46 99.95 1.34 99.84 0.95 99.89 0.17 99.98 

Norbornane 3.79 99.54 1.39 99.83 0.87 99.90 0.35 99.96 1.18 99.86 0.64 99.92 0.09 99.99 
Ethoxytrime-
thylsilane 3.72 99.57 1.34 99.85 1.21 99.86 0.38 99.96 1.13 99.87 1.00 99.89 0.14 99.98 

(CH3)3SiN-
(CH3)2 

3.25 99.62 0.98 99.89 0.92 99.89 0.29 99.97 0.82 99.90 0.76 99.91 0.10 99.99 

1-Azabicyclo-
[2,2,2]octane 4.67 99.52 1.91 99.80 1.35 99.86 0.43 99.96 1.66 99.83 1.07 99.89 0.11 99.99 

Bicyclo[2,2,2]-
octane 4.72 99.50 1.98 99.79 1.37 99.86 0.45 99.95 1.72 99.82 1.07 99.89 0.12 99.99 

Diethylsulfite 3.66 99.68 1.37 99.88 1.16 99.90 0.52 99.95 1.09 99.90 0.86 99.92 0.19 99.98 
Octane 3.96 99.60 1.35 99.86 0.96 99.90 0.39 99.96 1.16 99.88 0.72 99.93 0.13 99.99 
p-ClC6H4C2H5 3.52 99.66 1.22 99.88 1.01 99.90 0.49 99.95 0.93 99.91 0.70 99.93 0.15 99.99 
Diethylsulfate 6.17 99.52 2.86 99.78 2.22 99.83 0.86 99.93 2.44 99.81 1.71 99.87 0.24 99.98 
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Table 7.8       Continued. 

 
LMP2 IEXTS=1 IEXTC=1 IEXT=1 IEXTS=2 IEXTC=2 IEXT=2 

Si(OCH3)4 6.76 99.45 3.38 99.73 3.04 99.75 0.71 99.94 2.99 99.76 2.65 99.79 0.26 99.98 
Azulene 1.99 99.82 0.72 99.93 0.54 99.95 0.27 99.98 0.57 99.95 0.39 99.96 0.10 99.99 
2,4,10-Trioxa-
adamantane 4.78 99.63 1.73 99.87 1.17 99.91 0.42 99.97 1.48 99.89 0.92 99.93 0.20 99.98 

Bullvalene 2.47 99.78 0.35 99.97 0.37 99.97 0.18 99.98 0.22 99.98 0.28 99.97 0.09 99.99 
Triquinacene 2.46 99.78 0.55 99.95 0.37 99.97 0.17 99.98 0.45 99.96 0.27 99.98 0.07 99.99 
1-Chloro-
naphthalene 2.10 99.83 1.19 99.90 1.01 99.92 0.44 99.96 0.99 99.92 0.80 99.93 0.20 99.98 

2-Chloro-
naphthalene 1.80 99.85 1.09 99.91 0.93 99.92 0.41 99.97 0.87 99.93 0.69 99.94 0.16 99.99 

Mean 2.87 99.67 1.04 99.89 0.80 99.92 0.31 99.97 0.86 99.91 0.61 99.94 0.10 99.99 
Std. Dev. 1.57 0.11 0.78 0.06 0.65 0.05 0.20 0.02 0.69 0.06 0.55 0.05 0.07 0.01 
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 It is evident from the results shown in Table 7.7 — particularly the increase in 

correlation recovery percentages from standard LMP2 to IEXTS = 1 to IEXTS = 2 

(99.67% to 99.89% to 99.88%) that of the interactions considered by the extended 

domains, the strong pair interactions in the singly extended domains contribute the most 

to the correlation energy.  Close-pair substitutions in the singly extended domains 

contribute more to the correlation energy (raising the fraction to 99.92%) than do the 

strong pair interactions in the double extended domains. Surprisingly, when extended 

domains are used for weak pairs as well (IEXT=1), the correlation percent is increased 

from the IEXTC=1 value by 0.05%, a greater increase than seen then when using 

IEXTC=1 versus IEXTS=1 (i.e., 0.03%). 

The accuracy achieved with these options leads to the question of whether such 

accuracy will still be achieved as the size of the molecule being studied increases.  

Figure 7.4 and Figure 7.5 show the correlation percents of all of the variants of LMP2 at 

the CBS limit for alkanes and cycloalkanes. The decreasing trend for the alkanes is best 

modeled through a polynomial function, which achieves an R2 above 0.972 in all cases.  

When using standard domains, the correlation percentage decreases much more 

quickly than it does when domains are extended.  This is seen quantitatively in the 

exponent of the power function describing the data.  As the percentages decrease with 

increasing molecular size, the exponents will be negative; those lower in magnitude 

indicate a slower decrease in correlation percent.  The exponents decrease in 

magnitude as the domain as further extended. For alkanes, the decrease is from 0.0011 

for standard LMP2 to 0.0002 for LMP2, IEXT=1.  While standard LMP2 decreases 

rather quickly in correlation percent as the molecule increases in size, LMP2 with 
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extended domains – particularly IEXT=1 – decreases much less rapidly. For 

cycloalkanes, a decreasing trend is also evident, although a power function model for 

this trend does not perform well.  It can still be seen from the chart, however, that as the 

domains considered become larger, the correlation percent decreases more slowly with 

the size of the molecule.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 7.4 Percentage of MP2 correlation energy recovered at the CBS 
limit as a function of number of hydrogens within alkanes. 
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 The molecule for which LMP2 performed poorest is Si(OCH3)4. The problem with 

Si(OCH3)4 has already been noted above. This higher deviation in correlation energy is 

likely due to the use of finite domains in LMP2, which may not adequately model the 

electron correlation of structures with orbitals domains that utilize diffuse basis sets. 

Silicon-containing compounds are also known to have multireference character which 

should be further investigated for this compound. The relatively low correlation percents 

for this molecule (99.73%) even with IEXTS=1 indicates that bonding in these systems 

is highly delocalized. Somewhat surprisingly, the performance of the local methods on 

conjugated structures was much better: with standard domains, the LMP2/CBS-P 

energy was an average of 2.77 kcal/mol greater than the MP2/CBS-P energy, lower 

Figure 7.5  Percentage of MP2 correlation energy recovered at the CBS 
limit as a function of number of hydrogens within cyclic alkanes. 
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than the MAD for the entire set, 3.59 kcal/mol.   This is largely due to the presence of at 

least one orbital domain which includes five or more carbon atoms in the conjugated 

system, thus considering, at least to some degree, the long-range interactions in these 

systems.  The worst performance out of these molecules occurred for p-Cl(C6H4)C2H5, 

which contains an ethyl group and thus has added long-range interactions not 

considered by the local methods. For molecules containing the second-row elements 

sulfur and silicon, the correlation errors were greater than they were for the conjugated 

systems, with an MAD of 4.34 kcal/mol.   

7.3.5 CPU Time Savings  

As mentioned previously, the advantage of local methods is the reduction of two-

electon integrals allowing for computational savings (i.e., CPU time, disk space).  The 

correlation energy calculations were carried out on an Intel Xeon/X5550 2.66 GHz 

processor system.  Figure 7.6 shows that the CPU times decrease increasingly, using 

local methods compared to conventional MP2 calculations, when going from double-

zeta to triple-zeta to quadruple-zeta basis sets.  However, within the double zeta basis, 

it is shown that the IEXT domain extensions cause an increase in the CPU time 

compared to MP2 calculations.        
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Figure 7.6 CPU times for MP2, LMP2, and LMP2 with extended 
domains. 
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Table 7.9 provides the percent CPU time savings of conventional LMP2 for the 

molecules investigated. Increasing molecular size shows increased percent CPU time 

savings, while the small molecules, such as methane, ethene, ethane, and 

cyclopropane, all show an increase in the overall percent CPU time when using 

standard LMP2 compared to MP2. For example, ethane shows that with the cc-pVDZ 

basis set the standard LMP2 uses 33.33% more CPU time than the conventional MP2 

using the cc-pVDZ basis set. This is due to the integrals which must be calculated in 

order to set the domains in local method theory, therefore increasing the time for small 

molecules and thus should not be considered for such small molecules.  

 
 

Table 7.9 Percent CPU time savings of LMP2 compared 
to MP2. 
  cc-pVDZ cc-pVTZ cc-pVQZ 
Methane -75.00% 17.86% 49.09% 
Ethene -83.33% 36.21% 51.34% 
Ethane -33.33% 43.64% 58.05% 
Cyclopropane -10.71% 47.44% 61.20% 
Propane 14.58% 49.84% 62.61% 
Cyclobutane 27.88% 57.92% 58.07% 
Butane 36.14% 61.15% 70.22% 
Cyclohexane 50.06% 58.34% 85.86% 
m-xylene 40.66% 52.83% 90.47% 
o-xylene 30.51% 51.67% 91.08% 
p-xylene 42.03% 53.02% 91.58% 
Naphthalene 28.03% 65.72% 94.55% 
(CH3)3SiNH(CH3) 48.91% 59.42% 91.34% 
Hexane 50.35% 72.89% 91.06% 
Cyclohexanethiol 53.24% 68.85% 92.09% 
Norbornane 58.61% 66.91% 91.03% 
Ethoxytrimethylsilane 54.88% 79.17% 95.50% 
(CH3)3SiN(CH3)2 53.86% 74.13% 94.19% 
1-Azabicyclo[2,2,2]octane 56.20% 70.80% 95.69% 
Bicyclo[2,2,2]octane 52.61% 74.68% 95.47% 
Diethylsulfite 47.77% 73.19% 92.19% 
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Table 7.9     Continued. 
     cc-pVDZ cc-pVTZ cc-pVQZ 

Octane 70.67% 77.23% 98.86% 
p-ClC6H4C2H5 46.12% 75.03% 95.13% 
Diethylsulfate 46.22% 67.85% 95.77% 
Si(OCH3)4 52.14% 78.12% 95.52% 
Azulene 48.63% 64.78% 94.43% 
2,4,10-trioxaadamantane 55.14% 74.35% 96.23% 
Bullvalene 53.64% 73.14% 94.88% 
Triquinacene 42.29% 70.28% 94.79% 
1-chloronaphthalene 43.76% 67.06% 95.31% 
2-chloronaphthalene 37.29% 68.08% 95.42% 

Mean 33.54% 62.95% 85.34% 
Std. Dev. 36.30% 13.80% 15.48% 

  
  
 
 

Table 7.10 Average and standard deviation (Std. Dev.) 
of percent CPU time savings in LMP2, all variants. 
(kcal/mol) 

  cc-pVDZ cc-pVTZ cc-pVQZ 

LMP2 Mean 33.54% 62.95% 85.34% 
Std. Dev. 36.30% 13.80% 15.48% 

     
IEXTS=1 Mean 13.18% 54.60% 82.40% 

Std. Dev. 53.11% 24.06% 20.42% 

     
IEXTC=1 Mean -0.25% 48.61% 81.03% 

Std. Dev. 55.92% 27.66% 21.70% 
      
IEXT=1 Mean -20.25% 24.23% 79.78% 

Std. Dev. 44.69% 26.42% 21.05% 

     
IEXTS=2 Mean -5.15% 47.25% 80.12% 

Std. Dev. 48.55% 24.35% 21.88% 

     
IEXTC=2 Mean -33.33% 35.84% 77.77% 

Std. Dev. 56.19% 27.28% 24.19% 

     
IEXT=2 

Mean -93.73% 18.58% 75.24% 
Std. Dev. 35.58% 21.77% 23.70% 
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 The percent CPU time savings averages for each domain extension are given in 

Table 7.10. It is shown than on average the cc-pVDZ basis set causes this increase in 

computational time for LMP2 compared to MP2, while the average percent CPU time 

savings for the larger basis sets is positive, on average, for each domain extension 

investigated.  With increasing basis set size, from double-, to triple-, to quadruple- zeta 

basis sets there is a great increase in the amount of time savings.  For example, with 

the close domain extension the percent time savings for double-, triple-, and quadruple- 

zeta are -0.25%, 48.61%, and 81.03%, respectively. As we have seen that complete 

basis set extrapolations allow us to recover over 99% of the MP2 correlation energy this 

time saving is much needed in order to complete the quadruple calculations, the most 

computationally demanding basis set in the series.  

 

7.4 Conclusions 

 Various local domain extensions have been investigated using a set of thirty-one 

molecules with up to twenty-two atoms. Extrapolation schemes have been used in order 

to determine the convergence to the complete basis set (CBS) limit. Using 

extrapolations to the CBS limit it was shown that LMP2 methods recover over 99% of 

the MP2 correlation energy.  Additionally, the IEXTC=1 option seems to be the best in 

terms of efficiency versus correlation energy recovered, having a percent CPU savings 

of 81.03% at the cc-pVQZ basis set level, and recovering 99.82% of the correlation 

energy at the same basis set level.  The correlation energy percentage increases to 

99.92% when extrapolating to the CBS limit.  The average error with this method, 0.80 

kcal/mol, is below to the desired accuracy of ~1 kcal/mol, and the methods standard 
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deviation is only 0.65 kcal/mol at the CBS limit.  For the molecules in our test set, this 

domain extension was both cheaper and more efficient than the IEXTS=2 option.  

However, if sub-kcal/mol accuracy of is desired, the IEXT=1 option is available, which, 

although expensive, gave reliable CBS energies recovering an average of 99.97% MP2 

correlation energy and having an average correlation error of 0.31 kcal/mol. 
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CHAPTER 8 

CONCLUDING REMARKS 

The research presented in this dissertation has covered a breadth of topics from 

the prediction of energetics using the correlation consistent composite approach (ccCA), 

to investigations of thermochemical pathways, to the recovery of correlation energy 

within local Møller–Plesset theory (LMP2).  A brief summary for the research presented 

along with suggested future studies is provided. 

Chapter 3 detailed investigations on the calculation of enthalpies of formation for 

nitrogen-containing compounds. The ccCA methodology was tested for RNOx 

compounds, utilizing the approach on 40 molecules with known enthalpies of formation. 

The ccCA methodology was shown to achieve mean absolute deviation of 1.1 kcal/mol.  

The ccCA method was applied to five tetrazine-containing molecules to predict 

enthalpies of formation for compounds that have yet to be determined experimentally. 

As high enthalpies of formation are a favorable property for tetrazine compounds, it is 

also important to quantify the sensitivity of the explosives investigated.  This can be 

done through investigation on bond dissociation energies (BDEs) for the weak points 

(e.g., C—NO2, N—NO2, and O—NO2 bonds) within explosive nitrogen-containing 

compounds.  As the correlation between BDEs and sensitivities have not been shown, 

using the molecular energy (E) to scale the BDE (i.e., BDE/E) has been shown to 

correlate with the sensitivity of explosive compounds.  By investigating the relationship 

of tetrazine compounds with known impact sensitivity values and BDE/E further 
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conclusion on the sensitivity of the proposed energetic nitrogen-containing compounds 

can be made.     

Chapter 4 introduces reaction schemes, rather than the traditional atomization 

approach, for the calculation of enthalpies of formation for sulfur hydrocarbons.  Use of 

hypohomodesmotic reaction schemes has proven to reduce the reliance on the 

cancellation of errors within composite methods, however overall the accuracy of the 

calculated enthalpies of formation reduces only slightly when using composite methods 

with either type of reaction scheme, i.e., atomization or hypohomodesmotic approach. 

However, a large decrease was seen in the accuracy associated with using individual 

levels of theory (as opposed to a composite approach) when predicting enthalpies of 

formation, showing that it is crucial to use reaction mechanisms for the prediction of 

enthalpies of formation when using more approximate levels of theory and/or within a 

finite basis.  The largest deviations from experiment in enthalpies of formation was for 

two of the five presented π-bonded compounds; therefore, additional investigations on 

systems containing π-bonds should be carried out to see if alternative reaction 

mechanisms (e.g., homodesmotic, a higher level of the hierarchy of reaction 

mechanisms) will enable for more accurate descriptions of sulfur compounds which 

contain π-bonds.  Extending these reaction mechanisms to other systems, such as 

nitrogen containing compounds is also of interest. Due to the resonance in energetic 

nitrogen-containing compounds, it is likely that alternative reaction schemes (e.g., 

homodesmotic, or ring conserved) will be necessary.  

The next two studies investigated the fundamental interactions for the binding of 

carbon dioxide within proteins and with organic amine compounds.  As dispersion 
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interactions play a major role in these complexes, modifications within the ccCA 

methodology were required, such as including the addition of dispersion functions with 

an augmented basis.  A dispersion–corrected DFT method was also investigated, 

B97D, compared to the prescribed B3LYP geometry optimization within ccCA. 

Interaction energies were shown to rely less on geometry optimization when using the 

correlation consistent composite method.  The findings of Chapter 5 and Chapter 6 

show that carbon dioxide prefers to bind to more basic compounds.  Hydrogen binding 

is shown to be the primary binding motif for carbon dioxide; however, a change in the 

binding mode is noted with the addition of electron withdrawing groups, potentially 

enabling the carbon to be open for a catalyst, allowing for the reduction of the carbon 

dioxide.  The affinity for the binding of CO2 to organic amines has been presented; 

however, studies to investigate the reaction barriers which provide additional 

information on the energy necessary for the release of CO2 (e.g., within the regeneration 

process), should be carried out. Reaction mechanisms of organic amines with CO2 – in 

the presence of solvent (through microsolvation or PCM models) as this has been 

shown to be critical in the binding of CO2 – to produce carbamates should be modeled.  

Finally, Chapter 7 is a preliminary study on the convergence and domain choice 

when utilizing localized orbitals rather than the delocalized canonical orbitals within 

MP2. The extrapolation of the LMP2/cc-pVnZ (n=D,T,Q) correlation energies was 

carried out and compared against the correlation energies arising from the use of 

extended domains (including strong and close domain pairs).  Extended domains are 

shown to be necessary for the recovery of ≥99% of conventional MP2 correlation 

energy.  The large recovery of correlation energy is promising for model chemistries 
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such as ccCA, allowing for further reduction of computational cost in the bottleneck 

single-point energy calculations. However, before implementation within such model 

chemistries, investigations should be carried out on the differences in energies (e.g., 

TAEs) which are necessary for accurate properties to be calculated. Effects of basis set 

superposition error within the MP2 and LMP2 methods at the complete basis set limit for 

these compounds is also of interest.  As mentioned, one of the advantages of LMP2 is 

the reduction of the BSSE that is in conventional MP2 calculations. The investigation 

into the size of the BSSE introduced with the various domain extensions is of 

importance, as LMP2 with the inclusion of all localized orbitals within the domain is 

equivalent to MP2.       
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