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Advances in computing capabilities have facilitated the application of quantum 

mechanical methods to increasingly larger and more complex chemical systems, including 

weakly interacting and biologically relevant species.  One such ab initio-based composite 

methodology, the correlation consistent composite approach (ccCA), has been shown to be 

reliable for the prediction of enthalpies of formation and reaction energies of main group 

species in the gas phase to within 1 kcal mol-1, on average, of well-established experiment, 

without dependence on experimental parameterization or empirical corrections. 

In this collection of work, ccCA has been utilized to determine the proton affinities of 

deoxyribonucleosides within an ONIOM framework (ONIOM-ccCA) and to predict accurate 

enthalpies of formation for organophosphorus compounds.  Despite the complexity of these 

systems, ccCA is shown to result in enthalpies of formation to within ~2 kcal mol-1 of 

experiment and predict reliable reaction energies for systems with little to no experimental 

data. New applications for the ccCA method have also been introduced, expanding the utility of 

ccCA to solvated systems and complexes with significant noncovalent interactions.  By 

incorporating the SMD solvation model into the ccCA formulation, the Solv-ccCA method is able 

to predict the pKa values of nitrogen systems to within 0.7 pKa unit (less than 1.0 kcal mol-1), 

overall.  A hydrogen bonding constant has also been developed for use with weakly interacting 

dimers and small cluster compounds, resulting in ccCA interaction energies for water clusters 

and dimers of the S66 set to within 1.0 kcal mol-1 of well-established theoretical values. 
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CHAPTER 1  

INTRODUCTION 

Recent advances in modern computational chemistry approaches, furthered by the 

development of high performance scientific computing, have allowed for the utilization of 

quantum mechanics in a diverse arena of chemical applications, including biological systems 

which would have been considered intractable as recently as a decade ago.  Solving the 

Schrödinger equation, the fundamental equation of quantum theory, allows for the 

determination of important thermochemical properties, including enthalpies of formation, 

proton affinities, and dissociation energies, to within “chemical accuracy” (1 kcal mol-1 from 

reliable experiment).  However, exact solutions to the Schrödinger equation are costly, in terms 

of the computational resources (disk space, memory, and time) required, and the complexity of 

such solutions limit computational feasibility to one-electron systems.   

There is a variety of techniques that may be used to ameliorate the effects of system 

size and the demands of high accuracy methodologies.  For instance, approximations to the 

description of electron correlation or basis set truncation can be introduced to simplify the 

Schrödinger equation and maintain chemical accuracy with reduced computational cost.  In 

addition, composite methodologies are commonly utilized, in which a selective combination of 

high accuracy methods and small basis sets is used in conjunction with less accurate methods 

and larger basis sets to achieve a higher target accuracy than would otherwise be possible 

within the limits of computational practicality.  The work in this dissertation focuses on 

applications of the correlation consistent composite approach (ccCA), an ab initio-based 
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composite methodology that has been shown to achieve chemical accuracy for a variety of 

systems and thermochemical properties. 

Chapter 2 details the fundamental quantum theory underlying the Schrodinger 

equation, method and basis set selection, and ab initio methodologies—quantum mechanics 

methods which may be used to determine thermodynamic properties without the need for 

empirical corrections or parameterization against experimental data.  Within Chapter 3, the 

construction of the ccCA method is outlined, and other composite and hybrid methodologies 

are discussed. 

Subsequent chapters involve the extension of ccCA to biological applications and 

determination of the accuracy of ccCA in both the energetics of organic systems and beyond 

main group applications: 

Chapter 4 presents an application of the ONIOM-ccCA methodology in which the proton 

affinities (PAs) of small biomolecules were determined.  A protocol for the determination of the 

model system size within the ONIOM framework was established, and the low level method 

and basis set combination needed for the real system component were also determined.  

Density functionals were investigated for description of the real system, including B3LYP, B97-1, 

B97-2, B98, BMK, M06, and M06-2X, and the resulting proton affinities were compared both to 

experiment and main group ccCA energetics.  Basis set choice, including augmented correlation 

consistent sets, in the low level calculation was also considered.  Using ccCA for the high layer, 

and B3LYP for the low layer, ONIOM(ccCA:B3LYP/aug-cc-pVDZ) was applied to determine the 

possible sites of protonation for deoxyribonucleosides. 
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Application of ccCA to solvated systems is presented in Chapter 5.  Here, a direct 

thermodynamic cycle was utilized, which incorporates the SMD universal solvation model 

within ccCA, to predict pKa without dependence upon experimental parameterization.  Termed 

the Solv-ccCA methodology, this method was used to predict the pKa values of a selection of 

nitrogen-containing species to within a mean absolute deviation (MAD) of 1.0 pKa unit from 

experimental values.  As with ONIOM-ccCA, several density functionals were also evaluated for 

use with SMD and compared to the performance of Solv-ccCA. 

In Chapter 6, the utility of ccCA for determining the energetics of noncovalent 

interactions is discussed.  The ccCA method was used to predict complexation energies of 

(H2O)n, (HF)n, and (NH3)n clusters of n = 2-6 monomers.  These results were compared to 

energies from the MP2, CCSD(T), and W1-F12 levels of theory, and a modified ccCA protocol, 

denoted ccCA(+), was proposed for calculation of noncovalent interaction energetics in small 

hydrogen bonded clusters.  Additionally, ccCA and ccCA(+) were applied to the interaction 

energies for systems from the S66 data set. 

Finally, the accuracy of ccCA for main group applications is demonstrated in Chapter 7.  

Revisiting previous unpublished work performed by Jorgensen, Holmes, and DeYonker, 

enthalpies of formation (ΔHf) for 55 Organophosphorus(III) and 36 organophosphorus(V) 

compounds were studied using composite Gaussian-n (G3, G3(MP2), and G4) methods, as well 

as ccCA, and compared against the available theoretical and experimental values for enthalpies 

of formation. 
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CHAPTER 2  

QUANTUM MECHANICS 

2.1 The Schrödinger Equation 

Ab initio theory can be used to model molecular systems using the non-relativistic, 

time-independent Schrödinger equation:1 

𝐻𝐻�𝛹𝛹 = 𝐸𝐸𝛹𝛹 2.1 

where 𝐻𝐻� is the Hamiltonian operator, which acts on the wavefunction, Ψ, to return the original 

eigenfunction and the energy of the system (𝐸𝐸), an eigenvalue.  The Hamiltonian operator can 

be expanded as kinetic (𝑇𝑇�) and potential (𝑉𝑉�) energy operators: 

𝐻𝐻� = 𝑇𝑇� + 𝑉𝑉�  2.2 

and expressed as terms that describe the interactions between nuclei and electrons: 

𝐻𝐻� = 𝑇𝑇�𝑒𝑒 + 𝑇𝑇�𝑛𝑛 + 𝑉𝑉�𝑒𝑒𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑛𝑛 + 𝑉𝑉�𝑛𝑛𝑛𝑛 2.3 

Here, 𝑇𝑇�𝑒𝑒 is the kinetic energy operator for the electron and 𝑇𝑇�𝑛𝑛 is the kinetic energy operator for 

the nucleus.  The expression also includes potential energy terms to account for electron-

electron (𝑉𝑉�𝑒𝑒𝑒𝑒), electron-nuclear (𝑉𝑉�𝑒𝑒𝑛𝑛), and nuclear-nuclear (𝑉𝑉�𝑛𝑛𝑛𝑛) interactions. 

As the number of electrons grows with the size of the molecular system, the potential 

energy of the electrostatic interactions rapidly becomes prohibitively expensive due to coupling 

of these interactions, limiting exact solutions of the non-relativistic, time-independent 

Schrödinger equation to one-electron systems.  To circumvent this “many-body problem,” 

approximations must be used to find solutions to the Schrödinger equation for systems 

containing two or more particles. 
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The Born-Oppenheimer approximation2,3 allows for the separate treatment of the 

nuclear and electronic motion by separating the total wavefunction for the system into a sum 

of products of wavefunctions for the electrons and the nuclei.  By regarding the interactions of 

the electrons with the nuclei and with each other according to Coulomb’s law, the 

wavefunction can then be written as the product of a nuclear wavefunction, which only 

depends on the positions of the nuclei, and an electronic wavefunction, which is dependent 

upon the electronic coordinates but also upon the nuclear positions as an average force or 

effective field between the nuclei.  This means that it can be assumed that the masses of the 

nuclei are infinitely larger than those of the electrons, and as a consequence, the motion of the 

electrons is within a field of stationary nuclei. 

Thus, an electronic Hamiltonian operator, 𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,4,5 can be expressed as: 

𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇�𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑛𝑛 + 𝐶𝐶 2.4 

where 𝑇𝑇�𝑛𝑛 is negated and 𝑉𝑉�𝑛𝑛𝑛𝑛 is constant.  𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can also be written as: 

𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ∑ − 12 𝛻𝛻𝑖𝑖
2𝑛𝑛

𝑖𝑖=1 + ∑ 1
|𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗|

𝑛𝑛
𝑖𝑖,𝑗𝑗 < 𝑖𝑖=1 + ∑ ∑ −𝑍𝑍𝐾𝐾

|𝑟𝑟𝑖𝑖−𝑟𝑟𝐾𝐾|
𝑁𝑁
𝐾𝐾=𝑛𝑛+1

𝑛𝑛
𝑖𝑖=1  2.5 

where ∇2 is the Laplacian (a differential operator, used here to describe electronic behavior in 

three-dimensional space), 𝑖𝑖 and 𝑗𝑗 denote electrons, 𝑟𝑟 indicates the position of a particle, 𝐾𝐾 

denotes nuclei, and 𝑍𝑍 represents nuclear charge.  Electronic structure calculations using this 

electronic Hamiltonian are still hindered by the many-body problem posed by the electronic 

interactions of the 𝑉𝑉�𝑒𝑒𝑒𝑒 term, and further approximations must be employed within the 

methodology. 
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2.2 Computational Methods 

2.2.1 Electronic Structure Theory 

 The time-independent Schrödinger equation can yield the probability density of the 

electrons by utilizing the squared modulus of the wavefunction (|Ψ2|), and further 

approximations must be included in the treatment of these electrons to address the many-body 

problem and improve the feasibility of calculations on a multi-electron system.  The Hartree-

Fock (HF) approximation6 is one such treatment and is the simplest ab initio methodology.  The 

molecular HF wavefunction can be written as a product of atomic orbitals, yielding a single 

Slater determinant that satisfies the antisymmetry requirement of the Pauli exclusion 

principle,4,7,8 which can then be solved by minimizing the energy of the system according to the 

variational principle: given a normalized, continuous, square-integrable wavefunction, the 

energy of an approximate wavefunction will always be higher than the real energy of a system. 

𝐸𝐸0 ≤ �𝛹𝛹0�𝐻𝐻��𝛹𝛹0� 2.6 

 The HF equation is written as: 

𝑓𝑓(𝑖𝑖)𝜒𝜒(𝑥𝑥𝑖𝑖) = 𝜀𝜀𝜒𝜒(𝑥𝑥𝑖𝑖) 2.7 

where 𝑓𝑓(𝑖𝑖) is an effective one-electron operator, referred to as the Fock operator: 

𝑓𝑓(𝑖𝑖) = ∑ − 12 𝛻𝛻𝑖𝑖
2𝑛𝑛

𝑖𝑖=1 + 𝑣𝑣𝐻𝐻𝐻𝐻(𝑖𝑖) + ∑ ∑ −𝑍𝑍𝐾𝐾
|𝑟𝑟𝑖𝑖−𝑟𝑟𝐾𝐾|

𝑁𝑁
𝐾𝐾=𝑛𝑛+1

𝑛𝑛
𝑖𝑖=1  2.8 

Comparing the Fock operator to the electronic Hamiltonian (produced using the Born-

Oppenheimer approximation), 

𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ∑ − 12 𝛻𝛻𝑖𝑖
2𝑛𝑛

𝑖𝑖=1 + ∑ 1
|𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗|

𝑛𝑛
𝑖𝑖,𝑗𝑗 < 𝑖𝑖=1 + ∑ ∑ −𝑍𝑍𝐾𝐾

|𝑟𝑟𝑖𝑖−𝑟𝑟𝐾𝐾|
𝑁𝑁
𝐾𝐾=𝑛𝑛+1

𝑛𝑛
𝑖𝑖=1  2.9 
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 it is shown that the potential of the electronic interactions is replaced by an average potential, 

𝑣𝑣HF(𝑖𝑖), in which each electron is affected only by the “smear” of the surrounding electrons 

(also known as the “mean-field approximation”).  As a result, only same-spin interactions are 

directly considered, and the many-body problem is effectively reduced to a one-electron 

problem, which is exactly solvable using an iterative self-consistent field (SCF) procedure.  In 

theory, larger, more complete spin orbitals—or basis functions—may be introduced to produce 

lower, more accurate energies, within the boundaries of the variation principle; however, the 

HF method neglects opposite-spin electron interactions, and less-approximate methodologies 

must be utilized to obtain a better description of the remaining electron correlation, 𝐸𝐸𝑒𝑒𝑐𝑐𝑟𝑟𝑟𝑟:9 

𝐸𝐸𝑒𝑒𝑐𝑐𝑟𝑟𝑟𝑟 = 𝐸𝐸0 − 𝜀𝜀0 2.10 

 One means of including electron correlation is by introducing a perturbation to the 

Hamiltonian operator.  Møller-Plesset perturbation theory10 (MPn) is a post-Hartree-Fock or 

electron correlation method, in which the sum of the one-electron Fock operators is taken as 

the zeroth-order Hamiltonian and the full electronic Hamiltonian is partitioned into the Fock 

operator and an operator (𝑉𝑉�) for the remaining correlation contribution:4,5 

𝐻𝐻� = 𝐻𝐻�0 + 𝜆𝜆𝑉𝑉�  2.11 

The energy and wavefunction can then be expanded as a Taylor series in 𝜆𝜆, giving: 

𝐸𝐸 = 𝐸𝐸0 + 𝜆𝜆𝐸𝐸1 + 𝜆𝜆2𝐸𝐸2 + ⋯+ 𝜆𝜆𝑝𝑝𝐸𝐸𝑝𝑝 + ⋯ 2.12 

𝛹𝛹 = 𝛷𝛷0 + 𝜆𝜆𝛷𝛷1 + 𝜆𝜆2𝛷𝛷2 + ⋯+ 𝜆𝜆𝑝𝑝𝛷𝛷𝑝𝑝 + ⋯ 2.13 

where 𝑝𝑝 is the order of the correction to the reference energy 𝐸𝐸0.  In practice, 𝜆𝜆 is generally 

reduced to 1, such that the first-order correction to the ground-state energy (MP1) is 

obtained:4 
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𝐸𝐸0
(0) + 𝐸𝐸0

(1) = �𝜓𝜓0
(0)�𝐻𝐻�0�𝜓𝜓0

(0)� + �𝛷𝛷0�𝑉𝑉��𝛷𝛷0� 2.14 

𝐸𝐸0
(0) + 𝐸𝐸0

(1) = �𝜓𝜓0
(0)�𝐻𝐻�0 + 𝑉𝑉��𝜓𝜓0

(0)� 2.15 

𝐸𝐸0
(0) + 𝐸𝐸0

(1) = �𝜓𝜓0
(0)�𝐻𝐻��𝜓𝜓0

(0)� 2.16 

The form of Equation 2.15 is also the form of the minimized ground-state energy from Equation 

2.6.  Thus, the energy produced using MP1 is equal to the Hartree-Fock energy, and a second-

order perturbation is required to include electron correlation beyond HF theory.  As suggested 

by the Taylor expansion, higher-order perturbations in Møller-Plesset theory are possible, and 

there are many instances of third-order and fourth-order perturbations available in the 

literature, with averaged methodologies (e.g. MP2.511,12) recently increasing in popularity.  

However, MPn methods are not variational (i.e. the energies produced can be lower than the 

exact energy of a system), and at larger orders, the energy of the system may oscillate, rather 

than converging toward the exact energy.13 

 Improved description of electron correlation may also be achieved by accounting for 

excitation into virtual orbitals.  Coupled cluster with single, double, and pertubative triple 

excitations (CCSD(T)) is considered to be the “gold standard” in computational quantum 

chemistry,14–16 typically recovering more than 99% of the correlation energy and with reduced 

computational cost in comparison to full configuration interaction (Full CI), which accounts for 

all ground- and excited-state configurations.  The form of the coupled cluster wavefunction is:4,5 

𝜓𝜓 = 𝑒𝑒𝑇𝑇�𝛷𝛷0 2.17 

where Φ0 is the ground-state HF wavefunction and 𝑒𝑒𝑇𝑇�  is an exponential ansatz, which includes 

the so-called cluster operator (𝑇𝑇�): 
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𝑒𝑒𝑇𝑇� = 1 + 𝑇𝑇� + 𝑇𝑇�2

2!
+ 𝑇𝑇�3

3!
+ ⋯ = ∑ 𝑇𝑇�𝑘𝑘

𝑘𝑘!
∞
𝑘𝑘=0  2.18 

𝑇𝑇� = 𝑇𝑇�1 + 𝑇𝑇�2 + ⋯+ 𝑇𝑇�𝑛𝑛 2.19 

The ansatz accounts for electron correlation by converting the Slater determinant into a linear 

combination of excited Slater determinants that describe excitations from occupied orbitals to 

virtual orbitals. 

While a full description of the coupled cluster method—and other higher-order ab initio 

methodologies—is beyond the scope of this work, it should be noted here that coupled cluster 

is often truncated to alleviate the computational demand as the method approaches 

description of correlation at the Full CI limit.  The most significant term in 𝑇𝑇�  is the doubles 

contribution (𝑇𝑇�2), which includes both double and quadruple excitations, and truncation of 

coupled cluster to doubles results in the CCD method.  Singles can be added to the correlation 

description, resulting in the CCSD method, and further, triples can be then added to produce 

CCSDT (coupled cluster with singles, doubles, and triples).  However, pertubative triples—as in 

CCSD(T)—can be included to reduce computational cost in comparison to CCSDT without 

significant loss of accuracy.  As in MPn theory, CCSD(T) is a methodology that is size-consistent 

but not variational. 

Other techniques may also be employed to address the weaknesses of electronic 

structure theory, including the use of explicitly correlated wavefunctions (e.g. R12/F12 

methods17) to improve the description of correlation at short interelectronic distances or 

implementation of density fitting, such as the resolution of the identity approximation18,19, to 

lessen computational expense by reducing four-centered, two-electron integrals to two- or 

three-centered integrals.  However, none of these techniques is used in the present work. 
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2.2.2 Density Functional Theory 

 Another means of calculating the solution to the Schrödinger equation includes the use 

of density functional theory (DFT).  The Hohenberg-Kohn theorem demonstrates that the 

ground-state energy can be directly related to the probability density of a given system,20 

producing an efficient methodology that is heavily used throughout this work.  Recall, the 

electronic Hamiltonian:4 

𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑇𝑇�𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑒𝑒 + 𝑉𝑉�𝑒𝑒𝑛𝑛 2.20 

𝐻𝐻�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ∑ − 12 𝛻𝛻𝑖𝑖
2𝑛𝑛

𝑖𝑖=1 + ∑ 1
|𝑟𝑟𝑖𝑖−𝑟𝑟𝑗𝑗|

𝑛𝑛
𝑖𝑖,𝑗𝑗 < 𝑖𝑖=1 + ∑ ∑ −𝑍𝑍𝐾𝐾

|𝑟𝑟𝑖𝑖−𝑟𝑟𝐾𝐾|
𝑁𝑁
𝐾𝐾=𝑛𝑛+1

𝑛𝑛
𝑖𝑖=1  2.21 

Here, the potential energy for the interactions between the electrons and nuclei (𝑉𝑉�𝑒𝑒𝑛𝑛) can be 

described as an “external potential,” produced by the “external” nuclear charges acting upon 

the electrons (𝑖𝑖): 

𝑣𝑣(𝑟𝑟𝑖𝑖) = −∑ 𝑍𝑍𝛼𝛼
𝑟𝑟𝑖𝑖𝛼𝛼𝛼𝛼  2.22 

Because the ground-state electron probability density (𝑝𝑝0(𝑟𝑟)) determines the external 

potential, the electronic energy (𝐸𝐸0) can be considered a functional of 𝑝𝑝0(𝑟𝑟): 

𝐸𝐸0 = 𝐸𝐸𝑣𝑣[𝑝𝑝0] 2.23 

Thus: 

𝐸𝐸0 = 𝐸𝐸𝑣𝑣[𝑝𝑝0] = 𝑇𝑇�[𝑝𝑝0] + 𝑉𝑉�𝑒𝑒𝑒𝑒[𝑝𝑝0] + 𝑉𝑉�𝑒𝑒𝑛𝑛[𝑝𝑝0] 2.24 

where the electronic energy consists of a sum of the averages for kinetic-energy (𝑇𝑇�), electron-

electron repulsions (𝑉𝑉�𝑒𝑒𝑒𝑒), and electron-nuclear attractions (𝑉𝑉�𝑒𝑒𝑛𝑛) and each is a functional of the 

probability density. 
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 By substituting Eq. 2.21 for 𝑉𝑉�𝑒𝑒𝑛𝑛[𝑝𝑝0], the “exchange-correlation functional,” 𝐸𝐸𝑥𝑥𝑒𝑒[𝑝𝑝0], is 

produced: 

𝐸𝐸0 = 𝐸𝐸𝑣𝑣[𝑝𝑝0] = 𝐸𝐸𝑥𝑥𝑒𝑒[𝑝𝑝0] − ∑ 𝑍𝑍𝛼𝛼
𝑟𝑟𝑖𝑖𝛼𝛼𝛼𝛼  2.25 

which includes the exchange 𝐸𝐸𝑥𝑥 and correlation 𝐸𝐸𝑒𝑒 functionals.  The derivation of the exchange-

correlation functional gives rise to the primary weakness of DFT—that the form of the 𝐸𝐸𝑥𝑥𝑒𝑒 

functional, essential for calculating accurate thermochemical properties, is unknown.  As a 

result, the development of new functionals continues, with each functional representing a 

different DFT method.  For example, the widely-used B3LYP21,22 “hybrid” functional 

incorporates a percentage of HF exchange and often parameterizes empirical parameters 

within the functional to fit experimentally produced energies.  However, additional terms may 

be necessary to account for more complex chemical interactions (e.g. dispersion-corrected 

DFT), and some methods may be especially prone to self-interaction error, produced by 

incomplete cancellation of the exchange and correlation terms and described as the interaction 

of an electron with itself. 

 

2.3 Basis Sets 

 There are two primary sources of error in computational quantum chemistry: the error 

that is intrinsic to the electron correlation method selected and the error that arises from the 

use of finite basis sets in describing the molecular orbitals of a chemical system.  A molecular 

orbital (𝜓𝜓) may be expressed as a linear combination of atomic orbitals:4,5 

𝜓𝜓 = ∑ 𝑐𝑐𝑖𝑖𝜙𝜙𝑖𝑖𝑖𝑖  2.26 
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where (𝑐𝑐𝑖𝑖) are parameters to be determined self-consistently, according to the variation 

principle, and (𝜙𝜙𝑖𝑖) is a linear combination of one-electron basis functions.  In spherical polar 

coordinates, the basis functions are expressed as:5,23 

𝜙𝜙𝑛𝑛,𝑒𝑒,𝑚𝑚(𝑟𝑟,𝜃𝜃,𝜑𝜑) = 𝑅𝑅𝑛𝑛,𝑒𝑒(𝑟𝑟)𝑌𝑌𝑒𝑒,𝑚𝑚(𝜃𝜃,𝜑𝜑) 2.27 

such that 𝜙𝜙𝑛𝑛,𝑒𝑒,𝑚𝑚 is a product of a radial component, 𝑅𝑅𝑛𝑛,𝑒𝑒(𝑟𝑟), and an angular component, 

𝑌𝑌𝑒𝑒,𝑚𝑚(𝜃𝜃,𝜑𝜑).  Here, r is the distance from the nucleus, and 𝑛𝑛, 𝑙𝑙, and 𝑚𝑚 are the principal, angular, 

and magnetic quantum numbers, respectively.  Thus, the angular component denotes the 

shape of the orbital (e.g. s, p, d, f). 

 A “minimal basis set” contains the minimal number of functions required to describe a 

system and may consist of one or more “Slater-type orbitals” (STOs): 

𝑅𝑅𝑛𝑛,𝑒𝑒(𝑟𝑟) = 𝑟𝑟𝑛𝑛−1𝑒𝑒
−
𝜁𝜁𝑟𝑟 2.28 

or “Gaussian-type orbitals” (GTOs): 

𝑅𝑅𝑛𝑛,𝑒𝑒(𝑟𝑟) = 𝑟𝑟2𝑛𝑛−2−𝑒𝑒𝑒𝑒−𝜁𝜁𝑟𝑟2 2.29 

where 𝜁𝜁 is an optimized parameter.  In addition, a linear combination of GTOs, known as 

“contracted Gaussian-type orbitals” (CGTOs), may also be used to achieve an improved 

description of the radial component. 

 

2.4 Correlation Consistent Basis Sets 

 As previously described, CGTOs contain some number of uncontracted GTOs, also 

referred to as “primitive functions” or “primitive” GTOs.  In theory, an infinite number of 

primitives could be used to describe the orbitals of a given system to construct the orbitals of a 
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wavefunction; however, this is not computationally feasible, and the exact description must be 

approximated using a truncated set of basis functions.  The commonly-used basis sets of Pople 

and coworkers,24–26 as well as the correlation consistent basis sets of Dunning et al.,27–29 were 

each constructed by including multiple CGTOs into a single basis set.  The latter of these was 

used extensively throughout this dissertation, and as a result, this section will focus primarily on 

the correlation consistent family of basis sets.  

 The correlation consistent basis sets (denoted cc-pVnZ, where n = D, T, Q, 5, etc.)27–29 

were designed to systematically recover correlation energy with increasing basis set size.  

Beginning with a minimal basis set, additional functions are added to account for polarization of 

orbitals, such that each increase in basis set size results in a “shell” that contributes one 

polarization function (up to the maximum angular momentum, 𝑙𝑙max) and one additional 

Figure 2.1. An example of the systematic increase in basis functions with respect to ζ-level 
(where ζ = double (cc-pVDZ), triple (cc-pVTZ), and quadruple (cc-pVQZ)) for the correlation 

consistent basis sets). 
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polarization function at 𝑙𝑙max + 1 (Fig. 2.1).  As a result of the systematic construction, the total 

energy converges toward the limit in the infinite basis set, known as the complete basis set 

(CBS) limit.  At the CBS limit, the error due to basis set incompleteness is effectively eliminated, 

with only the intrinsic error due to the method remaining (Fig. 2.2). 

Multiple schemes (further detailed in Chapter 3) can be utilized to extrapolate the 

energies of a chemical system to the CBS limit.  In addition, augmented functions may be added 

to the basis set to yield a better description of more complex chemical environments.  For 

example, diffuse functions, used in the aug-cc-pVnZ basis sets, have smaller 𝜁𝜁 exponents, useful 

for systems with long-range interactions, and polarized core-valence functions (denoted cc-

pCVnZ) improve the description of core-core and core-valence interactions. 

Figure 2.2. Energetic convergence of the correlation consistent basis sets to the Complete 
Basis Set (CBS) limit, where the difference between theoretical and exact energies are equal 

to the error intrinsic to the method. 
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CHAPTER 3 

COMPOSITE METHODS AND HYBRID APPROACHES 

To ensure the reliability of a computational method with respect to experiment, the 

activation energy of a system may be examined using the Arrhenius Equation.  By determining 

the difference between theoretically and experimentally determined rate constants to within 

one order of magnitude, theoretical calculations are assured to produce practical and 

chemically relevant energies and thermodynamic properties. 

The Arrhenius equation is of the form:30 

𝑘𝑘 = 𝐴𝐴𝑒𝑒
−𝐸𝐸𝑎𝑎

𝑅𝑅𝑇𝑇�  3.1 

where 𝑘𝑘 is the rate constant, 𝐴𝐴 is a prefactor (taken as constant for a given reaction), 𝐸𝐸𝑎𝑎 is the 

activation energy, 𝑅𝑅 is the universal gas constant, and 𝑇𝑇 is the temperature.  In striving toward 

one order of magnitude in deviation, it is desirable that the ratio of theoretical to experimental 

rate constants be close to one: 

0.1 <  𝑘𝑘𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐
𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒

< 10 3.2 

Thus, it can be shown by rearrangement of the Arrhenius equation that at ambient 

temperature (298K), a calculated energy may be considered to be within “chemical accuracy” if 

the derived energy is within ~ ± 1.0 kcal mol-1 of reliable experiment: 

𝑅𝑅𝑇𝑇 𝑙𝑙𝑛𝑛 0.1 < 𝐸𝐸𝑎𝑎(𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐) − 𝐸𝐸𝑎𝑎(𝑒𝑒𝑥𝑥𝑝𝑝) < 𝑅𝑅𝑇𝑇 𝑙𝑙𝑛𝑛 10 3.3 

Among the most effective and widely-used approaches developed to reduce the 

computational demands of ab initio methods, while striving for chemical accuracy, are 

composite methods.  By using a combination of less-computationally demanding methods and 

higher quality basis sets with additive contributions from more correlated methods and smaller 
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basis sets, composite approaches are designed to yield thermochemical properties at a level of 

accuracy that would not be feasible using a more direct analog. 

Some of the most commonly used composite methodologies include the Gaussian-n 

(Gn) methods of Pople et al.31–38 and the complete basis set (CBS-n) methods of Petersson and 

coworkers,39–44 both of which aim to achieve an accuracy of 1 kcal mol-1 from experiment.  The 

total energies produced by the Gn methods are generally based on a reference energy 

calculated using quadratic configuration interaction with single, double, and pertubative triple 

excitations (known as QCISD(T)) and a 6-31G(d) basis set, performed on structures optimized 

with the MP2 level of theory.  Variations on the method and basis set selections are then 

utilized to additively account for higher-order electron correlation (at the MP4 level of theory) 

and basis set incompleteness (using a 6-311+G(3df,2p) basis set), and an empirical, fitted 

parameter—known generally as a high level correction (HLC)—is included to minimize deviation 

from experiment. 

Initially, implementation of the HLC in the G1 method was intended as an isogyric 

correction,31 to account for the energetic contributions of any unpaired valence electrons or 

nonbonding lone pairs.  However, any physical associations of the HLC were discarded with the 

development of the G2 method, and subsequent use of the HLC has been solely as a 

parameterization factor based upon experimental training sets or benchmarking data.  This has 

the unfortunate consequence of potential challenges in identifying a suitable HLC for systems 

with unconventional bonding schemes or molecules comprised of atom types for which there is 

limited high quality gas phase data. 
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In contrast, the CBS-n methods utilize the convergence of pair natural orbital correlation 

energies to the CBS limit.  Atomic pair natural orbital (APNO) basis sets are used to calculate the 

molecular self-consistent field (SCF) energies and correlation energies, and additive atomic 

polarization contributions are included to produce the total energy at the CBS limit.  While both 

CBS-n methods and Gn methods use additive schemes to approximate the total energy at the 

CBS limit, the CBS-n methods include no HLC and, thus, are limited only by the availability of 

APNO basis sets for a given element. 

Other well-known composite approaches include the CCSD(T)/CBS-based method of 

Dixon, Feller, Peterson, and co-workers;45–47 the focal point method of Allen, Schaefer, Császár 

et al.;48–50 the HEAT method of Stanton, Szalay, Császár, and co-workers;51,52 and the 

Weizmann-n (Wn) methods of Martin, Karton, et al.53–55  These methodologies also account for 

electron correlation contributions using an extrapolation to the CBS limit, but it is of note that 

the HEAT and W4 methods aim for subchemical accuracy—within 1 kJ mol-1 of experimental 

thermochemical values.  These two families of methods include coupled cluster calculations 

beyond the CCSD(T) level of theory (CCSDTQ and CCSDT(Q), respectively), incurring significant 

computational cost. 

3.1 The Correlation Consistent Composite Approach 

The correlation consistent composite approach (ccCA), developed by Wilson, Cundari, 

DeYonker, and coworkers for main group applications,56–58 calculates total energies without the 

use of empirical corrections.  Using aug-cc-pV∞Z basis sets, MP2-level reference energies are 

extrapolated to the CBS limit, and additional terms are then incorporated to approximate 
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correlation effects beyond MP2 theory and account for scalar relativistic effects.  The ccCA 

method has been shown to predict enthalpies of formation, ionization potentials, electron 

affinities, activation energies, isomerization energies, and bond dissociation energies to within 

1 kcal mol-1 for main group species and to within 3 kcal mol-1 (known as transition metal 

chemical accuracy), on average, for transition metal species. 

ccCA total energies are determined using a geometry optimized at the B3LYP/cc-pVTZ 

level of theory, with harmonic vibrational frequencies scaled by 0.9890.  First, the ccCA 

reference energy is calculated by separate extrapolation of HF and MP2 electronic energies, 

using a three-point extrapolation known as the Feller extrapolation.59,60  In practice, this 

scheme is implemented as a two-point extrapolation, applied to the total HF energies 

computed at the aug-cc-pVTZ and aug-cc-pVQZ basis set levels as suggested by Halkier et al.,61 

to account for the more rapidly converging HF energies: 

𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶(𝐻𝐻𝐻𝐻) + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝(−1.63𝑛𝑛) 3.4 

For the MP2 energies, there are several schemes available, including the Peterson 

extrapolation (ccCA-P):62 

 𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)] + 𝐶𝐶𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)2] 3.5 

Energies are computed using the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets and 

extrapolated to the CBS limit.  Other available schemes include the inverse cubic and quartic 

extrapolations, known colloquially as Schwartz 3 (ccCA-S3)63 and Schwartz 4 (ccCA-S4):64 

𝐸𝐸(𝑙𝑙𝑚𝑚𝑎𝑎𝑥𝑥) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶
(𝑒𝑒𝑚𝑚𝑎𝑎𝑒𝑒)3

3.6 

𝐸𝐸(𝑙𝑙𝑚𝑚𝑎𝑎𝑥𝑥) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶
(𝑒𝑒𝑚𝑚𝑎𝑎𝑒𝑒+1 2� )4

 3.7 
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Both are two-point extrapolations, using energies computed at either the aug-cc-pVDZ and aug-

cc-pVTZ levels or the aug-cc-pVTZ and aug-cc-pVQZ levels. 

Higher-order correlation effects are accounted for using a CCSD(T) calculation: 

∆E(CC) = E[CCSD(T)/cc-pVTZ]-E[MP2/cc-pVTZ] 3.8 

and an MP2(FC1) calculation is used to account for core-core and core-valence correlation: 

∆E(CV) = E[MP2(FC1)/aug-cc-pCVTZ]-E[MP2/aug-cc-pVTZ] 3.9 

where FC1 indicates that the shell of outer-core electrons is correlated in the valence.  Scalar 

relativistic effects are included using an MP2 calculation with the Douglas-Kroll-Hess 

Hamiltonian and Douglas-Kroll recontracted basis sets: 

∆E(SR) = E[MP2/cc-pVTZ-DK]-E[MP2/cc-pVTZ] 3.10 

Atomic spin-orbit coupling terms, E(SO), from reliable experiment and zero-point energy, 

E(ZPE), contributions are included to give the final ccCA energy: 

EccCA = E[HF/CBS] +E[MP2/CBS]+∆E(CC)+∆E(CV)+∆E(SR) 

+E(SO)+E(ZPE) 3.11 

which is designed to produce thermochemical properties with an accuracy that mimics energies 

obtained at the CCSD(T,Full)/aug-cc-pCV∞Z-DK level of theory, but at much reduced 

computational cost. 

3.2 Hybrid Approaches 

Multilayering or hybrid approaches can be used to increase the capabilities of composite 

approaches or ab initio methods, as they can provide an additional reduced cost and allow for 

calculation of the energetics of much larger systems. 
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The our own N-layered integrated molecular orbital and molecular mechanics (ONIOM) 

method was developed by Morokuma and coworkers65–67 and was designed to reduce the 

computational expense of a high-level method and basis set combination by separating a 

molecule into “high” and “low” layers that allows for the most chemically relevant region of the 

system to be treated with a higher level of theory while less chemically active regions are 

computed using a lower level of theory, thereby reducing overall computational demand. 

The two-layered ONIOM approach, as defined by Morokuma, additively accounts for the 

energetics of the real system, the model system, and the interaction between these regions:66 

E(ONIOM) = E(REAL,LOW)+E(MODEL,HIGH)+E(INTERACTION) 3.12 

In practice, this is calculated by adding the energy of the real system (the whole molecule), 

determined at the low level of theory, to the energy of the chemically relevant region (denoted 

the model system), determined at the high level of theory.  To account for the interactions 

between the real and model systems (and remove the “double-counting” of the model system) 

the energy of the model system, determined using a low level of theory, is then subtracted: 

E(ONIOM) = E(REAL,LOW)+E(MODEL,HIGH)-E(MODEL,LOW) 3.13 

≈E(REAL,HIGH) 

The implicit consideration of the interactions between the two regions is known as 

mechanical embedding, where the bonds at the interface between layers are “cut” and leave 

“dangling bonds.”  Electrostatic effects are included using the electronic Hamiltonian at the low 

level of theory in the ONIOM-ccCA calculation.  Link atoms (usually hydrogen atoms) are used 

to complete the model system, placed at the end of each dangling bond, and the bond lengths 

for the link atoms are subsequently determined as originally outlined by Morokuma:67 
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𝑟𝑟2 = 𝑟𝑟1 + 𝑔𝑔(𝑟𝑟3 − 𝑟𝑟1) 3.14 

where r1, r3, and r2 indicate the positions of some atom, A, the link atom (H), and some atom, B, 

respectively.  Dangling bonds in the model system, capped with the link atoms, are positioned 

along the vector of the original bond (A-B) in the real system, such that r3 is cut into the low 

layer, and the r1,r2 bond link becomes the bond to the link atom (A-H), multiplied by a scale 

factor (g).  This ensures that changes in geometry are consequently reflected in bond A-H.  This 

scale factor is determined by dividing the length of bond A-H by the length of bond A-B: 

𝑔𝑔 = 𝑟𝑟2−𝑟𝑟1
𝑟𝑟3−𝑟𝑟1

 3.15 

Alternatively, electronic embedding techniques have been developed, which account for 

electrostatic effects at the interface by including the coulombic interactions between the model 

system and the partial charges of the real system.  Work by Vreven et al.68,69 demonstrates a 

treatment of the electrostatic interactions by incorporating the charge distribution of the real 

layer into the Hamiltonian of the model system, using the charge distribution of the real system 

to polarize the wavefunction of the model layer.  However, recent efforts by Raghavachari and 

coworkers70–72 have focused on the incorporation of an electronic embedding model based on 

inclusion of Mulliken and Löwdin atomic charges into the ONIOM methodology, allowing the 

charge distribution of the model system to interact with the charge distribution at the interface 

of the real system.  It is of note that while electronic embedding permits the explicit description 

of electrostatic effects at the model and real system interface, the implicit description of this 

region, found in mechanical embedding, allows for an additive and less computationally 

demanding method.  
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CHAPTER 4 

PROTON AFFINITIES OF DEOXYRIBONUCLEOSIDES VIA THE ONIOM-ccCA METHODOLOGY* 

4.1 Introduction 

Dramatic increases in computing ability have enabled quantum mechanical modeling to 

address biological systems—traditionally modeled with methods such as molecular 

mechanics—using computationally intensive ab initio methods and density functional theory 

(DFT).  Using linear scaling or local DFT, the capabilities of modern resources allow for the 

calculation of the structural and electronic properties of systems containing hundreds of 

atoms.73–76  By utilizing parallelization, plane wave basis sets, or pseudopotentials, DFT may be 

further extended to systems which are millions of atoms in size.77,78  Yet, the thermodynamic 

properties of many biological molecules remain a challenge as DFT has been shown to be 

inadequate for the description of dispersion effects common to highly-conjugated ring 

structures and hydrogen bonding interactions—interactions that occur frequently in biological 

species.79–84  Quantitatively accurate enthalpy calculations are required in the determination of 

properties such as proton affinities and protonation sites and may not be achieved using 

density functionals. 

The ability to utilize quantum mechanical methods to predict quantitatively accurate 

thermodynamic properties (e.g., enthalpies of formation, proton affinities, and bond 

dissociation energies) within “chemical accuracy” (≤1 kcal mol-1 from well-established, reliable 

experiment) is computationally demanding, and typically requires ab initio correlated methods 

*Reprinted with permission from Riojas, A. G.; John, J. R.; Williams, T. G.; Wilson, A. K. J. Comput. Chem. 2012, 33,
2590. Copyright 2012, Wiley Periodicals. 
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such as coupled cluster with single, double, and pertubative triple excitations (CCSD(T)).  

Unfortunately, such methodologies are computationally costly in terms of CPU time, memory, 

and disk space and, thus, are limited in terms of the size of molecules to which they can be 

applied.  A variety of strategies have been developed to reduce the computational demands of 

ab initio calculations while maintaining chemical accuracy, and among the most effective and 

widely used are composite methods. 

By combining less-computationally demanding methods and larger basis sets with 

contributions from more expensive methods and smaller basis sets, composite approaches are 

capable of producing molecular energies and thermodynamic properties which rival those 

obtained by more sophisticated levels of theory. Examples of composite methodologies include 

the Gaussian-n (Gn) methods of Pople et al.31–38 and the Complete Basis Set (CBS-n) methods of 

Petersson et al.39–44  To achieve an accuracy of 1 kcal mol-1, the Gn methods use an empirical, 

fitted parameter—known as the high level correction (HLC)—to account for electron correlation 

by minimizing the error between the method and a set of known experimental values.  The 

CBS-n methods also strive for an accuracy of 1 kcal mol-1 but account for electron correlation 

through extrapolation to the complete basis set limit and contain no parameterization such as 

the HLC. 

Other composite approaches include the CCSD(T)/CBS-based method of Dixon, Feller, 

Peterson, and co-workers;45–47 the focal point method of Allen, Schaefer, Császár et al.;48–50 the 

HEAT method of Stanton, Szalay, Császár, and co-workers;51,52 and the Weizmann-n (Wn) 

methods of Martin, Karton, et al.53–55  Like the CBS-n methods, these methods also utilize an 

extrapolation to the CBS limit to account for electron correlation contributions.  In particular, 
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the HEAT and W4 methods aim for “spectroscopic accuracy”—within 1 kJ mol-1 of experimental 

thermochemical values, though the level of theory required (CCSDTQ and CCSDT(Q), 

respectively) comes at great computational expense. 

The more recent ccCA methodology56–58 achieves an accuracy of 1 kcal mol-1, on 

average, without the use of empirical corrections and with less computational demand than for 

the HEAT and W4 methods (albeit, without the same level of target accuracy).  Molecular 

energies for the main group ccCA protocol58 are computed with an MP2 reference energy, using 

the augmented correlation consistent basis sets developed by Dunning,27,29,85–87 and 

extrapolated to the CBS limit (aug-cc-pV∞Z).  Additional computations are then utilized to 

approximate higher-order correlation effects and account for scalar relativistic effects.  In 

previous studies, ccCA has been shown to predict enthalpies of formation, ionization potentials, 

electron affinities, activation energies, isomerization energies, and bond dissociation energies 

to within 1 kcal mol-1 (on average) of well-established experiment for main group species56–58,88–

90 and to within 3 kcal mol-1 (known as transition metal chemical accuracy), on average, for 

transition metal species.91,92 

To further increase the capabilities of composite approaches, they can be combined 

with multilayering or hybrid approaches, which can provide an added reduction to 

computational cost and permit access to quantitative prediction of the energetics of larger 

systems.  The our own N-layered integrated molecular orbital and molecular mechanics 

(ONIOM) multilayered scheme developed by Morokuma and coworkers65–67 can reduce the 

computational cost of an expensive computational method and basis set combination by 

separating a molecule into “high” and “low” layers that may then be treated with different 
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levels of theory.  Specifically, an ONIOM-type procedure can be used to address a particular 

region of a molecule (i.e., the most chemically relevant area of the system) and treat this region 

with a higher (more accurate, more costly) level of theory, while treating the larger, less 

chemically active area of the system with a lower level of theory, to reduce overall 

computational demand. 

In the past, a variety of methods have been utilized for high layer:low layer 

combinations, including both quantum mechanics:molecular mechanics (QM:MM) methods 

and QM:QM methods.  As an adaptation of the QM:QM technique, there have been a limited 

number of studies in which multilayered composite schemes have utilized a composite 

approach as the high level method and another QM method at the low level.  One example is 

the ONIOM(G2MS) method93,94 also developed by Morokuma et al. which incorporates the 

G2MS composite technique as the high level method and MP2 theory as the low level method. 

Using this approach, the bond dissociation energies (BDEs) of a selection of hydrocarbons were 

calculated with an average deviation of 2.4 kcal mol-1 from experiment.95  The G3B3 composite 

technique has also been implemented at the high level in the ONIOM-G3B3 method96 as first 

utilized by Guo and co-workers.  ONIOM-G3B3 produced BDEs for ribonucleosides and 

deoxyribonucleosides with an average deviation of 1.4 kcal mol-1 from experiment.  Other 

investigations utilizing the ONIOM procedure with composite techniques have utilized the 

G3(MP2)-RAD97–102 and G4103 composite methods.  

In a previous study104 undertaken in our laboratory, a QM:QM ONIOM approach was 

utilized for the determination of the BDEs of various antioxidant species.  This procedure, 

termed ONIOM-ccCA, used a restricted open shell variant of ccCA (RO-ccCA) as the high level of 
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theory (to avoid spin contamination in the highly conjugated antioxidant systems).  By using 

RO-ccCA as the high level of theory and B3LYP/cc-pVTZ as the low level of theory within the 

ONIOM framework, the ONIOM-ccCA method was able to achieve BDE values with mean 

absolute deviations (MADs) of 1.2 kcal mol-1 from experiment, comparable to the uncertainty in 

the corresponding experiments (1-2 kcal mol-1). 

Despite the favorable performance of the previous ONIOM-ccCA study on BDEs 

conducted in our laboratory, it is necessary to identify a set of molecules that can be used to 

gauge the performance of ONIOM-ccCA for PAs.  Unfortunately, the G3/0532,33,35,37,38,58,105 data 

set against which ccCA was assessed includes only a small number of PAs.  While this set 

includes a robust selection of 454 energetic values (enthalpies of formation, atomization 

energies, ionization potentials, electron affinities, and proton affinities) and is often used to 

determine the performance of methodologies, the species in the G3/05 set for which PAs were 

determined include only small molecules, the largest being SiH4, and only one species (CH3Br) 

has more than one type of non-hydrogen atom.  This provides little data with which to assess 

the accuracy of the ONIOM-ccCA methodology in predicting the PAs of biological molecules. 

Consequently, a set of ten amine-containing molecules has been considered for this 

study to aid in assessing the performance of the ONIOM-ccCA methodology in the 

determination of proton affinities.  Previous experimental work by Green-Church and 

Limbach106 utilized the kinetic method to determine the gas phase proton affinities of 

mononucleotides.  This work employed nine amine-containing systems as reference bases: 1,2-

dimethylimidazole, imidazole, piperidine, pyrrolidine, quinuclidine, 2,2,6,6-

tetramethylpiperidine, triethylamine, tripropylamine, and tributylamine.  Because these 
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molecules strongly resemble the anime ring structures of nucleosides and nucleotides, and 

have available experimental data, these amine-containing compounds are used to evaluate the 

performance of ONIOM-ccCA, to provide insight regarding which low level method and basis set 

combination should be used with ccCA for the calculation of proton affinities. 

In the present study, ONIOM-ccCA is also used to calculate the proton affinities (PAs) of 

deoxyribonucleosides.  One of the initial events in DNA breakage due to ionizing radiation 

damage is theorized to be protonation of the nucleobase.107–111  In particular, Yang et al.112 

have investigated the effects of oxidative damage caused by ionizing radiation on thymidine, 

since these effects can be carcinogenic or lead to mutagenesis.  Unfortunately, the site of 

protonation for deoxyribonucleosides is difficult to experimentally determine using current 

mass spectrometry techniques.  Instead, many experimental studies113–116 rely on theoretically-

derived relative PAs.   One method for determining relative proton affinities, the kinetic 

method, uses various mass spectrometry techniques to dissociate a proton-bound dimer 

(AH+A).  One of the resulting ions will have a stronger affinity for the proton (i.e. the stronger 

proton affinity), and a relationship can be developed between the ratio of the two ions and the 

PA, referred to as a PA scale.  This quantitative relationship can then be used to predict the 

relative PAs for other molecules.  However, relative PAs depend upon both experimentally 

determined PAs (referred to as direct or absolute PAs) and the experimental technique used, 

causing relative PA scales to vary from laboratory to laboratory.  As such, there is little 

experimental data in the literature regarding the protonation sites of deoxyribonucleosides to 

indicate the appropriate protonation sites.113,117,118 
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Additionally, proton affinity data for nucleosides found in the National Institute of 

Standards and Technology (NIST) WebBook113 indicates that the relative PAs listed therein have 

an uncertainty of ~8 kJ mol-1 (~2 kcal mol-1) but may not account for unreported experimental 

uncertainties. Any error arising from the experimental determination of absolute PAs would 

propagate into the relative PA calculation, increasing the overall uncertainty.  A study by Wilson 

and McCloskey119 suggests that the experimental uncertainty for absolute PAs may be as high 

as 5 kcal mol-1 for some nucleosides and bases.  Although the uncertainties for relative PAs may 

be larger than reported, the PAs supplied by the NIST WebBook are considered to be a 

reputable and trustworthy standard in terms of available information and are commonly 

referenced.  To provide another possible way of predicting proton affinities and the optimal site 

for protonation, ONIOM-ccCA can be utilized to predict the site of protonation of the 

nucleobase and aid in understanding the role of protonation in DNA breakage. 

4.2 Computational Methodology 

Since the previous ONIOM-ccCA study demonstrated that a two-layered ONIOM 

approach reliably reproduced experimental results,104 a similar approach is carried out for the 

PA calculations in this work.  The two-layered ONIOM approach as defined by Morokuma66 

combines the energies of the real system, the model system, and the interaction between the 

two layers: 

E(ONIOM) = E(REAL,LOW)+E(MODEL,HIGH)+E(INTERACTION) 4.1 

which is evaluated by adding the energy of the entire molecule (real system)—calculated at the 

low level of theory, to the energy of the selected high layer (model system)—computed at the 
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high level of theory, and subtracting the energy of the model system—also calculated at the 

low level of theory: 

E(ONIOM) = E(REAL,LOW)+E(MODEL,HIGH)-E(MODEL,LOW) 4.2 

 ≈E(REAL,HIGH). 

Using this scheme, the energy of the real system is approximated at the high level of theory.   

These regions are separated by utilizing a mechanical embedding5 technique, and the bonds 

where the layers are cut leave “dangling bonds” [Fig. 4.1 and 4.2]. 

Hydrogen atoms are then used as link atoms to complete the model system, and bond 

lengths between the link atom and the high layer are subsequently determined as originally 

outlined by Morokuma:67 

𝑟𝑟2 = 𝑟𝑟1 + 𝑔𝑔(𝑟𝑟3 − 𝑟𝑟1) 4.3 

Figure 4.1. Deoxyadenosine with high and low layers selected for protonation at the N1 
position. 
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where r2 indicates the position of the link atom (H) along the vector of the original bond (A-B).  

The positions r1 and r3 are those of atoms A and B, respectively, such that position r3 (atom B) is 

cut into the low layer and the length between positions r1 and r2 is the bond to the link atom (A-

H).  The scale factor g is used to ensure that changes in geometry are reflected in bond A-H and 

is defined as the length of bond A-H divided by the length of bond A-B: 

𝑔𝑔 = 𝑟𝑟2−𝑟𝑟1
𝑟𝑟3−𝑟𝑟1

 4.4 

Because the ONIOM technique excludes an explicit description of electrostatic effects between 

layers, it allows for an additive and less computationally demanding multilayering method.  The 

energy of the model system is calculated at the designated high level of theory and the total 

energy of the real system is computed at the low level of theory, but the interaction between 

Figure 4.2. The deoxyadenosine high layer with link atoms. 
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the model and real systems is not explicitly considered using the electronic Hamiltonian for the 

high level.  Instead, electrostatic effects are implicitly included at the low level of theory in the 

ONIOM-ccCA calculation. 

For the site of protonation, possible sites were initially investigated at the B3LYP/cc-

pVTZ level of theory.  The energetics of the more thermodynamically favorable sites were 

further investigated with the ONIOM-ccCA approach.  Intramolecular interactions between the 

sugar (furanose ring) and base of each of the deoxyribonucleosides were examined, and 

rotation of the proton around any carbonyl group was also investigated.  For all molecules, the 

site of protonation dictates the model system (where the high level layer is located), so various 

model systems were utilized to investigate multiple possible protonation locations on the 

nucleobases. 

In the present study, several density functionals were investigated as the low level of 

theory in ONIOM including: B3LYP, B97-1, B97-2, B98, BMK, M06, and M06-2X.  Geometry 

optimization and frequency calculations were performed on the amine set at the B3LYP/cc-

pVTZ level of theory, as well as at the M06-2X/cc-pVTZ level of theory, for comparison.  Single-

point energy calculations were then computed using ONIOM(ccCA:DFT/cc-pVTZ) on the B3LYP 

and M06-2X optimized geometries. 

The ccCA method was also utilized on each of the amine molecules as a means of 

comparison to the ONIOM technique.  For ccCA, geometry optimizations and zero-point 

energies (ZPEs) were determined using B3LYP/cc-pVTZ, scaled by 0.9890 to account for 

anharmonicity (as described in the most recent ccCA paper).120  Using the B3LYP optimized 

geometries, a series of single-point calculations were performed.  The ccCA reference energy 
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was calculated using an MP2 method with systematically increasing correlation consistent basis 

set functions.  The MP2 correlation energy was taken from each calculation, and the series of 

these energies were extrapolated to the CBS limit using a Peterson extrapolation:62 

𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)] + 𝐶𝐶𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)2] 4.5 

where n indicates the size of the basis set (e.g. n = 2 for aug-cc-pVDZ), E(n) is the MP2 

correlation energy at that basis set, and 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 is the energy at the CBS limit. 

Additionally, the series of HF total energies determined at each level of basis set were 

separately extrapolated to the CBS limit using a Feller extrapolation:59,61 

𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶(𝐻𝐻𝐻𝐻) + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝(−1.63𝑛𝑛) 4.6 

and the extrapolated HF and MP2 correlation energies were combined to form the reference 

energy.  A CCSD(T) calculation accounted for electron correlation beyond the MP2 level of 

theory: 

∆E(CC) = E[CCSD(T)/cc-pVTZ]-E[MP2/cc-pVTZ] 4.7 

Core-core and core-valence correlation effects (CV) were included using an MP2(FC1)/aug-cc-

pCVTZ calculation, where FC1 indicated that all the electrons for first- and second-row species 

are correlated—with the exception of the second-row 1s molecular orbitals: 

∆E(CV) = E[MP2(FC1)/aug-cc-pVTZ]-E[MP2/aug-cc-pVTZ] 4.8 

and an MP2 calculation with the Douglas-Kroll-Hess Hamiltonian121–123 and Douglas-Kroll 

recontracted basis sets was used to account for scalar relativistic effects: 

∆E(SR) = E[MP2/cc-pVTZ-DK]-E[MP2/cc-pVTZ] 4.9 

Finally, ZPE corrections were included to give the overall ccCA energy: 

EccCA = E[HF/CBS] +E[MP2/CBS]+∆E(CC)+∆E(CV)+∆E(SR) 
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+E(SO)+E(ZPE) 4.10 

which is designed to mimic the accuracy that would be obtained using the very expensive 

CCSD(T,FC1,DKH)/aug-cc-pCV∞Z-DK level of theory at a significantly reduced computational 

cost. 

For the deoxyribonucleosides, conformers were generated using a stochastic search 

methodology, as implemented in the Molecular Operating Environment (MOE) program 

utilizing the Merck force field.  A total of 10,000 conformations was generated and minimized 

until the RMS gradient was less than 0.001 kcal mol-1 Å-1.  The small set of unique low-lying 

conformers that resulted were further refined to an RMS gradient of less than 10-5 kcal mol-1 Å-

1, thereby yielding the final structures.  Geometry optimizations and frequency calculations 

were performed on these structures by utilizing the B3LYP density functional with a cc-pVTZ 

quality basis set, while single point energies were calculated using ONIOM(ccCA:B3LYP/aug-cc-

pVDZ).  For all of the biomolecule calculations, the proton affinity was determined by 

calculating the enthalpies of formation for the protonated and unprotonated species and taking 

the absolute value of the difference between the two energies. 

All geometry optimizations and frequency calculations, as well as DFT calculations, were 

performed using Gaussian 09.124  The ccCA calculations were also computed using MOLPRO 

2009.1.125 
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4.3 Results and Discussion 

4.3.1 Amine Molecule Set 

For the set of amine molecules, a few changes were made to the Green-Church and 

Limbach set: 1) as the high layer calculation for tributylamine is comparable to that of tripropyl- 

and triethylamine, tributylamine was considered to be redundant and was subsequently 

removed from the set; 2) pyrrolidine and imidazole were also omitted from the set, as their 

structures contain only five non-hydrogen atoms and would require an inefficiently small model 

layer; and 3) pyrimidine and cytosine were added to the set.  Pyrimidine was selected because 

the cytosine and thymine nucleobases are pyrimidine derivatives, and cytosine was selected 

due to its structural similarity with the nucleoside deoxycytidine, which provides further insight 

into the protonation site of the deoxycytidine base.  Thus, the eight molecules considered 

include: cytosine, 1,2-dimethylimidazole, piperidine, quinuclidine, 2,2,6,6-

tetramethylpiperidine, triethylamine, tripropylamine, and pyrimidine [Fig. 4.3].In this work, two 

Figure 4.3. Amine systems used to evaluate the ONIOM-ccCA method. 
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constraints were used to select the layers: 1) the optimal model layer size was no smaller than 

three atoms—to account for short- and long-range interactions—and no larger than five atoms; 

2) the multiplicity of the system was conserved by avoiding the breakage of double bonds (an 

example of layer selection for conjugated species is provided by Morokuma, et al. in Ref. 94).  

These choices preserved the presence of conjugation and produced a high layer that 

incorporates the chemically important portions of the system as best as possible. 

Table 4.1 shows the performance of ONIOM(ccCA:DFT/cc-pVTZ) for several density 

functionals as the low level within ONIOM and compares PAs calculated using ONIOM with 

experimental values and those calculated by ccCA.  Each of the density functionals examined 

perform well in comparison with experimental proton affinities taken from the NIST 

WebBook,113 resulting in a MAD within 1.1 kcal mol-1 of experiment for all 

ONIOM(ccCA:DFT/pVTZ) calculations.  Of the DFT methods considered here, M06-2X shows the 

most favorable performance in comparison to any of the other methods employed, with an 

MAD of 0.9 kcal mol-1 and a root mean square deviation (RMSD) of 1.0 kcal mol-1, respectively.  

M06-2X also gives the smallest maximum error for any individual species (1.5 kcal mol-1).  B98 

and BMK have the largest MADs of the set, 1.0 and 1.1 kcal mol-1, respectively.  The RMSDs for 

BMK and M06 are also large by comparison to the other functionals used, with deviations of 1.3 

and 1.2 kcal mol-1, respectively.  While the maximum error for BMK is not especially high (2.0 

kcal mol-1), M06 gave the highest maximum error for any of the functionals examined (2.5 kcal 

mol-1).  The overall performance of BMK is consistent with the results given in the previous 

ONIOM-ccCA paper,104 and neither it nor M06 were considered for further evaluation of the 

ONIOM-ccCA method in the current study. 

35 



Considering only the performance of ONIOM(ccCA:B3LYP/cc-pVTZ) for the amine 

species, the B3LYP functional performs very well (within 1 kcal mol-1 from experiment) for 

piperidine, pyrimidine, 2,2,6,6-tetramethylpiperidine, and tripropylamine—a varied molecule
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High Level:       ccCA         ccCA  Expt.a 

Low Level: B3LYP B97-1 B97-2 B98 BMK M06 M06-2X      

Cytosine 229.1 228.7 228.9 228.8 228.0 229.5 227.8  227.2  227.0 

1,2-Dimethylimidazole 233.8 233.7 233.8 233.7 233.6 233.3 233.8  233.9  235.3 

Piperidine 227.7 227.6 227.8 227.6 227.3 227.8 227.6  227.2  228.0 

Pyrimidine 211.5 211.3 211.2 211.3 211.1 211.6 210.8  210.6  211.7 

Quinuclidine 234.1 233.9 234.1 233.9 233.3 234.2 233.9  233.3  235.3 

2,2,6,6-Tetramethylpiperidine 235.3 235.1 235.6 235.1 234.2 235.4 234.9  234.3  235.7 

Triethylamine 233.6 233.7 233.9 233.7 233.2 234.2 233.8  233.3  234.7 

Tripropylamine 237.8 237.6 238.2 237.7 237.1 236.5 236.9  235.7  237.1 

            

MAD 0.9 0.9 0.9 1.0 1.1 0.9 0.9  1.2   

RMSD 1.1 1.1 1.1 1.1 1.3 1.2 1.0  1.3   

MAX ERROR 2.1 1.7 1.9 1.8 2.0 2.5 1.5  2.0   

(a) Experimental values obtained from the NIST WebBook113 with uncertainties of ±2 kcal mol-1. 

 

 

 

Table 4.1. Proton affinities in kcal mol-1 for the amine molecule set determined using ONIOM(ccCA:DFT/cc-pVTZ) and compared 
with ccCA and experimental values. 
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    B3LYP      Expt.a 

 cc-pVDZ cc-pVTZ cc-pVQZ cc-pV∞Z aug-cc-pVDZ aug-cc-pVTZ aug-cc-pVQZ    

Cytosine 230.6 229.1 228.6 228.3 228.1 228.2 228.2  227.0 

1,2-Dimethylimidazole 233.4 233.8 234.0 234.1 234.2 234.1 234.1  235.3 

Piperidine 226.9 227.7 227.9 227.9 228.2 228.0 228.0  228.0 

Pyrimidine 210.9 211.5 211.6 211.7 211.8 211.7 211.7  211.7 

Quinuclidine 233.4 234.1 234.3 234.3 234.4 234.4 234.4  235.3 

2,2,6,6-Tetramethylpiperidine 234.6 235.3 235.6 235.8 236.1 235.9 235.9  235.7 

Triethylamine 233.2 233.6 233.8 234.0 234.0 234.0 234.0  234.7 

Tripropylamine 237.0 237.8 238.2 238.4 236.6 236.6 236.6  237.1 

          

MAD 1.5 0.9 0.8 0.7 0.6 0.6 0.6   

RMSD 1.8 1.1 1.0 0.9 0.7 0.7 0.7   

MAX ERROR 3.6 2.1 1.6 1.3 1.1 1.2 1.2    

(a) Experimental values obtained from the NIST WebBook113 with uncertainties of ±2 kcal mol-1. 

Table 4.2. Proton affinities in kcal mol-1 for the amine molecules determined using ONIOM(ccCA:B3LYP/cc-pVnZ) and compared 
with experimental values. CBS extrapolation performed using a Peterson extrapolation.62 
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set that includes conjugated structures,  ring structures, and a system with no ring structures or 

conjugation [Table 4.2].  The B3LYP functional as the low level method produces PAs within a 

deviation of ~2 kcal mol-1 for each system.  As stated previously, PAs for each of the molecules 

were also computed using ccCA calculations to gauge the performance of the ccCA method on 

these molecules.  In comparison to the ccCA method, the ONIOM(ccCA:B3LYP/cc-pVTZ) 

calculations have a MAD of 0.9 kcal mol-1—0.3 kcal mol-1 lower than its ccCA counterpart—and 

a RMSD of 1.1 kcal mol-1, 0.2 kcal mol-1 lower than the ccCA result.  This indicates that ONIOM-

ccCA can approximate the ccCA calculation when describing the amine-containing systems.  It is 

of note that the maximum error for the ccCA method is slightly lower than that of ONIOM-ccCA, 

a deviation from experiment of 2.0 kcal mol-1.  

Further applying B3LYP as the low level method (ONIOM(ccCA:B3LYP/cc-pVnZ)), 

correlation consistent basis sets were also considered for the low level of ONIOM-ccCA.  The 

basis sets examined herein are of double-, triple-, and quadruple-ζ quality.  For the species in 

the amine set, it would be within current computational power to use the quintuple-ζ quality 

basis set, but because the quintuple-ζ quality basis set becomes restrictive as the size of the 

real system increases, it would quickly become computationally inefficient for 

deoxyribonucleosides and was not utilized here.  The effect of adding diffuse functions was also 

investigated at the B3LYP level of theory with the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ 

basis sets. 

Although the double-ζ basis set produces PAs with a MAD of 1.5 kcal mol-1, the increase 

to the triple-ζ basis set reduces the MAD to within chemical accuracy (0.9 kcal mol-1 from 

experiment), and the quadruple-ζ basis set results in calculated proton affinities within 0.8 kcal 
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mol-1 from experiment [Table 4.2].  The MAD of the PA decreases to 0.7 kcal mol-1 from 

experiment for extrapolation of the ONIOM calculations to the complete basis set limit.  The 

RMSD and maximum error from experiment also improve as the basis set size increases—

specifically, the cc-pVDZ basis set produces a large deviation and maximum error from 

experiment, but the accuracy of the PAs improve as the basis set size increases to triple- and 

quadruple-ζ quality.  With a MAD of 1.5 kcal mol-1, an RMSD of 1.8 kcal mol-1, and a maximum 

deviation from experiment of 3.6 kcal mol-1, cc-pVDZ produces a notably larger deviation from 

experiment and is not further applied in ONIOM(ccCA:DFT) calculations. 

The use of the aug-cc-pVnZ correlation consistent basis sets further improves the PAs, 

with results within 1 kcal mol-1 of experiment, on average. The aug-cc-pVDZ, aug-cc-pVTZ, and 

aug-cc-pVQZ basis sets result in a MAD of 0.6 kcal mol-1, indicating that the effect of increasing 

the basis set size is more significant without the presence of diffuse functions than with these 

functions included.   Additionally, the aug-cc-pVTZ and the aug-cc-pVQZ basis sets result in only 

a 0.1 kcal mol-1 improvement over aug-cc-pVDZ in most cases.  Thus, the aug-cc-pVDZ basis set, 

which is less computationally demanding than the larger triple- and quadruple-ζ basis sets with 

diffuse functions, can be utilized as the basis set in the low level basis calculation within ONIOM 

to reduce computational time (compared to calculations with aug-cc-pVTZ or aug-cc-pVQZ) 

without loss in accuracy.  Table 4.2 shows the performance of ONIOM(ccCA:B3LYP/aug-cc-

pVDZ) as compared with other correlation consistent basis sets considered for the low level 

calculations. 

An examination of the PAs for each amine species also shows marked improvement for 

ONIOM(ccCA:B3LYP) as the basis set size increases.  As stated above, B3LYP performed poorly 
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for cytosine.  For example, ONIOM(ccCA:B3LYP/cc-pVTZ) results for cytosine showed an 

overestimation of the experimental PA, but an assessment of the change of basis set size shows 

that an increase from to a quadruple-ζ quality basis set lowers the prediction for the cytosine 

PA from 229.1 kcal mol-1 to 228.6 kcal mol-1, which is in better agreement with experiment.  

Extrapolation to the CBS limit improves the value to 228.3 kcal mol-1, a deviation of 1.3 kcal 

mol-1 from experiment.  Calculations with augmented basis sets decrease that deviation even 

further—the PA for ONIOM(ccCA:B3LYP/aug-cc-pVDZ) is 228.1 kcal mol-1, resulting in a 

deviation of 1.1 kcal mol-1.  It is of note that calculations with the aug-cc-pVTZ and aug-cc-pVQZ 

basis sets each give a PA of 228.2 kcal mol-1, which is a slightly larger deviation than for aug-cc-

pVDZ but only by 0.1 kcal mol-1. 

Tripropylamine, however, does not exhibit the improvement that each of the other 

species shows with an increase in basis set size.  The ONIOM(ccCA:B3LYP/cc-pVDZ) proton 

affinity calculation for tripropylamine approximates the experimental PA, with a deviation of 

0.1 kcal mol-1, but increasing the basis set size to triple-ζ quality results in an overestimation of 

0.7 kcal mol-1.  For the calculation with the quadruple-ζ basis set, the deviation further 

increases to 1.1 kcal mol-1, and the extrapolation of the PA gives an overestimation of 1.3 kcal 

mol-1.  The augmented basis sets have improved performance (within 1 kcal mol-1 from the 

tripropylamine experimental PA) compared to the standard correlation consistent basis sets, 

which may indicate that the diffuse functions are better able to describe the long-range 

interactions between the propyl groups in the low level layer and the atoms around the 

protonation site in the high level layer but that the standard basis sets overestimate the 

stabilizing inductive effects of the propyl groups.  This would cause the basicity of the nitrogen 
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lone pair to appear artificially high and, as a result, produce a PA that is also artificially high.  

Again, this indicates a preference for the augmented basis sets for ONIOM(ccCA:B3LYP) 

calculations. 

 

4.3.2 Deoxyribonucleoside Calculations 

The ONIOM(ccCA:B3LYP/aug-cc-pVDZ) methodology was applied to the prediction of 

PAs for four deoxyribonucleosides: deoxyadenosine, deoxycytidine, deoxyguanosine, and 

deoxythymidine [Fig. 4.4].  Rotations around the glycosidic bond between the sugar and the 

base as well as variations of the torsional angle within the ribose ring were performed to 

investigate the lowest energy conformation, as the 5’ hydroxymethyl group on the ribose group 

provides the possibility of long-range intramolecular interactions.  No experimental data 

providing evidence for the protonation sites of the deoxyribonucleosides has been reported in 

the literature to date; however, experimental work has suggested that protonation occurs on 

the nucleobase (as opposed to the furanose ring)126 and computational work has predicted the 

optimized geometries127 for each deoxyribonucleoside [Fig. 4.5].  In this investigation, the 

largest difference between the unprotonated and protonated energies indicates the most 

favorable proton affinity and the likely binding site. 

Because the cc-pVTZ and aug-cc-pVTZ basis sets also produced PAs with low MADs 

compared to experiment for the amine set, they were used with aug-cc-pVDZ as the low level 

basis set within ONIOM to calculate PAs and predict the protonation sites of the 

deoxyribonucleosides in this study.  For deoxyadenosine, three nitrogen atoms were identified 

as protonation sites, namely the N1, N3, and N7 positions [Fig. 4.6].  Structures which exhibited 
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intramolecular hydrogen bonding between the nitrogen or oxygen atoms in the base and the 

hydrogen of the 5’hydroxymethyl group on the ribose ring (O-H---N or O-H---O) are designated 

as N1-Hbond, N3-Hbond, and N7-Hbond for the same protonation sites.  The non-H-bonded 

structures each have a 5’hydroxymethyl group on the ribose ring, which points away from the 

base and allows for intramolecular bonding between the hydrogen on a carbon within the base 

and the oxygen of the hydroxymethyl group (H-O---H-C).  To clarify, this does not indicate an H-

bonded structure as it has been defined above, since the bonding is not O-H---N or O-H---O. 

 

Figure 4.4. Deoxyribonucleoside structures utilized for prediction of protonation sites 
through ONIOM-ccCA calculations of PA. 
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Figure 4.5. B3LYP/aug-cc-pVTZ optimized deoxyribonucleoside geometries. Intramolecularly 
bonded structures are indicated as H-bonded. 

44 



 

Figure 4.6. B3LYP/aug-cc-pVTZ optimized protonated and unprotonated deoxyadenosine 
geometries. Intramolecularly bonded structures are indicated as H-bonded. 
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Figure 4.7. B3LYP/aug-cc-pVTZ optimized protonated and unprotonated deoxycytidine 
geometries. Intramolecularly bonded structures are indicated as H-bonded. 
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Figure 4.8. B3LYP/aug-cc-pVTZ optimized protonated and unprotonated deoxyguanosine 
geometries. Intramolecularly bonded structures are indicated as H-bonded. 
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Figure 4.9. B3LYP/aug-cc-pVTZ optimized protonated and unprotonated deoxythymidine 
geometries. Intramolecularly bonded structures are indicated as H-bonded. 
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Figure 4.10. B3LYP/aug-cc-pVTZ optimized deoxyadenosine geometries highlighting the model 
system. Model layers are focused at the protonation sites. Intramolecularly bonded structures 

are indicated as H-bonded. 
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The geometries for each of the deoxyribonucleosides were optimized at the B3LYP/cc-

pVTZ level, and frequency calculations were used to confirm that each species was a local 

minimum.  A DFT study by Xia et al.127 examined possible lowest energy tautomers for the 

structures without intramolecular bonding, and their results for these systems match the 

optimized geometries computed in this study to within 0.1 Å (the H-bonded structures that 

were examined in the present study were not investigated by Xia). 

Each of the optimized H-bonded deoxyribonucleosides exhibits intramolecular bonding 

in the unprotonated structures, but after protonation, some of the optimized geometries do 

not exhibit the H-bonding found in their neutral counterparts.  The deoxyadenosine protonated 

species retain the H-O---H-C bonding, but the optimized H-bonded species have the 

hydroxymethyl group pointing away from the base for the N1 and N3 protonation sites, 

breaking the O-H---N intramolecular bonding.  For the N3 protonation site, this is expected, as 

the hydroxymethyl group had previously exhibited O-H---N intramolecular bonding but is 

hindered by the protonation of the N3 site.  The formation of H-O---H-N is a stable alternative 

to the O-H---N bond once the site has been protonated.  In contrast, the hydroxymethyl group 

in the optimized N1-Hbond structure points away from the base and does not form an O-H---N 

intramolecular bond, though the N3 site is not sterically hindered.  It is of note that in 

comparison to the other protonated structures, the N1-Hbond molecule was the only system to 

form a double bond between the N3 nitrogen and the C2 carbon.  This makes the N3 nitrogen 

less basic and less likely to form an intramolecular bond. 

Similarly, the optimized deoxycytidine H-bonded structures also exhibit hydroxymethyl 

groups which point away from the base and do not show O-H---O intramolecular bonds [Fig. 
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4.7].  This is unexpected for both species, as the N3-Hbond and O2-Hbond structures each have 

O=C sites with lone pairs that could bond with the hydrogen of the hydroxymethyl group.  As 

this did not occur, it suggests that such intramolecular bonding would weaken the carbonyl 

double bond and destabilize the species, thus none of the protonated H-bond species for 

deoxycytidine has intramolecular bonds in their optimized structures. 

The optimized deoxyguanosine H-bonded species are similar to those for deoxycytidine, 

with the hydroxymethyl groups on the N7-Hbond, and O6-Hbond structures also pointing away 

from the nitrogen base and forming no intramolecular bond [Fig. 4.8].  As seen in the 

deoxyadenosine N1-hbond structure, there is a double bond between the N3 nitrogen and the 

C2 carbon, weakening the basicity of the N3 lone pair and preventing the formation of 

intramolecular bonding.  As expected, the N3-Hbond species exhibits an H-O---H-N bond with 

the recently protonated N3 site, but further examination of the N3 protonation site reveals that 

the sugar ring has rotated around the glycosidic bond, such that the oxygen in the furanose ring 

bonds to hydrogen at the newly-protonated N3 site.  This site is particularly unique in 

comparison to the other sites available for this structure or in comparison to the sites on the 

other deoxyribonucleosides, as the N3 protonation site is capable of multiple stable 

intramolecular bonds. 

The optimized structures for the deoxythymidine protonation sites are comparable to 

the protonated deoxycytidine systems [Fig. 4.9].  The hydroxymethyl groups on the H-bonded 

deoxythymidine structures point away from the base and also did not form the expected O-H---

O intramolecular bonds.  The N3-Hbond and O2-Hbond structures did not readily bond with the 

hydrogen of the hydroxymethyl group through the lone pairs on the O=C sites.  Because this  
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Table 4.3. Proton affinities in kcal mol-1 for the deoxyadenosine structures determined using 
ONIOM(ccCA:B3LYP/cc-pVTZ) and compared with the experimental value. 

  Deoxyadenosine    Expt.a 

Protonation Site cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ   237.2 ±2 
N1 232.3 232.4 232.4   
N3 231.7 230.9 231.1   
N7 228.8 228.2 228.4   
N1-Hbond 223.0 222.8 223.0   
N3-Hbond 234.5 233.9 233.9   
N7-Hbond 218.4 218.3 218.7   

(a) Experimental values obtained from the NIST WebBook.113  
 

Table 4.4. Proton affinities in kcal mol-1 for the deoxycytidine structures determined using 
ONIOM(ccCA:B3LYP/cc-pVTZ) and compared with the experimental value. 

  Deoxycytidine    Expt.a 

Protonation Site cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ   236.4 ±2 
N3 235.4 235.5 235.9   
O2 237.0 237.0 236.9   
N3-Hbond 225.1 225.7 226.3   
O2-Hbond 227.8 228.3 228.2   

(a) Experimental values obtained from the NIST WebBook.113 

 

bonding was not observed, it suggests that, as in deoxycytidine, the intramolecular bonding 

would weaken the carbonyl double bond and destabilize the species.  Consequently, the 

protonated H-bond species did not form intramolecular bonds, and such a destabilization is not 

observed in the optimized H-bonded structures. 

The ONIOM(ccCA:B3LYP/aug-cc-pVDZ) proton affinity calculations performed on 

deoxyadenosine [Table 4.3] predict that the N3-Hbond location is the likely site of protonation, 

with a PA of 233.9 kcal mol-1.  This is 3.3 kcal mol-1 lower than the experimental value (237.2 

kcal mol-1) but consistent with the calculations which utilized cc-pVTZ and aug-cc-pVTZ basis 
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sets in the single point energy calculation, as they also predict the N3-Hbond site as the site of 

protonation.  In comparing the performance of each basis set at each of the possible  

Table 4.5. Proton affinities in kcal mol-1 for the deoxyguanosine structures determined using 
ONIOM(ccCA:B3LYP/cc-pVTZ) and compared with the experimental value. 

  Deoxyguanosine    Expt.a 

Protonation Site cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ   238.2 ±2 
N3 221.9 222.0 222.8   
N7 238.4 238.2 238.5   
O6 231.9 231.4 231.5   
N3-Hbond 224.5 223.9 224.0   
N7-Hbond 228.0 227.7 228.2   
O6-Hbond 211.5 211.9 212.6   

(a) Experimental values obtained from the NIST WebBook.113  
 

Table 4.6. Proton affinities in kcal mol-1 for the deoxythymidine structures determined using 
ONIOM(ccCA:B3LYP/cc-pVTZ) and compared with the experimental value. 

  Deoxythymidine    Expt.a 

Protonation Site cc-pVTZ aug-cc-pVDZ aug-cc-pVTZ   226.8 ±2 
O2 207.3 207.7 207.8   
O4 214.0 214.2 214.1   
O2-Hbond 203.0 203.6 203.5   
O4-Hbond 210.6 210.7 210.9   

(a) Experimental values obtained from the NIST WebBook.113  

 

protonation sites, the ONIOM-ccCA calculations consistently produce energies within 1 kcal 

mol-1 of each other.  For example, the calculation at the deoxyadenosine N1 protonation site 

produced a PA of 232.3 kcal mol-1 for cc-pVTZ, 232.4 kcal mol-1 for aug-cc-pVDZ, and 232.4 kcal 

mol-1 for aug-cc-pVTZ—an overall deviation of only 0.1 kcal mol-1.   

For deoxycytidine, four protonation sites were identified—N3 and O2 along with their 

respective hydrogen-bonded species.  The ONIOM-ccCA calculations using aug-cc-pVDZ as the 

low level basis set predict O2 as the protonation site, with a PA of 237.0 kcal mol-1 [Table 4.4].  
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Considering the PAs calculated using cc-pVTZ and aug-cc-pVTZ basis sets, the calculations 

compare well against the PAs computed using aug-cc-pVDZ.  PAs for calculations with cc-pVTZ, 

aug-cc-pVDZ, and aug-cc-pVTZ basis sets deviate by less than 1 kcal mol-1, and the PA for the O2 

site is within the uncertainty (±2 kcal mol-1) of the experimental proton affinity (236.4 kcal 

mol-1).  The protonation sites for deoxyguanosine include N3, N7, O6, and their respective 

hydrogen-bonded species.  Comparison between PA calculations with the cc-pVTZ, aug-cc-

pVDZ, and aug-cc-pVTZ basis sets also exhibit the consistency shown for deoxyadenosine and 

deoxycytidine, with an average deviation of less than 1 kcal mol-1 between these calculations 

[Table 4.5]. The calculations with the aug-cc-pVDZ basis set predict the most likely site of 

protonation to be the N7 site.  Specifically, the PA calculated for the N7 site is 238.2 kcal mol-1.  

The proton affinity value predicted for N7 is, again, consistent with the experimental value of 

238.2 kcal mol-1. 

Finally, deoxythymidine has four identified protonation sites: O2 and O4, with their 

respective hydrogen-bonded species. The ONIOM(ccCA:B3LYP/aug-cc-pVDZ) calculations 

predict a PA of 214.2 kcal mol-1 at the O4 protonation site [Table 4.6]. This is much lower than 

the given experimental value of 226.8 kcal mol-1, though the proton affinities for the 

deoxythymidine calculations are consistent from basis set to basis set.  This is significant for the 

deoxyribonucleoside calculations, as the goal of the present study was to determine the 

protonation site of deoxythymidine as the possible initiator of irradiative damage. 
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4.4 Conclusions 

 Proton affinities of large biological molecules are difficult to experimentally determine, 

and the ONIOM-ccCA methodology allows for calculations of proton affinities and the 

prediction of the most likely protonation site for a given biomolecule.  Additionally, the optimal 

low level method and basis set for use in ONIOM-ccCA is determined. 

An investigation of the optimal low level method for use in ONIOM-ccCA produced PA 

calculations within 1 kcal mol-1 on average of experimental values for ten amine-containing 

molecules with varying amounts of ring structure and conjugation.  Calculations which 

employed the B3LYP functional as the low level method gave a MAD of 0.9 kcal mol-1 from 

experiment, and the addition of diffuse functions to the correlation consistent basis sets 

decreased this deviation to 0.6 kcal mol-1 from experiment.  Thus, B3LYP/aug-cc-pVDZ is 

recommended as the low level method and basis set. 

The methodology and layering technique employed in this study have enabled the 

ONIOM-ccCA method to be used to predict the protonation sites for deoxyribonucleosides.  The 

results for deoxyadenosine and deoxycytidine indicate the protonation site at the N3-Hbond 

and O2 locations, respectively, though the deoxyadenosine PA was slightly lower than the 

experimental value.  The deoxyguanosine PA calculations were also in agreement with 

experiment, predicting N7 as the protonation site.  
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CHAPTER 5  

SOLV-ccCA: IMPLICIT SOLVATION AND THE CORRELATION CONSISTENT COMPOSITE APPROACH 

FOR THE DETERMINATION OF pKa† 

5.1 Introduction 

The pKa of a molecule or functional group is an important chemical and biological 

property, aiding in the determination of protonation at a given pH as well as the likely 

protonation site of a molecule.  Many thermodynamic schemes have been designed to 

calculate the pKa of a system, varying in the degree to which they rely on experimental data.128–

132  Generally, methods which use free energies from experiment to parameterize calculations 

are referred to as relative methods, and those which minimize the use of experimental 

reference energies are referred to as absolute or direct methods. 

In previous studies, the accuracy of both direct and relative pKa calculations was 

examined by Liptak and Shields.128,129,133,134 The direct thermodynamic cycle, depicted in 

Scheme 1, includes the deprotonation of an acid to form H3O+: 

Scheme 1 

H2O    +      HAgas
𝑞𝑞      

∆Ggas
�⎯⎯�      Agas

𝑞𝑞−1     +      H3Ogas
+  

↓ ∆Gs(H2O)     ↓ ∆Gs(HA)          ↓ ∆Gs(A)     ↓ ∆Gs(H3O+) 

H2O     +       HAaq
𝑞𝑞       

∆Gaq
�⎯�       Aaq

𝑞𝑞−1      +      H3Oaq
+  

This is generally simplified in Scheme 2 as the dissociation of an acid (HAq) into its conjugate 

base (Aq-1) and a lone proton (H+): 

†Reprinted with permission from Riojas, A. G.; Wilson, A. K. J. Chem. Theory Comput. 2014, 10, 
1500. Copyright 2014, American Chemical Society. 
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Scheme 2 

HAgas
𝑞𝑞      

∆Ggas
�⎯⎯�      Agas

𝑞𝑞−1     +      Hgas
+  

↓ ∆Gs(HA)            ↓ ∆Gs(A)       ↓ ∆Gs(H+) 

HAaq
𝑞𝑞       

∆Gaq
�⎯�       Aaq

𝑞𝑞−1      +      Haq
+  

Thus, the solvation free energy (ΔGaq) for Scheme 2 can be calculated using: 

∆𝐺𝐺𝑎𝑎𝑞𝑞 = ∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 + ∆∆𝐺𝐺𝑔𝑔 5.1 

where 

∆∆𝐺𝐺𝑔𝑔 = ∆𝐺𝐺𝑔𝑔 − ∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 5.2 

∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 = 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐴𝐴) + 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐻𝐻+) − 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐻𝐻𝐴𝐴)  5.3 

∆𝐺𝐺𝑔𝑔 = ∆𝐺𝐺𝑔𝑔(𝐴𝐴) + ∆𝐺𝐺𝑔𝑔(𝐻𝐻+) − ∆𝐺𝐺𝑔𝑔(𝐻𝐻𝐴𝐴)  5.4 

Liptak and Shields calculated all ΔG values with ab initio composite methods, namely the 

complete basis set (CBS) methods of Petersson et al.40–44,135 or the Gaussian-n (Gn) methods 

developed by Pople, Curtiss, Raghavachari, and co-workers,31–33,38 and all ΔGs values with a 

solvation approach, typically the conductor-like polarizable continuum solvation model (CPCM).  

The CBS methods are composite methods, designed to combine calculations from different 

levels of theory to minimize computational demand arising from electron correlation methods.  

CBS methods are so named for the explicit extrapolation of the correlation energy, which uses 

pair natural orbital expansion to asymptotic convergence.  The Gn methods are also composite 

methods, which assume basis set additivity.  The Gn methods do not include an explicit 

extrapolation, as in the CBS methods, but do include an empirical “high level correction” to 

minimize deviation from experimental values. 
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While there are several studies in the literature which incorporate the effects of 

solvation into composite methodologies, most include solvation as an additive energetic term 

at a density functional level of theory (DFT).101,136–138  A 2010 study by Ho and Coote136 

calculated the pKa’s for a set of oxicams, nonsteroidal anti-inflammatory drugs (NSAID’s) with 

analgesic and antipyretic properties.139  Various DFT methods were compared to the 

performance of G3MP2(+)-cc136 gas-phase calculations, with M05-2X yielding the most 

promising results.  However, solvation effects were accounted for using B3LYP and a smaller 

basis set with CPCM, COSMO, and SMD continuum solvent models.  Similarly, Dinescu et al.138 

used the G3 composite method to calculate the free energies of solvation for oxygen transfer 

reactions in a variety of small systems.  In this prior work, the effects of solvation were also 

included at the B3LYP level with a 6-31++G(2d,2p) basis set, using PCM, CPCM, IEFPCM, and 

COSMO continuum solvent models. 

Liptak and Shields have shown that absolute solvation calculations using Scheme 2 are 

capable of producing pKa’s for a set of six small, uncharged carboxylic acids to within ~0.5 pKa 

unit of experimental values when using CBS methods combined with CPCM.  In the same 

studies, Gn methods used in conjunction with CPCM resulted in pKa’s within two units from 

experiment.  Recently, the work of Casasnovas and coworkers131 examined relative solvation 

schemes to determine the suitability of DFT methods and the CBS-QB3 composite method in 

calculating pKa values of pyridines and carbon acids.  The relative scheme used by Casasnovas et 

al. is shown in Scheme 3, which depicts a proton exchange reaction between a reference acid 

(A)—with known experimental values—and an unknown acid (B): 
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Scheme 3 

HAgas
𝑞𝑞     +     Bgas

𝑞𝑞−1      
∆Ggas
�⎯⎯�      Agas

𝑞𝑞−1     +      HBgas
𝑞𝑞  

↓ ∆Gs(HA)     ↓ ∆Gs(B)          ↓ Gs(A)     ↓ ∆Gs(HB+) 

HAaq
𝑞𝑞     +      Baq

𝑞𝑞−1      
∆Gaq
�⎯�      Aaq

𝑞𝑞−1     +      HBaq
𝑞𝑞  

Alternatively, Casasnovas et al. also investigated an isodesmic-style reaction that depicts the 

proton exchange reaction of Scheme 3 but excludes gas-phase calculations: 

Scheme 4 

HAaq
𝑞𝑞     +      Baq

𝑞𝑞−1      
∆Gaq
�⎯�      Aaq

𝑞𝑞−1     +      HBaq
𝑞𝑞  

Casasnovas and coworkers used Scheme 4 to examine twenty pyridine structures and thirteen 

carbon acids, the building blocks of amino acids and deoxyribonucleosides.  Using the relative 

scheme, pKa’s were calculated to within an MAD of 2.5 units of experimental values for both 

the pyridine and carbon acid sets.  DFT, specifically B3LYP, was able to produce pKa values of 

comparable accuracy to CBS-QB3 (overall MAD within 3.5 pKa units).  For the substituted 

pyridines only, Casasnovas and coworkers were able to achieve an MAD of 0.91 pKa unit; 

however, the authors note that carbon acids are a known difficulty for computational solvation 

determinations, since these charged and zwitterionic species are poorly described by 

continuum solvent models.131,140,141  Some improvement in MAD (0.10-0.50 pKa units) is 

observed by Casasnovas when the carbon acids are microsolvated using individual water 

molecules, and similar results have subsequently been noted by Marenich et al.142 and Sutton 

et al.132 in studies of carboxylic acids using various density functionals. 
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Because the relative method is parameterized using experimental data, Scheme 4 is 

limited by the amount of available experimental data in the literature.  Additionally, Casasnovas 

identifies that accuracy in the relative method is dependent upon those systems wherein there 

is little change in the geometries of HAq/HBq and Aq-1/Bq-1 (i.e. relative calculations are limited 

to structures which have the same geometries, regardless of being in the gas- or solution-

phase).143  

In the spirit of ab initio or first principles calculations, it would be advantageous to be 

able to determine unknown pKa’s in the absence of experimental values.  Thus, Scheme 2 is 

utilized for the direct calculation of pKa with the solvated variant of the correlation consistent 

composite approach (ccCA).  This ab initio-based solvation method has been termed Solv-ccCA.  

The ccCA method is a composite approach which utilizes the correlation consistent basis sets 

developed by Dunning et al.27,29,85–87 and includes several forms: the original main group 

ccCA,56–58,89,90 Transition Metal ccCA (ccCA-TM),92,144 relative pseudopotential ccCA (rp-

ccCA),145,146 multireference ccCA (MR-ccCA),147 and ONIOM-type QM:QM multilayered ccCA 

(ONIOM-ccCA).104,146,148  To date, ccCA has successfully been applied to gas-phase calculations 

of thermodynamic properties, including ionization potentials, enthalpies of formation, electron 

affinities, activation energies, isomerization energies, and bond dissociation energies to within 

1 kcal mol-1 (on average) of well-established experiment for hundreds of chemical species but 

has not been utilized to accurately describe species with significant solvent interactions. Thus, a 

reliable solvated variant would be desirable to utilize the accuracy and flexibility of ccCA for 

calculations in a solvated medium, extending this reliable composite methodology to new 

systems beyond the limitations of the gas phase. 
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For this investigation, the Solv-ccCA methodology has been applied to the set of twenty 

pyridine structures and thirteen carbon acids from the Casasnovas study and examined by 

calculating solvation free energies and, subsequently, pKa’s.  A variety of density functionals are 

also used to examine the pyridines and carbon acids, and results are compared to experimental 

values as well as the direct pKa’s calculated by Solv-ccCA.  Finally, the Solv-ccCA methodology is 

then applied to calculate the pKa’s for a set of thirty-two aliphatic amine systems, previously 

selected by Sumon and coworkers149 for their relevance in CO2 capture. 

 

5.2 Solvated ccCA Method 

In considering a fundamental equation of thermodynamics, where the pKa is related to 

free energies of solvation as: 

𝑝𝑝𝐾𝐾𝑎𝑎 = ∆𝐺𝐺𝑎𝑎𝑎𝑎
2.303𝑅𝑅𝑇𝑇

 5.5 

a deviation of 1.36 kcal mol-1 in the ∆Gaq value results in an error of a full pKa unit.  While a full 

discussion of the accuracies of various direct and relative cycles and methodologies is outside of 

the scope of this paper, a study by Ho and Coote130 indicates that an accuracy of 3.5 pKa units 

from experiment can be expected when employing a direct thermodynamic cycle.  This is larger 

than the predicted accuracy of relative cycles, which can be within 2 pKa units from 

experiment.130  Liptak and Shields128 identify that one source of error for direct schemes is the 

choice of free energy of solvation from experiment for the lone proton—∆Gs(H+).  The Ho and 

Coote study130 notes five values have been provided for the free energy of solvation, ∆Gs(H+).  

These energies range from -259.5 to -264 kcal mol-1, representing a spread of three pKa units. 
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In the present study, we use Camaioni’s and Schwerdtfeger’s value150 of -265.9 kcal 

mol-1 for ∆Gs(H+), as it has been produced both by experiment151 and theoretical152 calculations, 

and we use -4.39 kcal mol-1 for the value of Ggas(H+), derived using the Sackur-Tetrode 

equation.153  Additionally, ΔGgas values calculated using Solv-ccCA take into account the 

conversion from standard state in units atm to molar,100,134 and ΔGsolv is calculated using [(Esoln 

+ Gnes) - Egas], as defined in the parameterization of continuum solvent models (such as 

SMD).100  

All structures were optimized with two DFT methods: B3LYP and M06-2X, using a triple-ζ 

correlation consistent basis set (cc-pVTZ).  Subsequently, single-point energy calculations were 

performed using the B3LYP, B97-1, B97-2, B98, BMK, and M06 functionals and the cc-pVTZ basis 

set on the B3LYP optimized structures, with M06-2X/cc-pVTZ single-point calculations on the 

M06-2X optimized structures.  Specifically, the M06-2X optimizations and energy calculations 

were chosen because SMD was extensively optimized and parameterized using M05-2X.154  

The Solv-ccCA methodology incorporates the main group ccCA methodology.  The ccCA 

method consists of a set of single-point energy calculations performed using a B3LYP/cc-pVTZ 

optimized geometry, with harmonic vibrational frequencies scaled by 0.9890.58  The reference 

energy is calculated by separately extrapolating Hartree-Fock (HF) and second-order Møller-

Plesset (MP2) single-point energies, using the Feller extrapolation58,61 for the more rapidly 

converging HF energies:  

𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶(𝐻𝐻𝐻𝐻) + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝(−1.63𝑛𝑛) 5.6 

The Feller extrapolation is a three-point extrapolation, a scheme which we have applied to the 

HF energies computed at the aug-cc-pVTZ and aug-cc-pVQZ basis set levels, as suggested by 
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Halkier et al.61,155  For the MP2 energies, the ccCA-P scheme is used, implying the use of the 

Peterson extrapolation:62  

𝐸𝐸(𝑛𝑛) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)] + 𝐶𝐶𝑒𝑒𝑥𝑥𝑝𝑝[−(𝑛𝑛 − 1)2] 5.7 

This scheme uses energies computed using the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ 

basis sets for extrapolation to the CBS limit.  For comparison, extrapolations were also 

performed using the ccCA-S3 and ccCA-S4 schemes, which include inverse cubic and quartic 

equations colloquially referred to as the Schwartz 3 and Schwartz 4 extrapolations: 

𝐸𝐸(𝑙𝑙𝑚𝑚𝑎𝑎𝑥𝑥) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶
(𝑒𝑒𝑚𝑚𝑎𝑎𝑒𝑒)3

 5.8 

𝐸𝐸(𝑙𝑙𝑚𝑚𝑎𝑎𝑥𝑥) = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶
(𝑒𝑒𝑚𝑚𝑎𝑎𝑒𝑒+1 2� )4

 5.9 

Both are two-point extrapolations, using energies computed at either the aug-cc-pVDZ and aug-

cc-pVTZ levels or the aug-cc-pVTZ and aug-cc-pVQZ levels. 

Correlation effects beyond the MP2 level of theory are accounted for using coupled 

cluster with single, double and pertubative triple excitations (CCSD(T)),  with additional steps to 

account for the effects of core-core and core-valence correlation and scalar relativistic effects.  

Finally, ZPE contributions are included to give the final ccCA energy: 

EccCA = E[HF/CBS] +E[MP2/CBS]+∆E(CC)+∆E(CV)+∆E(SR) 

+E(SO)+E(ZPE) 5.10 

The full ccCA formulation is discussed in-depth in Ref. 58. 

Solvation free energies are calculated by optimizing the geometries using the SMD 

solvation model of Cramer and Truhlar at the B3LYP/cc-pVTZ level.  SMD single-point energies 

are then calculated using ccCA, with the reference energies and various correlation 

contributions solvated at each step (i.e. SMD solvation energies were calculated using MP2 for 
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each of the aug-cc-pVnZ basis sets to produce the extrapolated solvation free energy for the 

composite scheme, and then, SMD solvation energies were calculated using all other 

method/basis set combinations utilized within the steps of ccCA, including CCSD(T)/cc-pVTZ).  

This approach allows for an additive Solv-ccCA final energy similar to the gas-phase composite 

approach explained above, wherein the difference between the gas-phase ccCA and Solv-ccCA 

calculations provides for the effects of solvation.   

Free energies were calculated using the statistical thermodynamics of an ideal gas and 

harmonic oscillator rigid rotor approximation. All calculations were performed at 298.15K using 

Gaussian 2009.124  

 

5.3 Application and Results 

5.3.1 Pyridine Systems 

The performance of DFT/pVTZ for the pyridine systems is within Ho’s and Coote’s 

accuracy of 3.5 pKa units for each of the methods examined.  Of the methods optimized using 

B3LYP, M06 yields the highest accuracy, with an MAD of 0.70 pKa unit from experiment.  

Because the M06 family of functionals was developed by reparameterizing the M05 family of 

functionals, the superior accuracy of M06 is not unexpected: the SMD model was 

parameterized against a benchmark set of solvation data1 using the M05-2X functional.  The 

BMK functional also performs to within 1 pKa unit (an MAD of 0.89), and the MAD of B3LYP is 

1.05 pKa units from experiment.  In comparison to experiment, the B97-1, B97-2, B98, and M06-

2X functionals yield pKa’s that differ by ~1.5 pKa unit or more. 
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 With the exception of M06 and M06-2X, the pKa’s for the density functional calculations 

result in maximum deviations that range from 1.92 to 4.04 pKa units for the P1 structure (Fig. 

5.1), which is substituted with a methyl group connected ortho to the N1 position.  Large 

deviations are also observed for the P4 and P5 structures (e.g. errors for B3LYP are 2.20 and 

2.29 pKa units, respectively), where both systems have methyl groups in the ortho position.  

When the methyl group is substituted by a halogen, such errors are not observed (e.g. errors 

for the chlorinated P6 structure and fluorinated P8 structure are ~0.8 pKa unit for the B3LYP/cc-

pVTZ calculations).  This is in agreement with previous work by Casasnovas et al.,131,143 in which 

the authors note that calculation of solvent effects on the pyridine nitrogen is hindered by the 

solvation spheres of neighboring atoms, which overlap the nitrogen sphere. 

Figure 5.1. Pyridine systems. 
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The M06 functional has a maximum deviation for the P6 structure (an error of 1.69 pKa 

units), with similarly sized deviations for the P1, P5, P8, and P11 structures (1.42, 1.27, 1.34 and 

1.20 pKa units, respectively).  P6 and P8 pKa values (for the halogenated structures discussed 

above) indicate that the M06 functional does not exhibit reduced deviations, as was shown for 

B3LYP.  Additionally, performance of the BMK and M06-2X functionals for the P6, P8, and P11 

structures do not show an improved description of the halogenated structures, with M06-2X 

yielding a maximum deviation of 3.75 pKa units for the P8 structure and comparable deviations 

for P6 and P11.  Overall, M06-2X pKa values exhibit the largest deviations from experiment for 

the P6, P8, and P11 structures, and M06-2X yields a larger MAD (2.17 pKa units) than for the 

pyridine pKa’s produced using B3LYP. 

In general, each of the DFT methods examined tends to overestimate the experimental 

pKa; however, the M06, M06-2X, and Solv-ccCA pKa values generally underestimate experiment.  

The largest deviations for Solv-ccCA include structures P8 (maximum deviation of 3.03 pKa 

units), P6, and P11—structures with pKa values approaching zero.  In contrast to the B3LYP 

calculations, Solv-ccCA exhibits a better description of structures with ortho-substituted methyl 

groups (P1, P4, and P5) but a larger overall MAD (1.35 pKa units) in comparison to B3LYP. 

Since the S3 and S4 ccCA formulations are two-point extrapolations, the quality of these 

calculations was also examined.  On average, the S3 and S4 extrapolations using energies 

calculated with aug-cc-pVDZ and aug-cc-pVTZ basis sets (D,T notation) perform to comparable 

accuracy with the aug-cc-pVTZ,aug-cc-pVQZ two-point extrapolations (T,Q notation).  The S4   
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 Solv-ccCA (No Extrapolation) Solv-ccCA (Various Schemes)  

 MP2/aug-
cc-pVDZ 

MP2/aug-
cc-pVTZ 

MP2/aug-
cc-pVQZ Peterson S3 (D,T) S4 (D,T) S3 (T,Q) S4 (T,Q) Expt.131 

Pref 3.57 4.14 4.11 4.13 4.06 4.11 4.10 4.12 5.23 
P1 5.47 6.07 6.02 6.04 6.01 6.05 6.01 6.03 5.97 
P2 4.05 4.63 4.60 4.62 4.57 4.62 4.59 4.61 5.68 
P3 4.34 4.96 4.93 4.96 4.90 4.95 4.93 4.95 6.02 
P4 5.76 6.37 6.33 6.35 6.32 6.36 6.32 6.34 6.57 
P5 6.08 6.73 6.68 6.70 6.69 6.73 6.68 6.70 6.99 
P6 -2.66 -1.92 -2.04 -2.10 -1.98 -1.93 -2.14 -2.10 0.49 
P7 0.50 1.12 1.06 1.04 1.05 1.09 1.01 1.04 2.81 
P8 -4.17 -3.44 -3.49 -3.47 -3.50 -3.45 -3.51 -3.48 -0.44 
P9 0.83 1.50 1.48 1.51 1.46 1.51 1.48 1.50 2.97 
P10 0.13 0.76 0.72 0.77 0.75 0.80 0.74 0.76 2.84 
P11 -3.37 -2.79 -2.89 -2.88 -2.88 -2.83 -2.92 -2.89 -0.26 
P12 -0.64 -0.11 -0.16 -0.15 -0.20 -0.15 -0.18 -0.16 1.45 
P13 -0.02 0.49 0.44 0.46 0.39 0.44 0.42 0.45 1.90 
P14 1.93 2.59 2.49 2.49 2.53 2.58 2.46 2.49 3.28 
P15 3.04 3.63 3.58 3.60 3.57 3.62 3.57 3.59 4.88 
P16 5.16 5.81 5.79 5.82 5.76 5.81 5.79 5.81 6.62 
P17 -1.57 -1.01 -1.08 -1.07 -1.09 -1.04 -1.11 -1.08 0.81 
P18 1.73 2.28 2.24 2.26 2.21 2.26 2.23 2.25 3.40 
P19 1.79 2.38 2.38 2.42 2.32 2.36 2.38 2.40 3.18 
MAD 1.92 1.32 1.36 1.35 1.38 1.33 1.38 1.36  
RMSD 2.08 1.52 1.57 1.56 1.58 1.54 1.59 1.57  
MAX Dev 3.73 3.00 3.05 3.03 3.06 3.01 3.07 3.04  

  

Table 5.1. pKa’s determined for pyridine systems using Solv-ccCA and compared to experiment.  Several 
different reference schemes have been considered.  In the “Solv-ccCA (No Extrapolation”), the level shown 
(i.e., MP2/aug-cc-pVDZ) serves as the reference energy.  For “Solv-ccCA (Various Schemes),” several 
extrapolation schemes have been considered for the MP2 reference energy.  Both the S3 and S4 schemes 
were considered, using energies arising from calculations at the basis set levels indicated (e.g. (D,T) refers 
to a reference energy based upon a CBS extrapolation of the MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ 
energies). 
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 B3LYP Solv-ccCA 
(Peterson) 

Solv-ccCA 
(MP2/aug-cc-pVTZ) 

Solv-ccCA 
(MP2/pVTZ) Expt.131  

Pref 6.29 4.13 4.14 5.58 5.23 
P1 8.41 6.04 6.07 7.50 5.97 
P2 6.90 4.62 4.63 6.07 5.68 
P3 7.35 4.96 4.96 6.40 6.02 
P4 8.77 6.35 6.37 7.74 6.57 
P5 9.28 6.70 6.73 8.16 6.99 
P6 -0.31 -2.10 -1.92 -0.50 0.49 
P7 3.05 1.04 1.12 2.51 2.81 
P8 -1.21 -3.47 -3.44 -1.72 -0.44 
P9 3.54 1.51 1.50 3.02 2.97 
P10 2.60 0.77 0.76 2.10 2.84 
P11 -0.66 -2.88 -2.79 -1.45 -0.26 
P12 1.68 -0.15 -0.11 1.22 1.45 
P13 2.37 0.46 0.49 1.84 1.90 
P14 4.75 2.49 2.59 3.94 3.28 
P15 6.00 3.60 3.63 5.11 4.88 
P16 8.39 5.82 5.81 7.38 6.62 
P17 0.65 -1.07 -1.01 0.43 0.81 
P18 4.49 2.26 2.28 3.75 3.40 
P19 4.37 2.42 2.38 3.82 3.18 
MAD 1.05 1.35 1.32 0.64  
RMSD 1.26 1.56 1.52 0.77  
MAX Dev 2.44 3.03 3.00 1.53  

 

(D,T) extrapolation scheme gives the smallest MAD (1.33 pKa units from experiment), but the 

difference between it and the S3 extrapolations, which each exhibit the largest MAD (1.38 pKa 

units) is only 0.05 pKa unit.  The improvement of S4 (D,T) over the Solv-ccCA Peterson 

extrapolation is even less—0.02 pKa unit. 

Table 5.2. B3LYP/pVTZ pKa values for the pyridine systems compared to Solv-ccCA (Peterson 
extrapolation) and Solv-ccCA with MP2/pVTZ- and MP2/aug-cc-pVTZ-based reference 
energies.  All deviations are from experimental pKa’s. 
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Because the S4 (D,T) extrapolation produced pKa’s with reduced deviations in 

comparison to the (T,Q) extrapolations, pKa’s were also calculated at each of the MP2/aug-cc-

pVnZ levels, used in place of the extrapolated reference value, to better understand basis set 

behavior.  The MP2/aug-cc-pVnZ pKa’s are provided in Table 5.1, along with Solv-ccCA values 

using the ccCA-P, ccCA-S3, and ccCA-S4 forms for extrapolation to the CBS limit.  The Solv-ccCA 

calculations using MP2/aug-cc-pVTZ as the reference energy (with no extrapolation) give a 

slight improvement (0.03 pKa unit) over the full formalism.  Overall, the pKa values diverge from 

the experimental pKa, with the MP2/aug-cc-pVDZ step performing most poorly (MAD = 1.92 pKa 

units).  A reduced deviation of 1.32 pKa units is observed for the aug-cc-pVTZ step, while the 

aug-cc-pVQZ step exhibits another slight decrease in the accuracy (MAD = 1.36 pKa units). 

To further compare the Solv-ccCA reference energy to the DFT methods examined, pKa’s 

were also calculated based upon an MP2/pVTZ reference energy.  Table 5.2 shows a 

comparison of these results against B3LYP and Solv-ccCA using the Peterson extrapolation and 

their deviations from experiment.  Overall, Solv-ccCA with the MP2/pVTZ-based reference 

energy exhibits an MAD of 0.64 pKa unit, outperforming the full Solv-ccCA.  This deviation 

equates to an accuracy of 0.87 kcal mol-1 on average, well within the desired 3.5 pKa units but 

also within gas-phase chemical accuracy (1 kcal mol-1). 

As observed for the DFT/pVTZ calculations, Solv-ccCA with the MP2/pVTZ reference 

energy overestimates the experimental pKa values, further highlighting the basis set 

dependence of the solvation calculations.  Performance is significantly improved for the 

structures with pKa values approaching zero, including P6, P8, P11, and P17, with a maximum 

deviation of 1.23 pKa units (the P1 structure).  In comparison, the maximum deviation from 
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experiment for M06 is 1.69 pKa units (P6).  The accuracy of MP2/pVTZ-based Solv-ccCA is 

slightly decreased for P1, P4, and P5 in comparison to full Solv-ccCA.  P1, P4, and P5 are 

structures with ortho- and para-substituted methyl groups that were previously identified as 

problematic for B3LYP-optimized solvation calculations, but overall, the MP2/pVTZ-based Solv-

ccCA deviations from experiment are similar to M06 deviations and are improved in comparison 

to those calculated using B3LYP.  

 

5.3.2 Carbon Acids 

As shown in the Casasnovas study, the performance of DFT/pVTZ for the calculation of 

carbon acid pKa’s is markedly decreased.  It was previously noted by Ho and coworkers156 that 

many continuum solvation models (such as SMD) are parameterized using small, rigid 

molecules with little structural change between their gas- and solvent-phase structures. 

However, the carbon acid molecule set contains larger, more complex systems in comparison to 

the rigid pyridine structures, and the proposed methodology used in this study would be 

expected to yield larger deviations.  In addition, Casasnovas and coworkers131 note that while 

the experimental error of well-characterized systems is generally within 0.01-0.1 pKa unit, the 

uncertainties of the carbon acids are can be expected to be within 0.1 to 1.0 pKa unit or greater, 

due to their weak acidities in water. This error may contribute to large deviations when 

comparing experiment and calculated values. 

On average, the B3LYP-optimized DFT/pVTZ calculations are within 12.0 pKa units from 

experiment, and of these methods, M06 results in the best performance, with an MAD of 9.8 

pKa units from experiment.  In contrast to the pyridine results, B3LYP performs comparably to 
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M06 for the set of carbon acids (MAD = 10.2 pKa units), which is slightly more accurate than the 

pKa calculations using BMK (MAD = 10.6 pKa units).  In comparison to the B3LYP-calculated 

values, the B97-1, B97-2, and B98 pKa’s deviate by 1.0-2.0 pKa units. 

The resulting pKa’s from the DFT/pVTZ calculations each have a maximum deviation for 

the C2 structure (Fig. 5.2), which consists of a carboxylate anion and an amine group connected 

beta to the site of deprotonation.  For the pyridine systems, large deviations in pKa were 

exhibited for multiple structures, but for the carbon acids, none of the pKa values deviate as 

much as for C2.  However, there are deviations for the zwitterionic structures (C1 and C3) 

around ~12.0 pKa units, and large errors for the structures containing carboxylate anions (C2, 

C6, C7 and C9).  Not taking C2 into account, deviations for the carbon anion structures are 

between 11.0-17.0 pKa units.  When the negatively charged oxygen is replaced by a methoxy 

group, the deviations for the B3LYP-calculated pKa values are substantially reduced (e.g. errors 

Figure 5.2. Carbon acids. 
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for the positively charged C4, C5, and C10 structures are 6.5, 3.6, and 4.4 pKa units, 

respectively).  To a lesser extent, the deviation of the ethoxy-substituted C14 is also reduced 

(an error of 7.4 pKa units). 

Surprisingly, the pKa values calculated with the M06-2X functional exhibit the most 

favorable performance of all the DFT/pVTZ methods examined.  Overall, M06-2X yields an MAD 

of 7.6 pKa units from experiment, with a maximum deviation of 14.9 pKa units for the C2 

structure.  As in the B3LYP-optimized structures, M06-2X shows worsened performance for the 

zwitterionic and carboxylate anionic structures and improved performance for the methoxy- 

and ethoxy-substituted structures.  The maximum deviation for M06-2X is ~2.5 pKa units lower 

than for B3LYP (17.6 pKa units). 

In general, each of the DFT methods examined overestimates the experimental pKa, 

including the M06, M06-2X, and Solv-ccCA methods which previously underestimated pyridine 

experimental values.  As in the case of the DFT calculations, the largest deviations for Solv-ccCA 

include structures C2 (maximum deviation of 13.7 pKa units), C6, C7, and C9—zwitterionic and 

carboxylate anionic structures—but in comparison to M06-2X, the deviations are slightly 

decreased overall.  When compared to M06-2X, Solv-ccCA exhibits a smaller MAD (5.8 pKa 

units), despite slightly weaker performance for C5, C8, and C14, but improves upon the 

maximum deviation. 

On average, Solv-ccCA is most consistent for both the pyridine and carbon acid 

structures; nevertheless, the reference energies were still examined to analyze possible basis 

set dependence shown previously.  The values for pKa calculated at each of the MP2/aug-cc-

pVnZ
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 Solv-ccCA (No Extrapolation) Solv-ccCA (Various Schemes)  

 MP2/aug-
cc-pVDZ 

MP2/aug-
cc-pVTZ 

MP2/aug-
cc-pVQZ Peterson S3 (D,T) S4 (D,T) S3 (T,Q) S4 (T,Q) Expt.131  

CRef 35.9 36.8 36.8e 36.8 36.8 36.9 36.7 36.8 29.4 (± 0.5) 
C1 33.9 33.6 33.3 33.4 49.2 33.7 33.4 33.4 28.9 (± 0.5) 
C2 47.0 47.4 47.1 47.7 48.2 48.2 47.7 47.7 34.0 
C3 37.8 38.1 37.9 33.1 33.5 33.5 33.1 33.1 27.3 (± 1.2) 
C4 24.6 24.5 24.2 18.5 18.8 18.9 18.4 18.5 18.0 (± 1.0) 
C5 24.8 24.7 24.3 24.1 24.5 24.6 24.1 24.2 21.0 (± 1.0) 
C6 43.8 44.4 44.1 44.0 44.4 44.5 43.9 44.0 33.5 
C7 25.0 25.2 24.8 24.7 25.2 25.3 24.6 24.7 17.0 
C8 36.3 36.8 36.6 36.7 36.9 37.0 36.7 36.6 30.3 
C9 41.5 41.8 41.5 41.4 41.8 41.9 41.4 41.3 30.8 
C10 20.0 19.9 19.5 13.8 14.2 14.2 13.7 13.8 14.0 (± 1.0) 
C11 34.7 35.1 34.9 34.8 35.0 35.0 34.7 34.7 28.4 (± 0.5) 
C12 35.5 36.0 35.8 30.9 31.1 31.1 30.8 30.9 29.1 
C13 32.6 32.4 32.1 27.2 27.4 27.5 27.2 27.3 23.9 
C14 31.2 31.5 31.2 31.1 31.5 31.6 31.1 31.1 25.6 (± 0.5) 
MAD 7.6 7.8 7.5 5.8 7.2 6.2 5.8 5.8  
RMSD 8.0 8.2 8.0 6.9 8.8 7.2 6.9 6.9  
MAX Dev 13.0 13.4 13.1 13.7 20.3 14.2 13.7 13.7  

Table 5.3. pKa’s determined for carbon acid systems using Solv-ccCA and compared to experiment.  Several different reference 
schemes have been considered. In the “Solv-ccCA (No Extrapolation)”, the level shown (i.e., MP2/aug-cc-pVDZ) serves as the 
reference energy.  For “Solv-ccCA (Various Schemes)”, several extrapolation schemes have been considered for the MP2 
reference energy.  Both the S3 and S4 schemes were considered using energies arising from calculations at the basis set levels 
indicated (e.g. (D,T) refers to a reference energy based upon a CBS extrapolation of the MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ 
energies).  Experimental uncertainties are included, where available. 
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Table 5.4. B3LYP/pVTZ pKa values for the carbon acid systems compared to Solv-ccCA (Peterson 
extrapolation) and Solv-ccCA with MP2/pVTZ- and MP2/aug-cc-pVTZ-based reference energies.  
All deviations are from experimental pKa’s with uncertainties included, where available. 

 B3LYP Solv-ccCA 
(Peterson) 

Solv-ccCA 
(MP2/aug-cc-pVTZ) 

Solv-ccCA 
(MP2/pVTZ) Expt.131  

CRef 40.0 36.8 36.8 40.3 29.4 (± 0.5) 
C1 40.0 33.4 33.6 36.2 28.9 (± 0.5) 
C2 51.6 47.7 47.4 54.6 34.0 
C3 40.2 33.1 38.1 42.3 27.3 (± 1.2) 
C4 24.5 18.5 24.5 26.7 18.0 (± 1.0) 
C5 24.6 24.1 24.7 27.1 21.0 (± 1.0) 
C6 48.5 44.0 44.4 50.8 33.5 
C7 28.1 24.7 25.2 30.3 17.0 
C8 39.7 36.7 36.8 40.7 30.3 
C9 44.2 41.4 41.8 48.1 30.8 
C10 18.4 13.8 19.9 22.0 14.0 (± 1.0) 
C11 38.1 34.8 35.1 39.2 28.4 (± 0.5) 
C12 38.6 30.9 36.0 39.5 29.1 
C13 33.9 27.2 32.4 36.7 23.9 
C14 33.0 31.1 31.5 34.9 25.6 (± 0.5) 
MAD 10.2 5.8 7.8 11.9  
RMSD 10.8 6.9 8.2 12.5  
MAX Dev 17.6 13.7 13.4 20.6  

 

Table 5.5. Overall MAD’s of pyridine and carbon acid pKa’s calculated using DFT/pVTZ in 
comparison to Solv-ccCA (Peterson). 

  

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
MAD (pKa units)

B3LYP

B97-1

B97-2

B98

BMK

M06

M06-2X

Solv-ccCA
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levels for the carbon acids are provided in Table 5.3.  In comparison to the full Solv-ccCA 

formalism, calculations using MP2/aug-cc-pVnZ (where an aug-cc-pVnZ level serves as the 

reference energy) are less accurate.  The MAD for MP2/aug-cc-pVDZ-based Solv-ccCA is 7.6 pKa 

units, in comparison to the full Solv-ccCA MAD of 5.8, while the MAD’s for the MP2/aug-cc-

pVTZ and MP2/aug-cc-pVQZ variants are 7.8  and 7.5 pKa units, respectively.  Overall, the pKa 

values for the individual contributions of the MP2 steps converge toward the experimental pKa 

as the basis set quality increases, with the MP2/aug-cc-pVQZ step performing most favorably, a 

slight decrease in accuracy observed for the aug-cc-pVTZ step, but slightly higher accuracy for 

the DZ step.  As shown for the pyridine calculations, this behavior suggests a strong basis set 

dependence. 

Solv-ccCA calculations with the S3 and S4 extrapolation schemes revealed that the (T,Q) 

extrapolations yield smaller MAD’s than their (D,T) counterparts.  On average, the S3 MAD 

using energies calculated with the (T,Q) basis sets is smaller in comparison to the (D,T) 

extrapolation by ~1.5 pKa units, but the S4 (T,Q) MAD is smaller than its (D,T) counterpart by 

only ~0.4 pKa units.  While the (T,Q) extrapolation schemes give the smallest MAD (5.8 pKa units 

from experiment), the difference between these and S3 (D,T) (7.2 pKa units) is 1.4 pKa units.  In 

addition, the performance of the (T,Q) extrapolations is comparable to the accuracy of the Solv-

ccCA Peterson extrapolation—5.8 pKa units from experiment. 

To examine Solv-ccCA in comparison to the DFT methods, Table 5.4 shows the results of 

the MP2/pVTZ-based variant of Solv-ccCA alongside B3LYP and Solv-ccCA using the Peterson 

extrapolation and their deviations from experiment.  Overall, Solv-ccCA with the MP2/pVTZ-

based reference energy exhibits an MAD of 11.9 pKa units, which is the largest deviation in 
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comparison to both B3LYP and Solv-ccCA using the Peterson extrapolation.  As stated 

previously, Solv-ccCA (Peterson) achieves higher accuracy than M06-2X for the carbon acids, 

also more accurate than B3LYP or the pVTZ/aug-cc-pVTZ variants of Solv-ccCA.  Unfortunately, 

the pVTZ-based variant is not as accurate for the carbon acid systems as for the pyridine 

systems; however, Solv-ccCA (Peterson) is shown to be more consistent overall for the pyridine 

and carbon acid systems. 

Figure 5.3. Amine systems. 
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The MAD for the combined carbon acid and pyridine data sets reveals that Solv-ccCA 

(Peterson extrapolation) yields the highest overall accuracy (3.3 pKa units).  Of the DFT 

methods, B97-2 has the largest MAD (6.6 pKa units), and while M06 and M06-2X may be 

expected to perform more favorably (due to the parameterization of SMD), the MAD’s for both 

are ~4.5 pKa units with maximum deviations of 17.3 and 14.9 pKa units, respectively. 

 

5.3.3 Amine Systems. 

Table 5.6 shows the overall performance of Solv-ccCA for the amine systems and the 

value of pKa calculated at each of the MP2/aug-cc-pVnZ levels.  Solv-ccCA using the Peterson 

extrapolation yields an MAD of 0.67 pKa unit.  Some Solv-ccCA pKa values slightly overestimate 

experimental values, while others underestimate, with the largest deviation for A04 (2.52 pKa 

units), a triethylamine structure.  Methyl group rotations often prove problematic for 

optimizations, but by adding hydroxyl substituents (as in A22 and A23), these rotations are 

effectively eliminated and accuracy is improved—0.72 and 0.37 pKa unit, respectively. 

The pKa values from the MP2/aug-cc-pVnZ steps show that—unlike for the pyridine and 

carbon acid calculations—the deviations for the amine pKa’s decrease as basis set size 

increases.  The Solv-ccCA calculations using MP2/aug-cc-pVQZ as the reference energy (with no 

extrapolation) give a slight improvement over the full formalism.  The MAD for MP2/aug-cc-

pVQZ-based Solv-ccCA is 0.56 pKa unit, compared to the full Solv-ccCA MAD of 0.67 pKa unit.  

The MP2/aug-cc-pVDZ step yields an MAD of 0.64 pKa unit, with improvement observed for the 

TZ step (MAD = 0.59 pKa unit) and further improvement in the accuracy for the QZ step. 
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Table 5.6. Comparison of amine pKa values calculated using Solv-ccCA (Peterson extrapolation) 
and Solv-ccCA with an aug-cc-pVnZ-based reference energy.  All deviations are from 
experimental pKa’s. 

 Solv-ccCA 
(Peterson) 

Solv-ccCA 
(MP2/aug-
cc-pVDZ) 

Solv-ccCA 
(MP2/aug-cc-

pVTZ) 

Solv-ccCA 
(MP2/aug-cc-

pVQZ) 
Expt.149  

A01 10.99 10.98 11.25 11.12 10.84 
A02 10.17 9.96 10.32 10.23 10.80 
A03 10.16 10.13 10.38 10.25 10.73 
A04 13.27 12.01 12.15 11.93 10.75 
A05 9.36 10.77 11.11 11.05 10.68 
A06 10.15 9.98 10.31 10.22 10.65 
A07 10.60 10.37 10.73 10.65 10.63 
A08 10.13 9.95 10.31 10.22 10.56 
A09 10.03 9.85 10.20 10.11 10.54 
A10 10.00 9.81 10.17 10.07 10.55 
A11 9.56 9.38 9.71 9.64 10.66 
A12 9.60 9.44 9.79 9.69 9.96 
A13 8.46 9.81 9.93 9.72 9.80 
A14 9.56 9.36 9.69 9.60 9.92 
A15 9.16 9.26 9.46 9.30 9.85 
A16 10.23 10.48 10.61 10.39 9.75 
A17 9.05 8.85 9.21 9.14 9.68 
A18 8.43 8.28 8.60 8.51 9.50 
A19 8.38 8.26 8.55 8.45 9.45 
A20 9.12 9.62 9.66 9.40 9.22 
A21 8.32 8.34 8.60 8.45 8.88 
A22 7.84 8.17 8.32 8.09 8.56 
A23 7.41 7.84 7.88 7.61 7.78 
A24 10.05 10.05 10.30 10.16 9.73 
A25 10.05 10.03 10.30 10.16 9.57 
A26 9.83 9.82 10.08 9.95 9.20 
A27 9.71 9.75 10.02 9.88 9.14 
A28 9.67 9.67 9.92 9.79 9.09 
A29 9.27 9.51 9.67 9.46 8.38 
A30 8.57 8.62 8.84 8.68 8.50 
A31 8.77 9.07 9.23 8.98 7.67 
A32 8.17 8.48 8.61 8.37 7.38 
MAD 0.67 0.64 0.59 0.56  
RMSD 0.82 0.75 0.71 0.65  
MAX Dev 2.52 1.40 1.56 1.31  
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Table 5.7. B3LYP/pVTZ pKa values for the pyridine systems compared to Solv-ccCA (Peterson 
extrapolation) and main group ccCA with solvation energies incorporated at the B3LYP/pVTZ 
level.  All deviations are from experimental pKa’s. 

 B3LYP Solv-ccCA 
(Peterson) 

Solv-ccCA 
(B3LYP/cc-pVTZ) Expt.131  

Pref 6.29 4.13 4.32 5.23 
P1 8.41 6.04 6.28 5.97 
P2 6.90 4.62 4.79 5.68 
P3 7.35 4.96 5.06 6.02 
P4 8.77 6.35 6.57 6.57 
P5 9.28 6.70 6.87 6.99 
P6 -0.31 -2.10 -1.87 0.49 
P7 3.05 1.04 1.24 2.81 
P8 -1.21 -3.47 -3.33 -0.44 
P9 3.54 1.51 1.46 2.97 
P10 2.60 0.77 6.57 2.84 
P11 -0.66 -2.88 -2.85 -0.26 
P12 1.68 -0.15 -0.08 1.45 
P13 2.37 0.46 0.30 1.90 
P14 4.75 2.49 2.42 3.28 
P15 6.00 3.60 3.54 4.88 
P16 8.39 5.82 5.79 6.62 
P17 0.65 -1.07 -0.98 0.81 
P18 4.49 2.26 2.22 3.40 
P19 4.37 2.42 2.56 3.18 
MAD 1.05 1.35 1.38  
RMSD 1.26 1.56 1.66  
MAX Dev 2.44 3.03 3.73  

 

Table 5.8.  MAD’s for individual contributions to the Solv-ccCA energy for the pyridine 
structures. Deviations are from experimental pKa’s. 

 MAD 
(pKa units) 

MP2/aug-cc-pVnZ (Peterson extrap.) 3.13 
…+[CCSD(T)/cc-pVTZ  

– MP2/cc-pVTZ] 1.37 

…+[MP2(FC1)/aug-cc-pCVTZ  
– MP2/aug-cc-pVTZ] 1.32 

…+[MP2(DK)/cc-pVTZ-DK  
– MP2/cc-pVTZ 1.35 

  

79 



5.3.4 Examination of Solvent Effects and Solv-ccCA Contributions 

Additional calculations were performed to further examine the effects of solvation in 

the Solv-ccCA method by incorporating solvation energies from SMD at the B3LYP/cc-pVTZ level  

in the main group ccCA methodology.  Table 5.7 shows the comparison between the two styles 

of calculation for the set of pyridine structures, with a slightly larger MAD for ccCA with B3LYP 

solvent effects.  The accuracy of main group ccCA with contributions from B3LYP is ~0.3 pKa 

units larger than full B3LYP/cc-pVTZ calculations (1.38 versus 1.05 pKa units, respectively) but is 

of comparable accuracy to Solv-ccCA with solvation incorporated in a step-wise fashion (1.35 

pKa units).  The similar accuracies indicate that the decreased deviation in Solv-ccCA in 

comparison to DFT/cc-pVTZ calculations can be attributed to the improved treatment of the 

electronic energies alone, with only very limited benefit from calculating solvation energies at 

high levels of theory. 

A similar comparison with the carbon acid set yield suggests that there is some 

computational savings to be gained from calculating solvation energies once at the B3LYP level, 

rather than at each step of Solv-ccCA.  The MAD for Solv-ccCA on the carbon acid set is 5.8 pKa 

units, with the deviation for main group ccCA with B3LYP solvent effects is 0.5 pKa  units smaller 

(5.3 pKa units).  However, ccCA calculations with solvation energies computed using B3LYP for 

the amine structures indicate that resource savings may not give comparable accuracies for all 

molecule types.  While the MAD for Solv-ccCA on the amine set is 0.67 pKa unit, the deviation 

for main group ccCA with added solvent effects from B3LYP/cc-pVTZ is larger (0.97 pKa unit).   

The contribution of the steps of Solv-ccCA to the overall accuracy was also analyzed for 

the pyridine and amine sets, revealing that the higher-order correlation energies provided by 
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the CCSD(T) step are most significant in comparison to the core-core/core-valence and 

relativistic  calculations.  For the pyridine structures, the accuracy of the MP2/aug-cc-pVnZ 

Peterson extrapolation is within a deviation of 3.13 pKa units from experiment, but by including 

contributions from higher-order correlation, the deviation decreases to 1.37 pKa units.  

Incorporation of the core-core/core-valence and scalar relativistic contributions, decreases the 

deviation only slightly (from 1.37 pKa units to 1.32 and 1.35 pKa units, respectively).  Similarly, 

the accuracy for the MP2/aug-cc-pVnZ extrapolation for the amines achieves an overall MAD of 

1.42 pKa units from experiment, and the CCSD(T) contribution decreases this deviation to 0.67 

pKa units.  Changes in the accuracy due to core-core/core-valence and relativistic calculations 

are comparatively small (resultant MAD’s for the amine structures are 0.68 and 0.67 pKa units, 

respectively), further indicating that the recovered correlation from the higher-order CCSD(T) 

calculation is the significant energetic contribution in Solv-ccCA. 

 

5.4 Conclusions 

The Solv-ccCA solvated composite approach has been designed using an absolute 

thermodynamic cycle and yields an overall accuracy of 3.3 pKa units for the pyridine and carbon 

acid species examined.  The accuracy of Solv-ccCA is within Ho’s and Coote’s recommended 

accuracy of 3.5 pKa units for a direct thermodynamic cycle, and in comparison to the DFT 

methods investigated in this study, Solv-ccCA is the only method that achieves this accuracy.   

Despite known difficulties in describing electrostatic interactions for charged and 

zwitterionic species, Solv-ccCA is also able to achieve smaller deviations for carbon acid species 

in comparison to DFT methods, with no empirical parameterization or fitting to experimental 
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reference values required.  Though computational savings will be gained by determining 

solvation effects using B3LYP rather than higher level electron correlation methods, this does 

result in a slight decrease in the overall accuracy.  When applied to the set of amine systems, 

Solv-ccCA yields an MAD of 0.67 pKa unit, contributing to an average deviation of 0.93 kcal mol-1 

for the nitrogen-containing systems and indicating that the better performance of Solv-ccCA 

over the DFT methods examined is a direct result of the improved treatment of the electronic 

energies.  

82 



CHAPTER 6  

NONCOVALENT INTERACTIONS: HF, NH3, AND H2O CLUSTERS TO THE S66 SET‡ 

6.1 Introduction 

Throughout the history of computational chemistry, there has been much focus upon 

the development of effective routes to describe weakly interacting systems.  The routes have 

ranged from the addition of multiply augmented basis functions12,157 in ab initio calculations to 

the inclusion of terms that can account for dispersion within density functional 

approaches,158,159 with new routes continuing to emerge.  The amount of literature on 

noncovalently interacting clusters has surged in recent years, due in large part to interest in the 

adsorption of water molecules onto metal surfaces160,161 and into metal-organic frameworks 

(MOFs)158,162 for industrial and catalytic use.  In addition, applications of weakly interacting 

systems in atmospheric chemistry163,164 and astrochemistry,165–168 specifically aerosol 

formation, have also received significant attention. 

Among the most studied model systems is water because of its great importance as a 

universal solvent and in chemical and biological processes.  Using small numbers of water 

molecules (n), weakly-bound systems in the aqueous phase can be better understood, as the 

structure and properties of the clusters approach behavior in the liquid phase, where 

n→∞.159,169–171  For clusters where n>3, experimental characterization of these species is 

difficult due to the existence of several stable configurations and interconversion between 

‡ Riojas, A. G.; Carter, D. A.; Estrada, T.; Wilson, A. K. J. Comput. Chem. 2014, submitted. 
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these forms; thus, high quality ab initio calculations play an important role in understanding 

water clusters. 

In previous work, Xantheas et al.172–179 used an MP2/CBS approach, wherein 

complexation, or interaction, energies of water clusters were calculated at the double-, triple-, 

quadruple-, and quintuple-ζ level and then were extrapolated to the complete basis set (CBS) 

limit using an inverse 4-5 polynomial,175 to examine the equilibrium geometries and energetics 

of water clusters comprised of as many as 24 monomers.  Xantheas and coworkers later utilized 

the MP2/CBS interaction of the H2O clusters of 2-6 monomers175 and 20 monomers178 as a 

standard for comparison in the performance of the TTM3-F potential, a Thole-type water model 

(TTMn) in which “smeared dipoles” are used to account for Lennard-Jones type pairwise 

interactions.180–183 

Bates et al.157,184,185 have used both explicitly correlated MP2-R12 with correlation 

contributions from coupled cluster theory and the ONIOM hybrid method65–67 to study water 

clusters.  In other work, water cluster interaction energies were determined using the 

CCSD(T)/haTZ level of theory,185 where haTZ signifies a correlation consistent polarized valence 

triple-ζ (cc-pVTZ) basis set with doubly-augmented functions for all atoms with the exception of 

hydrogen.  Another study by Bates and coworkers yielded the interaction energies of eight 

(H2O)6 water cluster geometries using MP2/CBS calculations with higher-order correlation 

contributions from CCSD(T) theory.184 

Studies have also focused on evaluating a variety of computational methods for 

application to noncovalent interactions using a series of model systems, which are well-studied 

with well-established, high quality methods and experiment, where feasible.  In particular, 
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Hobza and coworkers have provided models for noncovalent interactions and have evaluated 

methods for use on weakly interacting systems, compiling several databases that are well-used 

throughout the chemistry community.12,186–192  Among the most widely-used is the S66 data 

set,186,187 which is a collection of CCSD(T)/CBS interaction energies for 66 organic systems with 

one of three types of noncovalent interactions: hydrogen bonding, dispersion interactions, or a 

combination of the two.  The S66 interaction energies were determined using MP2/CBS (two-

point extrapolation energies from augmented cc-pVTZ and cc-pVQZ basis sets) with correlation 

contributions from the CCSD(T)/aug-cc-pVDZ level of theory.  This set includes 22 dimers, 

previously referred to as the S22 set,186 though Řezáč and coworkers have recently refined the 

quality of the energies in the S66 data set, incorporating a two-point haDZ,haTZ extrapolation 

to account for electron correlation at the CCSD(T) level of theory.12 

To expand investigations of noncovalent interactions, a study by Karton and 

coworkers193 used several types of Møller-Plesset perturbation theory (MPn) and ab initio 

composite approaches to investigate the barrier heights (activation energies) and complexation 

energies of water, ammonia, and hydrogen fluoride clusters of 2-6 monomers, and compared 

these predictions to energies determined using W1-F12.  The W1-F12 method, developed by 

Karton et al.,193,194 has been shown to achieve a target accuracy of 1 kJ mol-1 (0.24 kcal mol-1) 

from all-electron, relativistic CCSD(T) energies at the CBS limit for the first-row molecular 

systems of the W4-11 data set, and, thus, is sometimes used as a comparison for other 

theoretical methods, particularly in the absence of experiment.195 

Notably, Karton and coworkers observed that as the number of monomers (cluster size) 

increased, the deviation of the G4(MP2) and G4(MP2)-6X energies from W1-F12 reference 
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energies also increased.  Thus, Karton et al. proposed a modified composite approach, 

G4(MP2)-6X+, which improves upon the G4(MP2) method by including six empirical scaling 

terms as well as additional diffuse d-functions from a cc-pVDZ basis set incorporated within the 

6-31G(d) basis set used in the composite scheme.  A demonstrated result of the modifications 

to G4(MP2) is that the deviation between G4(MP2)-6X+ interaction energies and those of W1-

F12 do not increase with increasing system size.  Because G4(MP2)-6X+ relies upon the 

nonphysical high-level correction (HLC) inherent to Gaussian-n methods, a correction that can 

become very significant,56 a composite method that does not rely so heavily upon empirical 

parameterization is of interest to provide greater potential flexibility to expand studies to 

molecular systems that may include both noncovalent interactions as well as atoms that are not 

well-represented within the parameterization of the Gaussian-n methods. 

In many studies, the ccCA composite method has been shown to achieve chemical 

accuracy (within 1 kcal mol-1 of well-established experiment), on average, for a variety of 

thermodynamic properties, including enthalpies of formation, ionization potentials, electron 

affinities, and activation energies,56–58,88 and has been designed with the goal of achieving 

energetics at the CCSD(T,Full)/aug-cc-pCV∞Z-DK level of theory, but at reduced computational 

cost.  In this study, ccCA was utilized to determine its utility in the description of complexation 

and activation energies for (H2O)n, (HF)n, and (NH3)n clusters.  The ccCA results were compared 

to G4(MP2)-6X+ energetics of Karton et al.,193 to the MP2/CBS water cluster interaction 

energies produced by Xantheas and coworkers,175 and the CCSD(T)/haTZ water energetics 

calculated by Bates et al.185  The ccCA energies were also examined in reference to W1-F12 

energies, calculated by Karton and coworkers,193 and the resulting ccCA energies for the water 
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clusters were then used to propose a modification to the ccCA formulism, which was applied to 

the S66 set187 to further gauge the applicability of ccCA to noncovalent systems.  

 

6.2 Computational Methods 

All H2O, NH3, and HF complexes were optimized using the B3LYP density functional and 

a cc-pVTZ basis set, with frequencies scaled by 0.9890.58  To better account for effects of 

dispersion, equilibrium geometries were also determined using B97-D/cc-pVTZ.  To enable an 

appropriate comparison to the W1-F12 energies of Karton and coworkers, counterpoise 

corrections for basis set superposition error (BSSE) were not considered in this study.  Total 

electronic energies were calculated using the ccCA methodology, which has previously been 

described for main group applications by DeYonker et al.58  Briefly, the ccCA reference energy 

(MP2/CBS) is determined using a separate Feller extrapolation58,61 of Hartree-Fock (HF) 

energies (as employed by Halkier et al.61,155): 

E(𝑛𝑛) = ECBS(HF) + 𝐵𝐵exp(−1.63𝑛𝑛) 6.1 

and a three-point Peterson extrapolation62 of the second-order Møller-Plesset (MP2) 

correlation energies: 

E(𝑥𝑥) = ECBS + 𝐵𝐵exp[−(𝑥𝑥 − 1)] + 𝐶𝐶exp[−(𝑥𝑥 − 1)2] 6.2 

calculated using augmented triple-, and quadruple-ζ correlation consistent basis sets for the 

Feller extrapolation (aug-cc-pVnZ, where n = T,Q) and augmented double-, triple-, and 

quadruple-ζ correlation consistent basis sets for the Peterson extrapolation (aug-cc-pVnZ, n = 

D,T,Q) developed by Dunning and coworkers.27,29,85–87  

87 



The ccCA formulation, including correlation and relativistic contributions is further 

outlined in Ref. 58, and complexation and activation energies for the clusters were calculated 

using a supermolecular approach.196  Constituent monomer energies were determined using 

the optimized monomer geometries, and then each was subtracted from the total electronic 

energy of the cluster.  For the activation energies, constituent monomer energies were 

subtracted from the electronic energy of the transition state structure, while the absolute value 

of the difference between constituent monomer energies and the energies of the ground state 

structures was used to calculate the complexation energies. 

Optimized structures produced by Hobza et al.12,187 were utilized for ccCA calculations to 

determine interaction energies for systems in the S66 set, with complexation energies 

calculated using the same supermolecular approach as described above.  Hobza and coworkers 

determined these geometries by using a conformation search at the SCC-DFTB-D level of 

theory, followed by an initial optimization using DFT-D and a final optimization using 

counterpoise-corrected MP2/cc-pVTZ.  For a complete comparison to the ccCA formulism, the 

S66 hydrogen bonding structures were also optimized with B3LYP/cc-pVTZ, as prescribed by the 

ccCA formulism, and ccCA interaction energies were determined for these structures. 

All optimization and total energy calculations were performed using Gaussian 2009.124 

 

6.3 Results and Discussion 

6.3.1 Performance of ccCA for (H2O)n Clusters 

The (H2O)n=2-4 structures were optimized with B3LYP and B97-D in combination with a 

cc-pVTZ basis set and compared to the MP2/aug-cc-pVDZ optimized geometries produced by 
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Xantheas et al.172,174 to ensure that DFT could produce the desired structures.  Upon 

comparison, both the B3LYP and B97-D structures match the MP2 geometries to within 0.02Å 

for the oxygen-oxygen (O-O) distances (Table 6.1).  The O-O distances for the (H2O)5 and (H2O)6 

clusters calculated by Xantheas and coworkers were determined at the HF/aug-cc-pVDZ level, 

which is substantially lower accuracy than what is possible using modern computational 

resources; thus,   

Figure 6.1. (H2O)n geometries optimized with B3LYP/cc-pVTZ. 
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 B3LYP/cc-pVTZ 

B97-
D/cc-
pVTZ 

MP2/aug-cc-
pVDZ 

(H2O)2 2.909 
2.91

6 2.911 

(H2O)3 2.780 
2.80

7 2.798 

  2.784 
2.81

0 2.799 

  2.790 
2.81

8 2.800 

(H2O)4 2.728 
2.72

6 2.743 

MAD 0.012 
0.01

2  
MAX 
Dev 0.018 

0.01
8  

 

such a comparison is not made here.  However, there is a noticeable trend in the O-O distances 

calculated with DFT/cc-pVTZ: as cluster size increases, O-O separations decrease (i.e. bonding 

strength increases).  This is supported by both the MP2 and HF values of Xantheas and 

coworkers.172  

Table 6.2 provides the mean absolute deviation (MAD) and the maximum deviation 

(MAX Dev) of the complexation energies from W1-F12193 for MP2/CBS (Xantheas et al.175), 

CCSD(T)/haTZ (Bates et al.185), G4(MP2)-6X+ (Karton et al.193), and ccCA.  The MP2/CBS and 

CCSD(T) energies presented in this comparison, overall, do not show increased deviations 

relative to W1-F12 for increased cluster size.  The CCSD(T)/haTZ energies tend to be larger than 

W1-F12 energies, yielding complexation energies with an MAD of 0.3 kcal mol-1, though 

MP2/CBS energies tend to be smaller than W1-F12 energies, with an MAD of 0.2 kcal mol-1.  In 

Table 6.1 Oxygen-oxygen distances (Å) calculated using B3LYP and B97-D with a cc-pVTZ 
basis set, compared to MP2/aug-cc-pVDZ theoretical values produced by Xantheas et al.172 
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contrast to the Karton et al. study,193 G4(MP2)-6X+ results in slightly increased deviations from 

W1-F12 energies as cluster size increases, with G4(MP2)-6X+ exhibiting an MAD of 0.5 kcal  

mol-1. 

The deviations of ccCA complexation energies from W1-F12 energies range from 0.2 kcal 

mol-1 to 2.0 kcal mol-1 (cage and prism structures), and ccCA energies tend to be smaller than 

the W1-F12 energies, with increasing deviation as clusters become larger.  Of the methods 

compared, ccCA yields the greatest maximum deviation from W1-F12, with an MAD of 1.4 kcal 

mol-1.  In comparison to W1-F12 complexation energies, ccCA tends to produce smaller 

energies for both the B97-D- and B3LYP-optimized geometries for (H2O)n (Table 6.3).  

Additionally, hydrogen exchange in the (H2O)6 structure made optimization difficult, and the 

B97-D prism structure converged to a transition state, rather than a global minimum on the 

potential energy surface.
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Table 6.2. Complexation energies (kcal mol-1) calculated using MP2/CBS,175 CCSD(T),185 and 
G4(MP2)-6X+193  and their deviations from ccCA energies. 

  MP2/CBS† ∆ CCSD(T)/haTZ‡ ∆ G4(MP2)-6X+ ∆ ccCA ∆ W1-F12 
(H2O)2 5.0 0.0 * - 5.2 0.2 4.8 -0.2 5.0 
(H2O)3 15.8 -0.1 15.9 0.0 16.0 0.1 15.0 -0.9 15.9 
(H2O)4 27.6 -0.1 26.8 -0.9 28.1 0.4 26.5 -1.2 27.7 
(H2O)5 36.3 -0.1 36.8 0.4 37.1 0.7 34.9 -1.5 36.4 
(H2O)6 (Cage) 45.8 -0.5 46.5 0.2 46.8 0.5 44.3 -2.0 46.3 
(H2O)6 (Ring) 44.8 -0.1 44.9 0.0 45.9 1.0 43.2 -1.7 44.9 
(H2O)6 (Prism) 45.9 -0.6 46.7 0.2 46.9 0.4 44.5 -2.0 46.5 

MAD 0.2   0.3   0.5   1.4   
MAX Dev 0.6   0.9   1.0   2.0   

†E(MP2/CBS) obtained by extrapolating MP2 energies obtained with a cc-pVnZ basis set (n = 
D,T,Q,5) 
‡E(CCSD(T)/haTZ) obtained at the CCSD(T) level of theory using a doubly-augmented triple-ζ 
correlation consistent basis set for all atoms except hydrogen 
*(H2O)2 not provided by Bates et al. 
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Table 6.3. Complexation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations from W1-F12 
energies in comparison to energies calculated using ccCA variants. 

   ccCA  

 G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 
(NH3)2 3.2 0 3.1 -0.1 3.0 -0.2 3.2 0.1 3.3 0.1 3.2 
(NH3)3 10.6 0 10.2 -0.4 10.1 -0.4 10.9 0.4 10.9 0.3 10.6 
(NH3)4 16.4 0.1   15.6 -0.7 16.7 0.3 16.9 0.6 16.3 
(NH3)5 20.9 0.2 19.8 -0.9 19.7 -1.0 21.1 0.3 21.8 1.1 20.7 
(NH3)6 (Ring) 25.3 0.2 23.9 -1.2 23.8 -1.2 25.4 0.4 26.8 1.7 25.1 
(NH3)6 (Book) 26.1 0.2 25.9 0 24.7 -1.2 26.5 0.7 28.1 2.2 25.9 
(NH3)6 (Cage) 26.5 0.2 25.4 -0.9 25.2 -1.0 27.4 1.1 29.2 2.9 26.3 
(H2O)2 5.2 0.2 4.5 -0.5 4.8 -0.3 5.0 0.0 4.9 -0.2 5.0 
(H2O)3 16.0 0.1 14.5 -1.4 15.0 -0.9 15.8 -0.1 15.5 -0.4 15.9 
(H2O)4 28.1 0.4 25.7 -2 26.5 -1.2 27.6 -0.1 27.4 -0.3 27.7 
(H2O)5 37.1 0.7 33.6 -2.8 34.9 -1.5 36.2 -0.2 36.2 -0.1 36.4 
(H2O)6 (Ring) 45.9 1 42.0 -2.9 43.2 -1.7 44.8 -0.1 45.1 0.2 44.9 
(H2O)6 (Book) 46.6 0.7 42.8 -3.1 43.9 -2.0 45.8 -0.1 46.2 0.3 45.9 
(H2O)6 (Cage) 46.8 0.5 43.4 -2.9 44.3 -2.1 46.4 0.1 46.9 0.5 46.3 
(H2O)6 (Prism) 46.9 0.4   44.5 -2.0 46.9 0.4 47.5 0.9 46.5 
(HF)2 5.1 0.5 4.1 -0.5 4.4 -0.2 4.6 0.1 4.4 -0.1 4.6 
(HF)3 15.8 0.6 14.6 -0.6 14.6 -0.7 15.4 0.1 14.9 -0.3 15.2 
(HF)4 28.2 0.4 26.8 -1 27.0 -0.8 28.1 0.2 27.5 -0.3 27.8 
(HF)5 38.0 0   37.0 -1.0 38.3 0.3 37.8 -0.2 38.0 
(HF)6 46.2 -0.4   45.3 -1.3 46.9 0.3 46.5 -0.1 46.6 
MAD 0.3  1.3  1.1  0.3  0.7   
MAX Dev 1.0  3.1  2.1  1.1  2.9   

*Water and hydrogen fluoride B97-D hexamers did not converge to a minimum. 
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Table 6.4. Activation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations from W1-F12 
energies in comparison to energies calculated using ccCA variants. 

   ccCA  

 G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 
(NH3)2-TS 56.8 0.6 57.5 1.3 57.0 0.8 56.6 0.4 56.6 0.4 56.2 
(NH3)3-TS 37.3 0.9 37.7 1.3 37.2 0.9 36.6 0.2 36.2 -0.1 36.4 
(NH3)4-TS 32.8 0.8 32.8 0.8 33.1 1.1 32.3 0.2 31.3 -0.7 32.0 
(H2O)2-TS 44.3 0.7 43.9 0.3 43.8 0.2 43.4 -0.2 43.5 0.0 43.6 
(H2O)3-TS 14.7 0.8 15.0 1.1 14.6 0.7 13.9 0.0 13.9 0.0 13.9 
(H2O)4-TS -0.5 0.6 0.3 1.4 -0.1 -1.0 -1.0 0.1 -1.3 -0.2 -1.1 
(H2O)5-TS -5.7 0.6 -4.6 1.7 -5.1 -1.2 -6.1 0.2 -6.9 -0.6 -6.3 
(H2O)6-TS -9.2 0.6 -7.9 1.9 -8.4 -1.4 -9.6 0.1 -11.0 -1.2 -9.8 
(HF)2-TS 37.8 0.1 38.0 0.3 37.9 0.2 37.5 -0.2 37.8 0.1 37.7 
(HF)3-TS 5.1 -0.3 6.1 0.7 5.8 0.4 5.1 -0.3 5.4 -0.1 5.4 
(HF)4-TS -13.0 0.2 -12.3 0.9 -12.6 -0.6 -13.4 -0.3 -13.3 -0.2 -13.2 
(HF)5-TS -22.8 0.6 -22.3 1.1 -22.6 -0.8 -23.7 -0.3 -23.8 -0.4 -23.4 
(HF)6-TS -29.0 1 -28.3 1.7 -29.0 -0.9 -30.3 -0.3 -30.7 -0.7 -30.0 

MAD 0.6  1.1  0.8  0.2  0.4   
MAX Dev 1.0  1.9  1.4  0.4  1.2   
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For the activation energies of the water clusters, ccCA yields improved energies in 

comparison to W1-F12 (MAD of 0.9 kcal mol-1 for the B3LYP-optimized structures) than was 

shown for the complexation energies.  In contrast to the complexation energies, the ccCA 

activation energies tend to be smaller than the W1-F12 energies only for the larger clusters, 

and as the cluster size increases, deviations of the ccCA energies increase in comparison to W1-

F12 activation energies.  The ccCA activation energies calculated using B3LYP geometries 

gradually increase in deviation from W1-F12 energies—from 0.3 kcal mol-1 for the (H2O)2 cluster 

to 1.4 kcal mol-1 for the (H2O)6 cluster. 

Xantheas has previously discussed the importance173,197 of using counterpoise 

corrections on water clusters to account for basis set superposition error (BSSE) where small 

basis sets (e.g. aug-cc-pVDZ) are used.  However, as the basis set size approaches the CBS limit 

(as in the extrapolation of the MP2 reference energies within ccCA), the BSSE would be 

expected to be negligible.197  This is shown by the BSSE values reported by Xantheas et al.;175 

wherein, the Boys-Bernardi counterpoise method198 was applied to small water cluster 

energetics, extrapolated using energies calculated at the MP2/cc-pVnZ level (where n = 

D,T,Q,5).  BSSE contributions to the interaction energies at the CBS limit for water range from 

0.01 kcal mol-1 for the dimer and trimer to 0.10 kcal mol-1 for the hexamer cage structure.  

While an energetic contribution of 0.10 kcal mol-1 has a relatively small impact upon the 

interaction energy, it is likely that BSSE accounts for some of the deviation in the energies 

predicted using ccCA.  To account for this contribution, additive- (+) and coupled-cluster-based 

(%) terms were fit against W1-F12 theoretical calculations for the (H2O)n water clusters 

(calculated by Karton et al.193) to produce two variants of the ccCA protocol.  Once derived from 

95 



the W1-F12 water cluster energies, the (+) and (%) terms were then applied to the (HF)n and 

(NH3)n clusters.  The (+) term was determined by averaging the deviation for the water clusters 

over the number of hydrogen bonding interactions (denoted as i): 

E+ =
∑ EccCA−EW1−F12

𝑖𝑖
6
𝑛𝑛=2

7
 6.3 

Alternatively, the (%) term was determined by relating the deviation of the ccCA energy 

(from the W1-F12 calculations) to a contribution from the correlation energy recovered by 

∆E(CC), where: 

∆E(CC) = E(CCSD(T)/cc − pVTZ) − E(MP2/cc − pVTZ) 6.4 

This contribution is averaged over the number of hydrogen bonding interactions (i) to 

yield: 

E% =
∑

[EccCA−EW1−F12
∆E(CC)� ]

𝑖𝑖
6
𝑛𝑛=2

7
 6.5 

By calculating the contribution of each hydrogen bonding interaction to the overall 

deviation from W1-F12, the absolute value of the (+) term was found to be an average of ~0.27 

kcal mol-1 per interaction.  The (+) value is equal to the average value for BSSE per hydrogen 

bond given by Xantheas et al.175 at the MP2/aug-cc-pVQZ level, but when accounting for error 

intrinsic to the method, the (+) contribution is likely to be closer to the BSSE per hydrogen bond 

at the MP2/aug-cc-pV5Z level. 

Tables 6.3 and 6.4 give results of the application of the (+) term to the ccCA 

methodology—hereafter referred to as ccCA(+), which yields an improved MAD for the ccCA 

energies of the (H2O)n clusters in comparison to the W1-F12 energies of Karton and 

coworkers.193  The overall deviation of the ccCA(+) complexation energies for (H2O)n decreases 
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from an MAD of 1.4 kcal mol-1 for the B3LYP-optimized ccCA calculations to 0.1 kcal mol-1.  This 

improved MAD is smaller than even G4(MP2)-6X+ (MAD of 0.5 kcal mol-1), giving ccCA(+) an 

accuracy more comparable to that of the W1-F12 method. 

By comparing the ccCA deviation to the amount of recovered correlation energy from 

the ∆E(CC) step, the (%) contribution of each hydrogen bonding interaction was found to be 

approximately 0.66% of the recovered correlation energy per interaction.  This percentage 

relates to an energy contribution that increases as cluster size increases.  For instance, the (%) 

contribution is only 0.11 kcal mol-1 per interaction for the (H2O)2 cluster but increases to 0.32 

kcal mol-1 per interaction for the (H2O)6 prism structure. 

Including the (%) term also yields an improved MAD for the (H2O)n clusters in 

comparison to W1-F12 energies.  Designated ccCA(%), the MAD of the complexation energies 

for (H2O)n decreases from 1.4 kcal mol-1 (B3LYP-optimized structures) to 0.4 kcal mol-1.  Overall, 

ccCA(+) yields smaller deviations for complexation energies of the (H2O)n clusters than ccCA(%), 

though both (+) and (%) terms produce energies which do not exhibit larger deviations with 

increasing cluster size.  The absolute deviations for each cluster tend to be consistent, 

irrespective of size (e.g. the deviation for ccCA(+) for complexation energies is between 0.0 and 

0.4 kcal mol-1, with the largest ccCA(%) deviation being 0.9 kcal mol-1—for the (H2O)6 prism 

structure). 

 

6.3.2 Application of ccCA to (HF)n and (NH3)n Clusters 

 The ccCA method was then compared to the W1-F12 complexation and activation 

energies of (HF)n and (NH3)n clusters, also calculated by Karton and coworkers.193  These 
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systems were not examined previously by Xantheas or by Bates and coworkers.  Without the (+) 

and (%) contributions, ccCA yields an MAD of 0.9 kcal mol-1 for the (NH3)n clusters and exhibits 

the same increasing deviation that was seen in the (H2O)n clusters as the cluster size increases.  

For the B97-D-optimized structures, the ccCA accuracy increases to 0.6 kcal mol-1, though the 

(NH3)4 structure did not fully converge using B97-D. 

Because the (+) and (%) contributions were obtained using the W1-F12 energies for 

(H2O)n, it could not be assumed that the additional terms would yield favorable complexation 

energies for (HF)n and (NH3)n.  However, ccCA(+) produces an overall MAD of 0.4 kcal mol-1, 

while ccCA(%) yields an MAD of 1.3 kcal mol-1, and the deviation of ccCA(+) does not increase 

with an increasing number of monomers.  The ccCA(+) variant yields a minimum deviation for 

the (NH3)2 cluster (0.1 kcal mol-1) and a maximum deviation for the (NH3)6 cage structure (1.1 

kcal mol-1), but does not follow the same definitive decrease in accuracy as shown in ccCA(%) 

with increasing cluster size. 

Analysis of the activation energies of the (NH3)n clusters yields similar results as for the 

complexation energies.  The ccCA method yields an MAD of 0.9 kcal mol-1 and exhibits the same 

increased deviation that was observed in the complexation energies.  For the B97-D-optimized 

structures, the MAD of ccCA increases to 1.1 kcal mol-1 but deviations do not clearly increase 

with cluster size, although the dimer system has a deviation of 1.3 kcal mol-1. 

The MAD for ccCA(+) indicates an improvement in the performance of ccCA (MAD of 0.3 

kcal mol-1), as does ccCA(%) with an MAD of 0.4 kcal mol-1.  Due to the smaller data set (four 

clusters in total for NH3 activation energies), it cannot be determined from these results 

whether larger structures would produce increasing deviation, though deviations for ccCA(+) 
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and ccCA(%) for 2-, 3-, and 4-member clusters do not appear to become larger with increasing 

cluster size for (NH3)n activation energies. 

The ccCA method yields an MAD of 0.8 kcal mol-1 for the complexation energies of the 

(HF)n clusters, and again, the deviation from W1-F12 energies increases with cluster size.  In 

comparison, ccCA energies produced using B97-D optimized structures also increasingly deviate 

as cluster size increases from the dimer to the trimer and tetramer; however, the 5- and 6-

member clusters converged to transition state structures and the energies provided by only the 

2-, 3-, and 4-member clusters may not be representative of the entire data set.  The ccCA(+) 

and ccCA(%) variants each produce an improved MAD (0.2 kcal mol-1 for both variants), and the 

overall MAD for ccCA(%) remains fairly constant, regardless of system size.  A slightly larger 

deviation does appear in the (+) contribution, though the increase is only by 0.2 kcal mol-1 as 

cluster size grows from two to six monomers. 

Analysis of the activation energies for the (HF)n clusters yields similar results in 

comparison to the complexation energies.  The ccCA method yields an MAD of 0.6 kcal mol-1 

and exhibits an increased deviation from W1-F12 energies as system size increases. The MADs 

for both ccCA(+) and ccCA(%) reduce this deviation (MAD = 0.3 kcal mol-1).  There is a larger 

data set for the (HF)n clusters in comparison to that for the (NH3)n activation energies (six 

clusters in total for HF activation energies), so it can clearly be determined that the deviation 

for ccCA(+) does not markedly increase with system size, though there is slight decrease in 

accuracy for ccCA(%). 

Table 6.3 also provides overall MAD and MAX Dev for the (NH3)n, (H2O)n, and (HF)n 

complexation energies calculated using the ccCA variants in comparison to energies calculated 
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using W1-F12.  The ccCA method yields a MAD of 1.1 kcal mol-1 for all cluster sets and shows 

increasing deviation as cluster size increases.  The deviation of ccCA using B97-D optimized 

structures only slightly increases (MAD = 1.3 kcal mol-1), though difficulties in optimizing the 

larger hydrogen fluoride clusters indicates that B3LYP is more widely applicable for these types 

of calculations.  The ccCA(+) calculations show significant improvement in comparison to the 

performance of ccCA, with an MAD of 0.3 kcal mol-1.  Decreased deviations are also observed 

for ccCA(%) (0.7 kcal mol-1), though to a lesser degree.  Overall, the modified ccCA(+) method is 

shown to yield the smallest deviations in comparison to the other variants studied for 

calculation of complexation energies and is advised for use in further applications. 

The ccCA activation energies for the (NH3)n, (H2O)n, and (HF)n clusters are shown in Table 

6.4, in comparison to their respective W1-F12 values.  Overall, ccCA again yields an MAD within 

chemical accuracy for all clusters examined (MAD = 0.8 kcal mol-1), with only slightly decreased 

accuracy for ccCA using B97-D optimized structures (MAD = 1.1 kcal mol-1).  Generally, the ccCA 

method, when partnered with either B3LYP or B97-D optimization, leads to deviations that 

increase with respect to increasing cluster size, while ccCA(+) and ccCA(%) modifications result 

in smaller differences.  The ccCA(+) variant yields an MAD of 0.2 kcal mol-1, smaller than the 

G4(MP2)-6X+ method in comparison to W1-F12, and the ccCA(%) variant produces an MAD of 

0.4 kcal mol-1.  Deviations of both modified methods remain fairly consistent, despite increasing 

cluster size, and again, no significant increase in ccCA performance is seen with B97-D 

optimized structures, suggesting the modified ccCA(+) variant for further use.  
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Table 6.5. Complexation energies (kcal mol-1) calculated using the ccCA method on structures 
previously optimized by Řezáč et al. using counterpoise-corrected MP2/cc-pVTZ.187 Both 
original187 and updated12 S66 theoretical values are given, with deviations calculated in relation 
to the more recent S66 extension. 

 Dimers ccCA Δ 
S66 Data 

Set 
Extension to 

S66 

Hy
dr

og
en

 B
on

di
ng

 

H2O-H2O -4.84 0.17 -4.92 -5.01 
H2O–CH3OH -5.59 0.12 -5.59 -5.70 
H2O–CH3NH2 -6.90 0.14 -6.91 -7.04 
H2O–N-methylacetamide -8.13 0.09 -8.10 -8.22 
CH3OH-CH3OH -5.72 0.13 -5.76 -5.85 
CH3OH-CH3NH2 -7.53 0.14 -7.55 -7.67 
MeOH-N-methylacetamide -8.22 0.12 -8.23 -8.34 
CH3OH-H2O -4.91 0.18 -5.01 -5.09 
CH3NH2-CH3OH -2.98 0.13 -3.06 -3.11 
CH3NH2-CH3NH2 -4.12 0.10 -4.16 -4.22 
CH3NH2-N-methylacetamide -5.41 0.07 -5.42 -5.48 
CH3NH2-H2O -7.27 0.13 -7.27 -7.40 
N-methylacetamide-CH3OH -6.09 0.19 -6.19 -6.28 
N-methylacetamide-CH3NH2 -7.37 0.19 -7.45 -7.56 
N-methylacetamide-N-
methylacetamide -8.58 0.14 -8.63 -8.72 

N-methylacetamide-H2O -4.96 0.24 -5.12 -5.20 
Uracil-Uracil (Basepair) -17.24 0.21 -17.18 -17.45 
H2O-Pyridine -6.90 0.07 -6.86 -6.97 
CH3OH–Pyridine -7.43 0.08 -7.41 -7.51 
CH3COOH-CH3COOH -19.44 -0.03 -19.09 -19.41 
CH3CONH2-CH3CONH2 -16.39 0.13 -16.26 -16.52 
CH3COOH-Uracil -19.71 0.07 -19.49 -19.78 
CH3CONH2-Uracil -19.31 0.16 -19.19 -19.47 

Di
sp

er
si

on
 

Benzene-Benzene -2.63 0.09 -2.82 -2.72 
Pyridine-Pyridine -3.84 -0.04 -3.90 -3.80 
Uracil-Uracil -9.73 0.02 -9.83 -9.75 
Benzene-Pyridine -3.30 0.04 -3.44 -3.34 
Benzene-Uracil -5.57 0.02 -5.71 -5.59 
Pyridine-Uracil -6.79 -0.09 -6.82 -6.70 
Benzene-Ethene -1.38 -0.02 -1.43 -1.36 
Uracil-Ethene -3.37 -0.04 -3.38 -3.33 
Uracil-Ethyne -3.71 -0.02 -3.74 -3.69 
Pyridine-Ethene -1.84 -0.04 -1.87 -1.80 
Pentane-Pentane -3.70 0.06 -3.78 -3.76 
Neopentane-Pentane -2.54 0.06 -2.61 -2.60 
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Neopentane-Neopentane -1.71 0.05 -1.78 -1.76 
Cyclopentane-Neopentane -2.37 0.03 -2.40 -2.40 
Cyclopentane-Cyclopentane -2.96 0.03 -3.00 -2.99 
Benzene-Cyclopentane -3.31 0.20 -3.58 -3.51 
Benzene-Neopentane -2.70 0.15 -2.90 -2.85 
Uracil-Pentane -4.84 -0.03 -4.85 -4.81 
Uracil-Cyclopentane -4.12 -0.03 -4.14 -4.09 
Uracil-Neopentane -3.67 0.02 -3.71 -3.69 
Ethene-Pentane -1.97 0.02 -2.01 -1.99 
Ethyne-Pentane -1.71 0.01 -1.75 -1.72 
N-methylacetamide-Pentane -4.20 0.06 -4.26 -4.26 

Co
m

bi
na

tio
n 

Benzene-Benzene 
(Transition State) -2.67 0.16 -2.88 -2.83 
Pyridine-Pyridine 
(Transition State) -3.49 0.02 -3.54 -3.51 
Benzene-Pyridine 
(Transition State) -3.14 0.15 -3.53 -3.29 
Benzene-Ethyne -2.76 0.10 -2.87 -2.86 
Ethyne-Ethyne 
(Transition State) -1.48 0.06 -1.52 -1.54 
Benzene-CH3COOH -4.57 0.17 -4.71 -4.73 
Benzene-CH3CONH2 -4.27 0.14 -4.36 -4.40 
Benzene-H2O -3.04 0.25 -3.28 -3.29 
Benzene-CH3OH -4.03 0.14 -4.19 -4.17 
Benzene-CH3NH2 -3.06 0.14 -3.23 -3.20 
Benzene-N-methylacetamide -5.05 0.21 -5.28 -5.26 
Pyridine-Pyridine -4.14 0.10 -4.15 -4.24 
Ethyne-H2O -2.72 0.21 -2.85 -2.93 
Ethyne-CH3COOH -4.88 0.09 -4.87 -4.97 
Pentane-CH3COOH -2.90 0.01 -2.91 -2.91 
Pentane-CH3CONH2 -3.49 0.04 -3.53 -3.53 
Benzene-CH3COOH -3.65 0.11 -3.80 -3.75 
N-methylacetamide-Ethene -2.98 0.02 -3.00 -3.00 
Pyridine-Ethyne -3.91 0.19 -3.99 -4.10 
CH3NH2-Pyridine -3.93 0.04 -3.97 -3.97 

 MAD 0.10    
 RMSD 0.12    
 MAX Dev 0.25    

 
 

102 



Table 6.6. Complexation energies (kcal mol-1) calculated using modified ccCA(+) on hydrogen 
bonded structures from the extension to the S66 data set by Řezáč et al.12 Structures for ccCA 
calculations were produced using B3LYP/cc-pVTZ. 

Dimers ccCA Δ ccCA(+) Δ 
Extension to 

S66 
H2O-H2O -4.75 0.26 -5.02 -0.01 -5.01 
H2O-CH3OH -5.40 0.30 -5.67 0.03 -5.70 
H2O-CH3NH2 -6.87 0.17 -7.14 -0.10 -7.04 
H2O-N-methylacetamide -7.45 0.77 -7.72 0.50 -8.22 
CH3OH-CH3OH -5.64 0.21 -5.91 -0.06 -5.85 
CH3OH-CH3NH2 -7.09 0.58 -7.36 0.31 -7.67 
CH3OH-N-methylacetamide -7.84 0.50 -8.11 0.23 -8.34 
CH3OH-H2O -4.79 0.30 -5.06 0.03 -5.09 
CH3NH2-CH3NH2 -3.72 0.50 -3.99 0.23 -4.22 
CH3NH2-N-methylacetamide -5.02 0.46 -5.29 0.19 -5.48 
CH3NH2-H2O -6.87 0.53 -7.14 0.26 -7.40 
N-methylacetamide-CH3OH -5.87 0.41 -6.14 0.14 -6.28 
N-methylacetamide-CH3NH2 -6.92 0.64 -7.19 0.37 -7.56 
N-methylacetamide-H2O -4.73 0.47 -5.00 0.20 -5.20 
H2O-Pyridine -6.67 0.30 -6.94 0.03 -6.97 
CH3OH-Pyridine -7.17 0.34 -7.44 0.07 -7.51 
CH3COOH-CH3COOH -16.73 2.68 -17.27 2.14 -19.41 
CH3CONH2-CH3CONH2 -15.13 1.39 -15.67 0.85 -16.52 

MAD 0.60  0.32   
RMSD 0.83  0.58   

MAX Dev 2.68  2.14   
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6.3.3 Application of ccCA to the S66 Data Set 

The interaction energies of the S66 set, calculated using ccCA, are provided in Table 6.5.  

Using the geometries provided by Hobza and coworkers,12,187 ccCA resulted in a MAD of 0.10 

kcal mol-1, with all calculations within ~0.25 kcal mol-1 of the CCSD(T)-level interaction energies 

of the S66 set.  The largest deviations are observed in the structures with the hydrogen bonding 

interaction type or the combination (hydrogen bonding and dispersion interactions) type, 

though the benzene-cyclopentane dimer—which is the dispersion interaction type—also results 

in a deviation of 0.20 kcal mol-1. 

In addition to using the Řezáč structures,187 the structures from the hydrogen bonding 

interaction type of the S66 set were also reoptimized with B3LYP/cc-pVTZ for comparison of 

ccCA(+) to the performance of ccCA (Table 6.6).  Overall, the ccCA calculations achieve a MAD 

of 0.60 kcal mol-1 for the B3LYP-optimized structures, in comparison to the CCSD(T)/CBS S66 

energies.  The dimers with acetyl groups—(20) and (21)—yield the largest deviations; however, 

use of the modified ccCA(+) variant improves upon the magnitude of the MAD by almost half 

(MAD of 0.32 kcal mol-1).  While deviations of the ccCA energies for the hydrogen bond type 

interactions are generally larger for the B3LYP-optimized structures than for the Řezáč 

structures, the (+) modification for BSSE remains effective, yielding smaller deviations overall. 

 

6.4 Conclusions 

 The correlation consistent composite approach has been utilized to calculate the 

noncovalent energetics for a series of (H2O)n, (HF)n, and (NH3)n clusters, producing a set of 

reliable interaction energies at the CCSD(T)/CBS level while accounting for the effects of higher-
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order electron correlation and scalar relativity.  For the complexation energies of these 

systems, the ccCA method results in an MAD of 1.1 kcal mol-1, relative to W1-F12 complexation 

energies and a maximum deviation of 2.1 kcal mol-1, with the MAD decreasing to 0.8 kcal mol-1 

for the activation energies.  Complexation and activation energies were also investigated using 

B97-D optimized geometries with the ccCA method.  However, the structures optimized with 

B97-D produce larger deviations for ccCA energies.  For this reason, geometries optimized with 

B3LYP/cc-pVTZ are preferred for use in the ccCA method for the calculation of systems that 

have noncovalent interactions. 

While the overall deviation of ccCA is shown to increase with increasing cluster size 

(increased number of hydrogen bonding interactions), ccCA(+) and ccCA(%) protocols have 

been proposed, and results show that these approaches result in a reduction or elimination of a 

deviation that increases with respect to system size. The ccCA(+) variant yields greater 

improvement than the ccCA(%) variant, with an MAD of 0.3 kcal mol-1 for the complexation 

energies and a deviation of 0.2 kcal mol-1 for the activation energies. 

In addition, ccCA(+) results in a lower MAD than the recently introduced G4(MP2)-6X+, 

which was parameterized against W1-F12 using a modified HLC parameterization.193  The 

magnitude of the additional component in ccCA(+) was shown to be comparable to the BSSE 

values produced by Xantheas et al.,175 and though the (+) value was originally derived from 

calculations on water clusters, ccCA(+) resulted in reduced deviations—as compared with 

ccCA—when applied to ammonia and hydrogen fluoride clusters and yielded an MAD of 0.3 kcal 

mol-1 for the S66 hydrogen bonded clusters.  Thus, the ccCA(+) variant may be suitable for 

application to larger data sets or further study of noncovalent interactions in small clusters.  
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Supplemental Table 6.1.  Activation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations from 
W1-F12 energies in comparison to energies calculated using ccCA variants. 

   ccCA  
  G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 

(H2O)2-TS 44.3 0.7 43.9 0.3 43.8 0.2 43.4 -0.2 43.5 -0.1 43.6 
(H2O)3-TS 14.7 0.8 15.0 1.1 14.6 0.7 13.9 0.0 13.9 0.0 13.9 
(H2O)4-TS -0.5 0.6 0.3 1.4 -0.1 1.0 -1.0 0.1 -1.3 -0.2 -1.1 
(H2O)5-TS -5.7 0.6 -4.6 1.7 -5.1 1.2 -6.1 0.2 -6.9 -0.6 -6.3 
(H2O)6-TS -9.2 0.6 -7.9 1.9 -8.4 1.4 -9.6 0.2 -11 -1.2 -9.8 

MAD 0.7  1.3  0.9  0.1  0.4   
MAX Dev 0.8  1.9  1.4  0.2  1.2   

 
 

Supplemental Table 6.2.  Complexation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations 
from W1-F12 energies in comparison to energies calculated using ccCA variants. 

   ccCA  
  G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 

(NH3)2 3.2 0.0 3.1 -0.1 3.0 -0.2 3.2 0.1 3.3 0.1 3.2 
(NH3)3 10.6 0.0 10.2 -0.4 10.1 -0.4 10.9 0.4 10.9 0.3 10.6 
(NH3)4 16.4 0.1   15.6 -0.7 16.7 0.3 16.9 0.6 16.3 
(NH3)5 20.9 0.2 19.8 -0.9 19.7 -1.0 21.1 0.3 21.8 1.1 20.7 
(NH3)6 (Ring) 25.3 0.2 23.9 -1.2 23.8 -1.2 25.4 0.4 26.8 1.7 25.1 
(NH3)6 (Book) 26.1 0.2 25.9 0 24.7 -1.2 26.5 0.7 28.1 2.2 25.9 
(NH3)6 (Cage) 26.5 0.2 25.4 -0.9 25.2 -1.0 27.4 1.1 29.2 2.9 26.3 

MAD 0.1  0.6  0.9  0.4  1.3   
MAX Dev 0.2  1.2  1.3  1.1  2.9   
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Supplemental Table 6.3.  Activation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations from 
W1-F12 energies in comparison to energies calculated using ccCA variants. 

   ccCA  

  G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 
(NH3)2-TS 56.8 0.6 57.5 1.3 57.0 -0.8 56.6 0.4 56.6 0.4 56.2 
(NH3)3-TS 37.3 0.9 37.7 1.3 37.2 -0.9 36.6 0.2 36.2 -0.1 36.4 
(NH3)4-TS 32.8 0.8 32.8 0.8 33.1 -1.1 32.3 0.2 31.3 -0.7 32.0 

MAD 0.8  1.1  0.9  0.3  0.4   
MAX Dev 0.9  1.3  1.1  0.4  0.7   

 
 
Supplemental Table 6.4.  Complexation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations 
from W1-F12 energies in comparison to energies calculated using ccCA variants. 

   ccCA  
 G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 

(HF)2 5.1 0.5 4.1 -0.5 4.4 -0.2 4.6 0.1 4.4 -0.1 4.6 
(HF)3 15.8 0.6 14.6 -0.6 14.6 -0.7 15.4 0.1 14.9 -0.3 15.2 
(HF)4 28.2 0.4 26.8 -1.0 27.0 -0.8 28.1 0.2 27.5 -0.3 27.8 
(HF)5 38.0 0   37.0 -1.0 38.3 0.3 37.8 -0.2 38.0 
(HF)6 46.2 -0.4   45.3 -1.3 46.9 0.3 46.5 -0.1 46.6 

MAD 0.4  0.7  0.8  0.2  0.2   
MAX Dev 0.6  1.0  1.3  0.3  0.3   
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Supplemental Table 6.5.  Activation energies (kcal mol-1) calculated by Karton et al.193 using G4(MP2)-6X+ and their deviations from 
W1-F12 energies in comparison to energies calculated using ccCA variants. 

   ccCA  
 G4(MP2)-6X+ ∆ B97-D ∆ B3LYP ∆ ccCA(+) ∆ ccCA(%) ∆ W1-F12 

(HF)2-TS 37.8 0.1 38.0 0.3 37.9 -0.2 37.5 -0.2 37.8 0.1 37.7 
(HF)3-TS 5.1 -0.3 6.1 0.7 5.8 -0.4 5.1 -0.3 5.4 -0.1 5.4 
(HF)4-TS -13.0 0.2 -12.3 0.9 -12.6 -0.6 -13.4 -0.3 -13.3 -0.2 -13.2 
(HF)5-TS -22.8 0.6 -22.3 1.1 -22.6 -0.8 -23.7 -0.3 -23.8 -0.4 -23.4 
(HF)6-TS -29.0 1 -28.3 1.7 -29.0 -0.9 -30.3 -0.3 -30.7 -0.7 -30.0 

MAD 0.4  0.9  0.6  0.3  0.3   
MAX Dev 1  1.7  1  0.3  0.7   

108 



CHAPTER 7  

THERMOCHEMICAL STUDY OF ORGANOPHOSPHORUS COMPOUNDS USING THE CORRELATION 

CONSISTENT COMPOSITE APPROACH (ccCA)§ 

7.1 Introduction 

Molecules containing phosphorus are involved in a diverse range of chemical, medicinal, 

military, and industrial applications.  For example, phosphorus compounds have been used in 

the treatment of acute neurotoxic diseases,199,200 the creation of nerve agents,201–203 

immunosuppressive chemicals,204 sensors for pesticides and insecticides,205–207 fire 

suppression,207 crystal formation,208 and chemical extraction techniques.209,210  Most 

organophosphorus chemicals are neurotoxins211 and are widely-used as pesticides and 

lubricants.199  

The importance of organophosphorus molecules belies the slight amount of 

fundamental thermochemical information available concerning them.  One unfortunate 

characteristic of experimental enthalpies of formation for many organophosphorus compounds 

is that they are often unknown or only known with relatively large uncertainties.  The difficulty 

lies in the fact that organophosphorus compounds are often difficult to purify and handle in air.  

This lack of accurate thermochemical information is also likely due to the extremely high 

neurotoxicity, susceptibility to oxygenic reactions, and incomplete combustion of typical 

organophosphorus-containing species.  It is well-reported that application of classical 

calorimetric methods to phosphorus-containing molecules often leads to large uncertainties in 

§ Riojas, A. G.; Jorgensen, K. R.; Holmes, K. M.; DeYonker, N. J.; Wilson, A. K. In preparation. 
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measurements.212  Nevertheless, high-level quantum chemical calculations can be a very useful 

tool in predicting the thermodynamic properties when experimental measurements are difficult 

or imprecise. 

Prediction of molecular thermochemistry is one of the primary goals of quantum 

chemistry.  Modern computational methods may be utilized to predict accurate 

thermochemical properties such as the enthalpy of formation (∆Hf) for these species.  

Accurate description of the thermochemistry of these molecules can improve the mass 

production of less harmful industrial organophosphates, allow for better identification and 

disposal of the more harmful organophosphorus compounds,213,214 and improve biological and 

medicinal simulations in order to provide remedies for those afflicted with organophosphorus 

poisoning.215  

Several theoretical investigations of thermochemical properties of organophosphorus 

compounds have been performed over the past decade.  These include the heats of formation 

study of POn and POnH (n = 1–3) species by Bauschlicher, who used B3LYP/6-31G(2df,p) for 

geometry optimizations and CCSD(T)/CBS for energetic calculations,216 and a study by Haworth 

and Bacskay, who also used CCSD(T)/CBS, as well as the G3, G3X, and G3X2 methods, for a set 

of 18 compounds.217  Matus et al. calculated heats of formation of P2Hx and P2Hx(CH3)y 

compounds at the CCSD(T)/CBS and MP2/CBS levels, respectively.218  The present work 

primarily utilizes a more recent, comprehensive study by Dorofeeva et al.,219,220 in which ab 

initio enthalpies of formation for a set of organophosphorus(III) compounds were predicted 

using the G3X, G3X(MP2), and B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d,p) levels of theory 

within the empirical group additivity method of Benson and Buss.221  Dorofeeva and coworkers 
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found that the G3X method reproduces certain well-established experimental results to an 

accuracy of ±2 kcal mol−1, though some large differences, up to 6 kcal mol−1, between 

experimental and computational data were reported.  Dorofeeva et al. also predicted the 

enthalpies of formation for a set of organophosphorus(V) compounds using the same G3X 

methodology.  In these cases, differences between theory and experiment range between 1–6 

kcal mol−1. However, in the case of certain organophosphorus(III) compounds the differences 

between calculated and experimental results were as high as 8−21 kcal mol−1.  As a result of 

these studies, Dorofeeva and coworkers produced “recommended” experimental values for the 

organophosphorus(III) and (V) systems, based on the calculated G3X enthalpies. 

The G3X method includes empirical parameters derived from comparison with 

experimentally determined ΔHf’s, termed the high-level correction (HLC).  The HLC is known56 

to create discrepancies in the ΔHf of molecules with unusual bonding schemes or in systems 

containing phosphorus or sulfur.  The large uncertainties in experimental values for 

organophosphorus compounds cause G3X methods to become less predictive due to the 

method’s reliance on the HLC for the prediction of enthalpies of formation.  Thus, a more 

rigorous and unbiased ab initio approach for estimation of the enthalpies of formation is 

warranted. 

To this end, the correlation consistent composite approach (ccCA) has been utilized as a 

viable alternative computational method to assess the heat of formation of organophosphorus 

compounds.  The ccCA energy is based on the extrapolation of second-order Møller-Plesset 

(MP2) reference energies to the complete basis set (CBS) limit,56,57,91,222 with additive 

contributions from higher-order correlation energy and scalar relativistic effects, and has been 
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shown to predict energetic properties, including enthalpies of formation, ionization energies, 

and electron affinities of main group and s-block molecules, with a mean absolute deviation 

(MAD) of 1.0 kcal mol−1 from reliable experimental data.56–58,89,222,223  Therefore, the primary 

goal of this study is to reinvestigate enthalpies of formation of organophosphorus(III) and 

organophosphorus(V) compounds using ccCA.  Because the G4 method also uses correlation 

consistent basis sets with additional tight-d functions (denoted cc-pV(n+d)Z) and these 

functions have been shown to be necessary for second-row species,29 the G4 method was also 

evaluated in this work.  In addition, these G4 results were compared with our calculated ccCA 

results for those systems which have no experimental values available. 

 

7.2 Computational Methods 

All calculations were performed using the Gaussian 09 software package.124  Structural 

optimizations and vibrational frequencies were calculated for ccCA using B3LYP with a cc-pVTZ 

basis set and a scale factor of 0.9890.  The ccCA method utilizes the correlation consistent basis 

sets developed by Dunning and co-workers27–29,87,224–226 and employs separate extrapolation of 

Hartree-Fock (HF) and MP2 reference energies to the CBS limit.56,57,91,222  In this study, each of 

the main group ccCA variants was used—including ccCA-P, ccCA-S3, ccCA-S4, and ccCA-PS3—

which use different extrapolation schemes to determine the MP2/CBS reference energy.  The 

methodology for ccCA, including the various extrapolation schemes, is further detailed in Ref. 

58.  G3,227 G3(MP2),34 and G436 composite methods have also been utilized in determining 

organophosphorus enthalpies of formation; their composite formulations have been heavily 

detailed elsewhere.   
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7.3 Results and Discussion 

Organophosphorus systems are designated according to the oxidation states of 

phosphorus, (III) and (V).  Organophosphorus(III) molecules are given as bold numbers in 

parenthesis (e.g. (1)); while organophosphorus(V) compounds are given in bold format only 

(e.g. 1).  Figures 7.1 and 7.2 depict the systems which have known experimental values and the 

corresponding abbreviations.  This numbering system originates with Dorofeeva et al.219,220 

In the original Dorofeeva publication,219 several of the larger structures in the 

organophosphorus(III) set were omitted, due to limitations in computational resources. 

Enthalpies for three of these structures—P(OC2H5)3, [(C2H5)2N]2PCl, and P[N(CH3)2]3—have been 

determined using G3, G3(MP2), G4, and each of the variants of ccCA and are provided in 

Supplemental Table 7.1 in comparison to experiment. 

 

7.3.1 Geometries 

The bond lengths, as well as the relevant bond and torsional angles, of each system are 

detailed in Supplemental Table 7.2.  Some of the shorter P-C bonds of the molecules 

investigated can be found in systems (16) (8 nonhydrogen atoms) and (38) (5 nonhydrogen 

atoms).  Both are systems with carbon-nitrogen triple bonds, and the longest bond is from 

molecule (23) (5 heavy atoms).  The electronegativity of the substituents attached alpha to the 

P-C bond appears to be a determining factor in P-C bond length: the more electronegative 

substituents there are present, the shorter the P–C bond length, on average.  For example, the 

length of the P-C bond for (24), a system with no electronegative substituents, is 1.844Å, 

though the P-C bond for 2, a system with three substituents, is 0.05Å shorter (1.792Å). 
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In contrast, system size appears to have little overall effect on the P-C bond length.  The 

two largest molecules of the group that contain a direct P–C bond are (30) and (31), which 

contain only one electronegative substituent, and the optimized structures show typical P–C 

bond lengths (by comparison to the other systems with one electronegative atom).  Similarly, 

the smallest molecule, (2), which has no electronegative substituents, also exhibits a P–C bond 

length that is average, among other systems with no electronegative substituents.    

(15) 

(12) 

(8) (7) (6) 

(4) (3) (2) 

(17) (16) 

(14) (13) 

(11) (10) (9) 

(5) 

(1) 

Figure 7.1.  Organophosphorus(III) compounds optimized at the B3LYP/cc-pVTZ level of 
theory, for which experimental enthalpies of formation are available. 
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It is of note that several molecules do not contain a direct P–C bond.  For example, (28) 

has a carbon atom located alpha to a P-O bond.  Stereoisomers were also found for most of the 

systems studied, and in these cases, the lowest energy conformer was taken as the ground 

state geometry.  For the phosphorus(III) systems, the conformation around the phosphorus 

atom is staggered for most geometries, maximizing separation of lone pairs  (Fig. 7.1).  In the 

phosphorus(V) oxidation state, the conformation around the phosphorus atom is also 

staggered, but to minimize steric repulsion of the surrounding substituents  (Fig. 7.2). 

While the lowest energy conformer was consistently used throughout this study, there 

is one case wherein a higher energy conformer yields a smaller deviation in comparison to 

experiment.  Two geometries were discerned for (7): a Cs structure taken as the ground state 

geometry (ΔHf of -114.3 kcal mol-1), and a local minimum with an ΔHf of -110.6 kcal mol-1 (both 

calculated using ccCA-P).  The known experimental value for this structure is -110.2 kcal mol-

Figure 7.2.  Organophosphorus(V) compounds optimized at the B3LYP/cc–pVTZ level of 
theory, for which experimental enthalpies of formation are available. 

 

28 17 11 

9 8 7 1 
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1,228 only 0.4 kcal mol-1 from the local minimum.  If the experimental value was determined 

using the local minimum, rather than the lower energy structure found using B3LYP, the 

resulting MADs for all methods studied are skewed to be slightly larger. 

 

7.3.2 Comparison of Gn methods 

On the whole, the G4 method yields the smallest mean absolute deviation (MAD) for 

the Gn methods studied.  For the organophosphorus(III) molecules, the G3 method gives an 

MAD of 5.5 kcal mol-1, while G3(MP2) yields an MAD of 5.6 kcal mol-1 and G4 gives an MAD of 

5.1 kcal mol-1 in comparison to experiment.  The deviation from experiment is much larger for 

the organophosphorus(V) molecules, where G4 gives an MAD of 10.9 kcal mol-1.  The G3 and 

G3(MP2) variants yield slightly larger MADs: 11.4 and 12.5 kcal mol-1, respectively.  The 

G3(MP2) deviation for the organophosphorus(V) systems is the largest MAD for this study and 

Figure 7.3.  MADs of enthalpies of formation calculated using composite methods with 
respect to experiment. Organophosphorus systems are designated by oxidation state. 
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is almost 2.0 kcal mol-1 larger than the G4 MAD.  Three systems can be considered to be major 

contributors to the differences in MAD between the G3(MP2) and G4 methods: (11), (15), and 

(17).  For molecule (11), G4 predicts an ΔHf of -161.0 kcal mol-1, while G3(MP2) yields a ΔHf of -

158.0 kcal mol-1.  For molecules (15) and (17), the enthalpies predicted by G4 are 2.7 kcal mol-1 

closer to the  

 
  Molecule G3 G3(MP2) G4 ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 Expt. 

(1) P(CH3)3 -23.3 -23.7 -23.6 -23.7 -25.6 -23.8 -24.6 -24.2 ± 1.2 
         -22.9 ± 1.0 

(2) CH3PH2 -3.2 -3.7 -3.5 -4.4 -5.4 -4.4 -4.9 -4.6 ± 1.5 
(3) (CH3)2PH -12.1 -12.4 -12.4 -12.9 -14.3 -13.0 -13.6 -15.0 
(4) P(C2H5)3 -34.2 -34.4 -33.6 -34.2 -36.4 -33.6 -34.8 -11.9 ± 3.1 
(5) n-C3H7OPCl2 -112.9 -113.3 -112.8 -115.6 -117.8 -115.5 -116.7 -116.5 ± 1.7 
(6) n-C4H9OPCl2 -121.6 -121.9 -121.3 -124.0 -126.7 -124.0 -125.3 -121.3 ± 1.2 
(7) C2H5OPCl2 -111.6 -112.0 -111.6 -114.3 -116.1 -114.1 -115.2 -110.2 ± 0.5 
(8) CH3OPCl2 -102.9 -103.4 -103.2 -106.3 -107.6 -106.1 -107.0 -100.0 ± 1.7 
(9) C6H5OPCl2 -69.8 -71.8 -70.0 -72.4 -73.9 -70.8 -72.4 -74.0 ± 2.0 

(10) C2H5PCl2 -59.0 -60.3 -59.0 -62.0 -63.5 -61.9 -62.7 -66.0 ± 3.8 
(11) P(OCH3)3 -160.1 -158.0 -161.0 -166.0 -168.5 -165.9 -167.2 -167.1 ± 1.9 

         -168.6 ± 1.5 
(12) (CH3)2NPCl2 -55.3 -55.6 -55.3 -57.4 -59.4 -57.3 -58.4 -58.7 ± 0.6 

         -58.8 ± 0.5 
(13) [(CH3)2N]2PCl -37.0 -36.0 -37.1 -36.9 -40.1 -36.9 -38.5 -41.6 ± 0.6 

         -41.6 ± 0.5 
(14) (C2H5)2NPCl2 -68.1 -68.2 -67.1 -68.7 -71.6 -68.8 -70.2 -72.7 ± 1.7 

         -92.7 ± 1.7 
(15) P(CN)3 115.7 115.3 113.2 118.9 116.9 119.2 117.9 108.0 ± 6.0 

         107.2 ± 1.8 
         135.9 ± 6.0 

(16) (CH3)2NP(CN)2 73.0 73.3 71.3 67.6 64.8 67.8 66.2 59.5 ± 3.8 
         54.7 ± 1.3 

(17) [(CH3)2N]2PCN 22.4 23.9 21.2 27.3 20.9 24.5 22.7 15.5 ± 1.9 
         13.0 ± 0.8 
 MSD 2.4 2.3 2.0 0.9 -1.4 1.0 -0.3  

 MAD 5.5 5.6 5.1 5.1 4.4 5.0 4.5  
 RMSD 7.6 7.8 7.1 7.5 7.2 7.2 7.0  
 MAX 22.2 22.4 21.7 22.2 24.5 21.6 22.9  

Table 7.1.  Enthalpies of formation (kcal mol-1) for organophosphorus(III) molecules, 
calculated with variants of ccCA, G3, and G4 methods. 
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experimental values, in comparison to the energies determined using G3(MP2).  All other 

deviations between the two methods are within 2.0 kcal mol-1. 

Surprisingly, G3 performs to within 0.5 kcal mol-1 of the G4 method for both the 

organophosphorus(III) and organophosphorus(V) molecules.  In both (11) and (15), G3 predicts 

a higher ΔHf. than for G4.  Reasons for this behavior likely include cancelation of error for the 

additional components in the G4 methodology, leading to an artificially lower enthalpy of 

formation or a general overestimation of the ΔHf for some organophosphorus molecules. 

 

7.3.3 Comparison: G4 vs ccCA 

The enthalpies predicted by the Gn methods and the ccCA variants are compared to the 

few known experimental values of the organophosphorus species in Tables 7.1 and 7.2.  For 

both the organophosphorus(III) and organophosphorus (V) molecules, ccCA-S3 performs with 

the highest accuracy overall in comparison to known experiment.  Overall, the MADs of these 

systems are 7.1 kcal mol-1 using the G4 method, 5.1 kcal mol-1 using the ccCA-P method, 4.4 

kcal mol-1 using the ccCA-S3 method, 5.0 kcal mol-1 using the ccCA-S4 method, and 4.5 kcal mol-

1 using the ccCA-PS3 method.  The MADs in Figure 7.3 compare the performances of the Gn and 

ccCA variants for each oxidation state, as well as overall MAD.  For the organophosphorus(III) 

molecules, the performance of G4 is on par with ccCA-P (5.1 kcal mol-1) or ccCA-S4 (5.0 kcal 

mol-1), yet is still less accurate than ccCA-S3.  For the organophosphorus(V) molecules, all four 

ccCA extrapolation schemes produced lower MADs when compared with G4 (10.9 kcal mol-1). 

In general, the G4 method tends to produce enthalpies that are higher than experiment.  

The mean standard deviation (MSD) of the G4 enthalpies for the organophosphorus(III) systems  
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  Molecule G3 G3(MP2) G4 ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 Expt. 
1 O=PCl2(CH3) -125.2 -125.0 -125.6 -128.2 -129.6 -128.0 -128.9 -135.3 ± 6.1 
         -132.9 ± 6.0 

7 O=P(OH)2CH3 -214.1 -212.1 -215.5 -216.9 -218.7 -216.6 -217.8 -240.2 ± 6.1 
         -240.0 ± 6.0 

8 O=P(OH)2(C2H5) -218.2 -216.1 -219.3 -220.5 -222.7 -220.3 -221.6 -241.3 ± 3.6 
         -239.0 ± 2.9 

9 O=PCl2(C2H5) -130.4 -130.0 -130.3 -132.7 -134.6 -132.5 -133.6 -139.7 ± 3.3 
         -136.0 ± 3.1 

11 O=P(CH3)3 -98.2 -97.1 -98.6 -97.2 -99.3 -97.2 -98.3 -103.8 ± 1.8 
         -103.0 ± 1.9 

17 (CH3)3P=N-C2H5 -24.8 -23.9 -25.0 -24.3 -27.5 -24.4 -25.9 -22.7 ± 1.9 
         -22.0 ± 1.9 

28 O=P(CH3)(OC2H5)2 -218.4 -215.3 -218.5 -217.7 -221.2 -217.7 -219.5 -231.2 ± 6.1 
         -230.9 ± 6.0 
          
 MSD 10.7 12.1 10.2 9.6 7.3 9.7 8.4  
 MAD 11.4 12.5 10.9 10.0 8.7 10.2 9.3  
 RMSD 14.0 15.5 13.4 12.6 11.1 12.8 11.8  
 MAX 25.9 27.9 24.5 23.1 21.3 23.3 22.2  

Table 7.2. Enthalpies of formation (kcal mol-1) of organophosphorus(V) molecules calculated with variants of ccCA, 
G3, and G4 methods. 
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is 2.0 kcal mol-1.  Similarly, ccCA-P and ccCA-S4 each yield MSDs of 0.9 and 1.0 kcal mol-1, 

respectively ; however, ccCA-S3 shows less tendency to overestimate ΔHf, with an MSD of -1.4 

kcal mol-1.  As a result, the averaging of ccCA-P and ccCA-S3 (ccCA-PS3) produces an MSD with 

no significant trend (-0.3 kcal mol-1).  Across all methods, (4), (15), (16), and (17) produced 

enthalpies with exceptionally large deviations from experiment.  Particularly, the difference of 

the ΔHf for (4) from experiment is the maximum deviation (MAX) for both the Gn and ccCA 

methods (21.6 ≤ Δ ≥ 24.5). When these four systems are removed as outliers, the MAD of G4 

for the organophosphorus(III) compounds is reduced to 3.3 kcal mol-1 and the MAD of ccCA-S3 

is reduced to 2.3 kcal mol-1. 

 

 

Figure 7.4. MADs of enthalpies of formation calculated using composite methods with 
respect to experiment. Organophosphorus systems are designated by oxidation state. 
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 Molecule G3 G3(MP2) G4 ccCA-S3 
(1) P(CH3)3 -23.3 -23.7 -23.6 -25.6 
(2) CH3PH2 -3.2 -3.7 -3.5 -5.4 

(3) (CH3)2PH -12.1 -12.4 -12.4 -14.3 
(4) P(C2H5)3 -34.2 -34.4 -33.6 -36.4 
(5) n-C3H7OPCl2 -112.9 -113.3 -112.8 -117.8 
(6) n-C4H9OPCl2 -121.6 -121.9 -121.3 -126.7 
(7) C2H5OPCl2 -111.6 -112.0 -111.6 -116.1 
(8) CH3OPCl2 -102.9 -103.4 -103.2 -107.6 
(9) C6H5OPCl2 -69.8 -71.8 -70.0 -73.9 

(10) C2H5PCl2 -59.0 -60.3 -59.0 -63.5 

(11) P(OCH3)3 -160.1 -158.0 -161.0 -168.5 
(12) (CH3)2NPCl2 -55.3 -55.6 -55.3 -59.4 
(13) [(CH3)2N]2PCl -37.0 -36.0 -37.1 -40.1 
(14) (C2H5)2NPCl2 -68.1 -68.2 -67.1 -71.6 

(15) P(CN)3 115.7 115.3 113.2 116.9 
(16) (CH3)2NP(CN)2 73.0 73.3 71.3 64.8 
(17) [(CH3)2N]2PCN 22.4 23.9 21.2 23.7 
(18) C2H5PH2 -7.2 -7.6 -7.3 -10.1 
(19) (CH3)2PPH2 -9.6 -10.2 -10.2 -13.0 
(20) n-C3H7PH2 -13.0 -12.7 -12.4 -15.6 
(21) i-C3H7PH2 -13.6 -13.9 -13.7 -16.0 
(22) n-C4H9PH2 -18.0 -17.7 -17.5 -20.9 
(23) (CH3)3CPH2 -21.4 -21.6 -21.5 -23.5 
(24) C6H5PH2 31.5 29.4 30.7 30.2 
(25) CH3PCl2 -54.2 -55.5 -54.6 -58.8 
(26) CH3PHCl -26.6 -27.5 -27.2 -30.3 
(27) (CH3)2PCl -40.1 -40.9 -40.4 -43.6 
(28) CH3OPH2 -42.4 -39.4 -40.4 -45.3 
(29) (CH3)2POH -72.6 72.4 -73.2 -75.8 
(30) (CH3)2POCH3 -65.6 -65.1 -66.0 -68.1 
(31) CH3NHPH2 3.6 3.8 2.9 0.6 
(32) CH3PHNH2 -8.7 -8.7 -9.3 -12.0 
(33) H2PCH2PH2 8.7 8.7 9.1 5.4 
(34) H2C=PH 28.7 27.6 28.3 28.0 
(35) (CH3)2NPH2 4.2 8.8 7.9 1.4 
(36) (CH3)2PHNH2 -21.0 -21.0 -21.5 -23.4 
(37) CH3P(CH)2 61.7 61.4 60.0 61.7 
(38) (CH3)2PCN 15.5 15.2 -16.4 14.3 

Table 7.3. Enthalpies of formation (kcal mol-1) of organophosphorus(III) molecules calculated 
with variants of G3 and G4 methods, in comparison to ccCA-S3 energies. 
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(39) [(CH3)2N]2PH -4.4 -3.0 -47.8 -7.4 
(40) CH3PF2 -152.1 -151.8 -170.2 -156.2 
(41) CH3PHF -71.0 -71.0 -88.5 -74.2 
(42) (CH3)2PF -85.2 -85.1 -107.2 -88.3 
(43) (CH3)2NPF2 -157.1 -155.7 -185.8 -161.2 
(44) F2PCN -101.8 -101.7 -126.0 -105.0 
(45) CH3OPF2 -207.2 -206.0 -209.4 -211.7 
(46) CH3SPCl2 -52.3 -52.4 -50.8 -57.2 
(47) CH3SPF2 -149.2 -148.1 -150.4 -154.5 
(48) CH3SPH2 -0.1 -1.3 -1.2 -4.6 
(49) (CH3)2PSH -19.5 -20.8 -20.3 -23.2 
(50) (CH3)2PSCH3 -21.9 -22.9 -22.6 -26.4 
(51) (NH2)2PCl -41.2 -41.3 -41.8 -46.2 
(52) CH3OPHCl -71.4 -71.5 -72.2 -75.6 

      
 MSD 3.3 3.3 2.6  
 MAD 3.4 3.5 3.4  
 RMSD 3.8 4.0 4.0  
 MAX Dev 8.4 10.5 14.0  

 

 Molecule G3 G3(MP2) G4 ccCA-S3 
1 O=PCl2(CH3) -125.16 -124.98 -125.61 -129.58 
2 O=PF2(CH3) -236.01 -234.54 -238.56 -240.43 
3 O=PClF(CH3) -179.83 -178.90 -181.38 -184.31 

4 S=PCl2(CH3) -65.74 -67.12 -65.85 -70.02 
5 S=PF2(CH3) -172.48 -172.49 -174.76 -177.18 
6 S=PF2(CH2Cl) -171.28 -171.53 -173.26 -176.92 
7 O=P(OH)2CH3 -214.05 -212.09 -215.49 -218.65 

8 O=P(OH)2(C2H5) -218.23 -216.11 -219.27 -222.67 
9 O=PCl2(C2H5) -130.39 -130.04 -130.31 -134.56 

10 O=PCl(CH3)2 -114.24 -113.63 -114.61 -117.80 
11 O=P(CH3)3 -98.16 -97.12 -98.61 -99.32 
12 S=P(CH3)3 -42.82 -43.41 -43.11 -45.63 
13 O=P(CH3)2(C2H5) -102.24 -101.11 -102.30 -104.78 

14 S=P(CH3)2(C2H5) -47.54 -48.05 -47.40 -50.20 
15 O=PCl2[CH(CH3)2] -137.36 -136.92 -136.80 -141.09 
16 S=PCl2[CH(CH3)2] -78.97 -80.02 -77.96 -82.45 
17 (CH3)3P=N-C2H5 -24.83 -23.92 -25.04 -27.48 

18 O=PCl2(OCH3) -171.96 -170.77 -172.71 -176.38 
19 O=PCl2(SCH3) -117.50 -117.90 -117.98 -122.40 

Table 7.4. Enthalpies of formation (kcal mol-1) of organophosphorus(V) molecules calculated 
with variants of G3 and G4 methods, in comparison to ccCA-S3. 
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20 S=PCl2(OCH3) -111.08 -111.51 -111.40 -115.44 
21 S=PCl2(SCH3) -59.41 -61.32 -59.44 -64.00 
22 O=PF2(OCH3) -283.07 -280.83 -286.01 -287.77 

23 S=PF2(OCH3) -219.98 -219.16 -222.56 -224.88 
24 O=P(CH3)2(OCH3) -149.62 -147.69 -150.22 -152.45 
25 O=P(CH3)2(SCH3) -94.58 -94.18 -95.16 -98.15 
26 S=P(CH3)2(OCH3) -90.87 -90.60 -91.21 -93.81 

27 S=P(CH3)2(SCH3) -39.35 -40.56 -39.79 -42.95 
28 O=P(CH3)(OC2H5)2 -218.37 -215.29 -218.50 -221.69 
29 O=P(SCH3)3 -89.17 -89.69 -89.69 -93.46 
30 S=P(OCH3)3 -190.03 -187.81 -190.52 -192.97 

31 O=P(OCH3)2(SCH3) -195.23 -192.73 -196.09 -198.69 
32 O=P(OCH3)(SCH3)2 -140.81 -139.78 -141.53 -145.00 
33 S=P(OCH3)2(SCH3) -135.17 -134.37 -135.76 -138.64 
34 S=P(OCH3)(SCH3)2 -83.48 -84.15 -83.96 -87.30 

      
 MSD 3.8 4.4 3.1  
 MAD 3.8 4.4 3.1  
 RMSD 3.9 4.6 3.2  

 MAX Dev 5.6 6.9 4.6  
 

The ccCA and the Gn methods studied here are not directly compared to the 

“recommended” values prescribed by Dorofeeva et al.219  Since the recommended values are 

derived from comparison of G3X with experiment, it is intuitive that the MAD of G3X is the 

lowest for the Dorofeeva study; however, there is no explicit formula in the paper for how 

these recommended values were obtained.  Rather, Table 7.3 compares the performance of the 

Gn methods to the enthalpies produced using ccCA-S3, shown to be most consistent of the 

methodologies utilized in this study.  In this context, G4 still has a tendency to produce large 

enthalpies for organophosphorus(III) compounds (MSD = 2.6 kcal mol-1), though the G4 MAD is 

reduced to 3.4 kcal mol-1.  When compared to ccCA-S3 enthalpies for the organophosphorus(V) 

systems, the G4 MAD is also reduced (MAD = 3.1 kcal mol-1). 
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7.4 Conclusions 

Variants of the Gn and ccCA composite methods were compared to experiment using 

the organophosphorus(III) and (V) systems of Dorofeeva et al.219,220  Overall, the ccCA-S3 variant 

outperformed the Gn methods studied for both the organophosphorus(III) molecules and 

organophosphorus(V) systems in comparison to experiment, a significant improvement over 

the enthalpies calculated using Gn and crucial for modeling of organophosphorus compounds.  

Consistently high enthalpies in the G4 results may be the result of an insufficiently 

parameterized HLC, and comparison to G3 indicates that the description these systems has not 

been improved by the inclusion of additional tight-d basis sets. 

Removal of (4), (15), (16), and (17) from the organophosphorus(III) set, each of which 

produced enthalpies outside of standard deviation by each of the methods used in this study, 

led to a reduced MAD for both G4 (3.3 kcal mol-1) and ccCA-S3 (2.3 kcal mol-1).  However, 

enthalpies of formation for (4) were fairly consistent across all variants of ccCA and across all 

Gn methods investigated in the present study.  Therefore, the performance of ccCA would 

indicate that the experimental value for (4) is closer to the ccCA-S3 enthalpy (-36.4 kcal mol-1). 

For the organophosphorus(V) molecules, which have relatively abnormal bonding, G4 

consistently predicted enthalpies that were higher than experiment.  The MSDs of the ccCA 

variants were relatively consistent by comparison, suggesting that the lack of parameterization 

in the HLC for phosphorus(V) structures has led to increased deviations.  Despite use of the 

tight-d functions and increased accuracy of the method for the organophosphorus(III) molecule 

set, G4 was still insufficient to describe the (V) oxidation state of phosphorus, evident in the 

comparatively better performance of ccCA.  In general, it is possible that adding more basis 
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functions to G4 will lower its MAD for the organophosphorus(V) molecules, though the method 

generally tends to produce enthalpies that are higher than the experimental enthalpy and this 

trend would still be expected when using even larger basis sets.  Enthalpies calculated using the 

Gn methods were also compared to ccCA-S3 for the organophosphorus species with no known 

experimental values, yielding an MAD of 3.1 for G4. 

Overall, there is large disagreement between experimental and computational ΔHf for 

the organophosphorus(V) compounds.  The experimental data for some of the 

organophosphorus(V) energies is contributed to work performed more than 25 years ago, and 

it is plausible that some of the experimental values—particularly those with especially large 

deviations—require review or revisitation.  However, it should be noted that large uncertainties 

would still be expected, since determination of enthalpies for the organophosphorus species 

are known to be experimentally difficult, and the largest deviations would still be expected for 

the phosphorus(V) systems, which are more prone to oxygen addition (a likely contributor to 

incomplete combustion) due to the (V) oxidation state. 
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Molecule G3 G3(MP2) G4 ccCA-P ccCA-S3 ccCA-S4 ccCA-PS3 Expt. 
 P(OC2H5)3 -190.6 -188.0 -190.5 -190.0 -193.8 -190.1 -191.9 -193.1 ± 1.0 
[(C2H5)2N]2PCl -61.0 -59.5 -59.9 -58.3 -63.1 -58.5 -60.7 -67.4 ± 2.4 
P[N(CH3)2]3 -13.4 -11.3 -13.8 -11.3 -15.7 -11.5 -13.5 -17.0 ± 0.6 
        -17.0 ± 0.5 

 

  Molecule Bond Lengths 
(Å) 

Bond Angles 
(Degrees) 

Torsional Angles 
(Degrees) 

(1) C3v P(CH3)3 1.859 (P-C) 99.54 (CPC)  
(2) Cs CH3PH2 1.869 (P-C)   
(3) Cs (CH3)2PH 1.863 (P-C) 100.48 (CPC)  
(4) C3 P(C2H5)3 1.871 (P-C) 99.71 (CPC) -177.44 (PCCH) 

 C1 Pose 2 1.871 (P-C) 99.57 (CPC) 62.68 (PCCH) 
   1.875 (P-C) 98.14 (CPC) 63.74 (PCCH) 
   1.872 (P-C) 102.03 (CPC) 173.41 (PCCH) 

(5) C1 n-C3H7OPCl2 1.622 (P-O) 96.74 (ClPO) -158.64 (POCC) 
   2.080 (P-Cl) 100.66 (ClPCl)  

(6) Cs n-C4H9OPCl2 1.599 (P-O) 102.62 (ClPO) 173.14 (POCC) 
   2.120 (P-Cl) 98.66 (ClPCl)  
 C1 Pose 2 1.622 (P-O) 96.74 (ClPO) -157.81 (POCC) 
   2.080 (P-Cl) 100.64 (ClPCl)  

(7) Cs C2H5OPCl2 1.600 (P-O) 102.64 (ClPO) 180.00 (POCC) 
   2.119 (P-Cl) 98.66 (ClPCl)  
 C1 Pose 2 1.622 (P-O) 96.73 (ClPO) -159.50 (POCC) 
   2.080 (P-Cl) 101.62 (ClPO)  
   2.123 (P-Cl) 100.67 (ClPCl)  

(8) Cs CH3OPCl2 1.602 (P-O) 102.47 (ClPO) -180.00 (POCH) 
   2.117 (P-Cl) 98.71 (ClPCl)  
 C1 Pose 2 1.625 (P-O) 96.56 (ClPO) -42.77 (POCH) 
   2.077 (P-Cl) 101.42 (ClPO)  
   2.121 (P-Cl) 100.83 (ClPCl)  
 C1 Pose 3 1.625 (P-O) 101.42 (ClPO) 42.79 (POCH) 
   2.121 (P-Cl) 96.56 (ClPO)  
   2.077 (P-Cl) 100.83 (ClPCl)  

(9) C1 C6H5OPCl2 1.642 (P-O) 101.38 (ClPO) 74.20 (POCC) 
   2.111 (P-Cl) 96.19 (ClPO)  
   2.077 (P-Cl) 100.47 (ClPCl)  

Supplemental Table 7.1. Enthalpies of formation for structures previously omitted by 
Dorofeeva et al.219 (kcal mol-1) 

Supplemental Table 7.2. Enthalpies of formation calculated using ccCA variants for 
organophosphorus(III) molecules (kcal mol-1). 
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 C1 Pose 2 1.610 (P-O) 103.54 (ClPO) -174.07 (POCC) 
   2.114 (P-Cl) 103.36 (ClPO)  
   2.111 (P-Cl) 99.60 (ClPCl)  
 Cs Pose 3 1.619 (P-O) 103.07 (ClPO) 91.93 (POCC) 
   2.107 (P-Cl) 98.76 (ClPCl)  

(10) C1 C2H5PCl2 1.857 (P-C) 98.32 (ClPC) -55.49 (PCCH) 
   2.096 (P-Cl) 99.13 (ClPC)  
   2.099 (P-Cl) 101.57 (ClPCl)  
 Cs Pose 2 1.856 (P-C) 100.07 (ClPC) -179.67 (PCCH) 
   2.099 (P-Cl) 101.73 (ClPCl)  

(11) C3 P(OCH3)3 1.649 (P-O) 102.64 (OPO) 163.44 (POCH) 
 C1 Pose 2 1.624 (P-O) 103.43 (OPO) -164.58 (POCH) 
   1.662 (P-O) 96.21 (OPO) 33.84 (POCH) 
   1.645 (P-O) 98.12 (OPO) 45.99 (POCH) 
 Cs Pose 3 1.639 (P-O) 102.70 (OPO) -176.37 (POCH) 
   1.647 (P-O) 92.76 (OPO) 161.92 (POCH) 

(12) C1 (CH3)2NPCl2 1.668 (P-N) 104.23 (NPCl) -108.75 (ClPNC) 
   2.144 (P-Cl) 101.41 (NPCl) -17.15 (PNCH) 
   2.107 (P-Cl) 97.18 (ClPCl) -142.59 (PNCH) 

(13) C1 [(CH3)2N]2PCl 2.221 (P-Cl) 100.68 (NPCl) 19.02 (PNCH) 
   1.690 (P-N) 101.54 (NPCl) -20.53 (PNCH) 
   1.692 (P-N) 104.61 (NPN) -27.79 (PNCH) 
   1.690 (P-N) 101.54 (NPCl) -20.53 (PNCH) 
     160.91 (PNCH) 
 C1 Pose 2 2.184 (P-Cl) 104.00 (NPCl) 21.00 (PNCH) 
   1.681 (P-N) 97.46 (NPCl) -21.95 (PNCH) 
   1.737 (P-N) 99.33 (NPN) 75.21 (PNCH) 
     -71.24 (PNCH) 

(14) C1 (C2H5)2NPCl2 1.671 (P-N) 104.28 (NPCl) -37.55 (PNCC) 
   2.153 (P-Cl) 100.85 (NPCl) 119.05 (PNCC) 
   2.108 (P-Cl) 97.20 (ClPCl)  

(15) C3v P(CN)3 1.789 (P-C) 98.78 (CPC)  
(16) Cs (CH3)2NP(CN)2 1.803 (P-C) 99.53 (NPC) -117.43 (NCPN) 

   1.74 (P-N) 96.5 (CPC) 66.60 (CPNC) 
 C1 Pose 2 1.822 (P-C) 104.95 (NPC) -84.74 (NCPN) 
   1.803 (P-C) 101.29 (NPC) 110.75 (NCPN) 
   1.676 (P-N) 94.98 (CPC) 108.64 (CPNC) 
     -46.68 (CPNC) 

(17) C1 [(CH3)2N]2PCN 1.836 (P-C) 96.82 (CPN) 164.18 (PNCH) 
   1.743 (P-N) 102.53 (CPN) 68.20 (PNCH) 
   1.690 (P-N) 100.77 (NPN) -22.99 (PNCH) 
     29.39 (PNCH) 
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(18) C1 C2H5PH2 1.877 (P-C) 111.71 (PCC) -176.7 (PCCH) 
 Cs Pose 2 1.872 (P-C) 117.07 (PCC) 180 (PCCH) 

(19) Cs (CH3)2PPH2 2.256 (P-P) 97.48 (PPC) -169.50 (PPCH) 
   1.865 (P-C) 99.39 (CPC)  
 C1 Pose 2 2.24 (P-P) 98.16 (PPC) 66.57 (PPCH) 
   1.863 (P-C) 103.56 (PPC) 171.80 (PPCH) 
    99.97 (CPC)  
 C1 Pose 3 2.236 (P-P) 103.44 (PPC) -171.95 (PPCH) 
   1.863 (P-C) 98.18 (PPC) 175.79 (PPCH) 
   1.864 (P-C) 99.93 (CPC)  

(20) C1 n-C3H7PH2 1.877 (P-C) 112.11 (PCC) -176.93 (PCCC) 
 Cs Pose 2 1.871 (P-C) 117.48 (PCC) -180.00 (PCCC) 
 C1 Pose 3 1.877 (P-C) 112.11 (PCC) 176.93 (PCCC) 

(21) Cs i-C3H7PH2 1.887 (P-C) 109.47 (PCC) -60.96 (PCCH) 
   1.531 (C-C) 111.64 (CCC) 60.96 (PCCH) 
 C1 Pose 2 1.884 (P-C) 109.25 (PCC) 174.57 (PCCC) 
   1.533 (C-C) 114.67 (PCC) -177.66 (PCCC) 
   1.528 (C-C) 111.74 (CCC)  

(22) C1 n-C4H9PH2 1.877 (P-C) 112.03 (PCC) 176.89 (PCCC) 
 Cs Pose 2 1.871 (P-C) 117.39 (PCC) -180.00 (PCCC) 

(23) Cs (CH3)3CPH2 1.898 (P-C) 107.220 (PCC) 176.85 (PCCH) 
    112.58 (PCC) 180 (PCCH) 

(24) C1 C6H5PH2 1.844 (P-C) 117.84 (PCC)  
(25) Cs CH3PCl2 1.839 (P-C) 98.65 (CPCl)  

   2.086 (P-Cl)   
(26) C1 CH3PHCl 1.847 (P-C) 100.51 (CPCl)  

   2.095 (P-Cl) 96.166 (CPH)  
(27) Cs (CH3)2PCl 1.845 (P-C) 99.26 (CPCl)  

   2.104 (P-Cl)   
(28) C1 CH3OPH2 1.655 (P-O) 117.25 (POC) 161.97 (POCH) 

   1.425 (O-C)   
 Cs Pose 2 1.666 (P-O) 116.87 (POC) -180.00 (POCH) 
   1.425 (O-C)   
 Cs Pose 3 1.666 (P-O) 116.87 (POC) 0.00 (POCH) 
   1.425 (O-C)   
 Cs Pose 4 1.710 (P-O) 109.47 (POC) 180.00 (POCH) 
   1.430 (O-C)   
 Cs Pose 5 1.710 (P-O) 109.47 (POC) 0.00 (POCH) 
   1.430 (O-C)   

(29) Cs (CH3)2POH 1.671 (P-O) 98.93 (CPO) -129.79 (CPOH) 
   1.843 (P-C) 98.75 (CPC) -47.81 (OPCH) 
 Cs Pose 2 1.681 (P-O) 98.67 (CPO) -129.88 (CPOH) 
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   1.848 (P-C) 98.69 (CPC) 132.12 (OPCH) 
 Cs Pose 3 1.681 (P-O) 98.67 (CPO) 46.85 (CPOH) 
   1.848 (P-C) 98.69 (CPC) 132.12 (OPCH) 
 Cs Pose 4 1.681 (P-O) 98.67 (CPO) 46.85 (CPOH) 
   1.848 (P-C) 98.69 (CPC) -48.90 (OPCH) 

(30) C1 (CH3)2POCH3 1.664 (P-O) 97.00 (CPO) 43.23 (POCH) 
   1.84 (P-C) 100.70 (CPO) -47.78 (OPCH) 
   1.849 (P-C) 98.81 (CPC) 48.43 (OPCH) 

(31) C1 CH3NHPH2 1.701 (P-N) 123.24 (PNC) -175.90 (PNCH) 
   1.456 (N-C)   

(32) C1 CH3PHNH2 1.849 (P-C) 100.84 (PNC) 48.77 (NPCH) 
   1.711 (P-N)   

(33) C2 H2PCH2PH2 1.871 (P-C) 111.06 (PCP) -163.19 (PCPH) 
     -68.69 (PCPH) 
 C1 Pose 2 1.876 (P-C) 110.98 (PCP) 7.93 (PCPH) 
     -86.58 (PCPH) 

(34) Cs H2C=PH 1.663 (P-C) 97.83 (CPH) 180.00 (HPCH) 
(35) Cs (CH3)2NPH2 1.755 (P-N) 112.43 (CNP) 56.83 (PNCH) 

   1.459 (N-C) 112.10 (CNC)  
 Cs Pose 2 1.764 (P-N) 112.21 (CNP) -64.38 (PNCH) 
   1.459 (N-C) 111.97 (CNC)  
 C1 Pose 3 1.750 (P-N) 109.47 (CNP) -60.00 (PNCH) 
   1.470 (N-C)  90.90 (PNCH) 
 C1 Pose 4 1.764 (P-N) 112.21 (CNP) -64.38 (PNCH) 
   1.459 (N-C)  -67.10 (CNPH) 
 C1 Pose 5 1.764 (P-N) 112.21 (CNP) -64.38 (PNCH) 
   1.459 (N-C)  -126.53 (CNPH) 

(36) C1 (CH3)2PHNH2 1.712 (P-N) 99.57 (NPC) 65.44 (CPNH) 
   1.847 (P-C) 104.17 (NPC)  
   1.857 (P-C) 98.39 (CPC)  

(37) Cs CH3P(CH)2 1.788 (P-C) 100.05 (CPC) 49.91 (CPCH) 
   1.85 (P-C) 97.75 (CPC)  

(38) Cs (CH3)2PCN 1.793 (P-C) 98.67 (CPC) 53.23 (CPCH) 
   1.852 (P-C) 101.39 (CPC)  

(39) Cs [(CH3)2N]2PH 1.708 (P-N) 113.47 (NPN) 140.96 (PCCH) 
     -140.96 (PCCH) 

(40) Cs CH3PF2 1.602 (P-F) 97.69 (CPCl) 49.72 (ClPCH) 
   1.827 (P-C) 98.23 (ClPCl)  

(41) C1 CH3PHF 1.620 (P-Cl) 99.62 (CPCl) -46.34 (ClPCH) 
   1.84 (P-C)   

(42) Cs (CH3)2PF 1.626 (P-Cl) 98.41 (CPCl) -50.60 (ClPCH) 
   1.84 (P-C)   
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(43) Cs (CH3)2NPF2 1.610 (P-Cl) 101.24 (NPCl) 0.00 (PNCH) 
   1.656 (P-N)  -0.00 (PNCH) 

(44) Cs F2PCN 1.826 (P-C)   
(45) Cs CH3OPF2 1.602 (P-O) 124.73 (POC) 180.00 (POCH) 

   1.444 (O-C)   
 C1 Pose 2 1.618 (P-O) 119.93 (POC) 25.95 (POCH) 
   1.435 (O-C)   

(46) C1 CH3SPCl2 2.125 (P-S) 98.12 (PSC) 50.28 (PSCH) 
   1.836 (S-C)   
 Cs Pose 2 2.110 (P-S) 106.34 (PSC) 180.00 (PSCH) 
   1.831 (S-C)   

(47) C1 CH3SPF2 2.128 (P-S) 97.99 (PSC) 30.91 (PSCH) 
   1.838 (S-C)   
 C1 Pose 2 2.128 (P-S) 97.99 (PSC) -30.91 (PSCH) 
   1.838 (S-C)   
 Cs Pose 3 2.118 (P-S) 102.54 (PSC) 179.63 (PSCH) 
   1.838 (S-C)   

(48) Cs CH3SPH2 2.142 (P-S) 99.88 (PSC) 180.00 (PSCH) 
   1.834 (S-C)   
 Cs Pose 2 2.128 (P-S) 104.72 (PSC) 179.96 (PSCH) 
   1.831 (S-C)   

(49) Cs (CH3)2PSH 2.162 (P-S) 99.802 (SPC) 50.31 (SPCH) 
   1.858 (P-C)   
 Cs Pose 2 2.147 (P-S) 102.00 (SPC) 54.99 (SPCH) 
   1.857 (P-C)   

(50) Cs (CH3)2PSCH3 2.148 (P-S) 100.68 (SPC) -70.88 (SPCH) 
   1.860 (P-C)   

(51) Cs (NH2)2PCl 2.199 (P-Cl) 102.04 (NPN) -77.97 (ClPNH) 
   1.690 (P-N)   

(52) C1 CH3OPHCl 2.124 (P-Cl) 104.27 (ClPO) 170.09 (POCH) 
   1.624 (P-O)   
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CHAPTER 8  

CLOSING REMARKS 

In this dissertation, research has been presented on the application of the correlation 

consistent composite approach (ccCA) to biochemical systems and weakly interacting 

complexes.  Primarily, this work has been directed into two areas: 1) the utility of main group 

ccCA, as demonstrated in predicting the proton affinities of large biomolecules and the 

enthalpies of formation for organophosphate (III) and (V) systems; and 2) the broadening of the 

capabilities of ccCA including the calculation of pKa for solvated systems as well as noncovalent 

interaction energies for dimers and small clusters. 

The ONIOM-ccCA methodology, previously developed in the Wilson Group, was used to 

determine the proton affinities of biologically relevant molecules in Chapter 4.  The energetics 

for a set of amine structures were produced to within 1.0 kcal mol-1 of experiment, allowing for 

the determination of an optimal low level method/basis set guideline for ONIOM-ccCA 

calculations, not determined by the previous study.  Using B3LYP as the low level method 

produced an MAD of 0.9 kcal mol-1 from experiment, reduced to 0.6 kcal mol-1 when employing 

a diffuse aug-cc-pVDZ basis set.  Because biomolecules are difficult to characterize 

experimentally, the accurate performance of the ONIOM-ccCA methodology allowed for the 

prediction of proton affinities and of the likely site of protonation for set of 

deoxyribonucleosides.  ONIOM-ccCA results for deoxyadenosine and deoxycytidine suggest 

protonation at nitrogen (N3-Hbond) and oxygen (O2) locations, respectively, with protonation 

at a nitrogen site (N7) also predicted for deoxyguanosine.  Further, the performance of ccCA 

within the ONIOM framework in this study suggests that future studies of larger systems would 
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be feasible.  For example, a third low layer, calculated using molecular mechanics techniques, 

could be introduced into ONIOM-ccCA to extend its applicability to proteins and similar 

complex biological systems. 

Chapter 5 introduced the newly-developed Solv-ccCA solvated composite approach.  

Using an absolute thermodynamic cycle and incorporating the SMD solvation model into the 

main group ccCA formulation, Solv-ccCA produced a combined MAD of 3.3 pKa units for a set of 

pyridine and carbon acid species, outperforming the additional DFT methods utilized in this 

study.  Several charged and zwitterionic carbon acids were examined in this study, with Solv-

ccCA yielding smaller average deviations in comparison to DFT.  Additional calculations used 

B3LYP to determine the effects of solvation, rather than calculating the solvation effects 

stepwise within the ccCA formulism, resulting in some computational time savings but a 

decrease in the overall accuracy.  This supports the use of higher-level methods in determining 

the effects of solvation for future calculations.  Overall, the improved performance of Solv-ccCA 

was analogous to the improved treatment of the electronic energies, producing an MAD of 0.67 

pKa unit for the amine systems studied. 

Returning to gas-phase calculations in Chapter 6, ccCA was applied to calculate 

noncovalent energies for small (H2O)n, (HF)n, and (NH3)n clusters, yielding reliable interaction 

energetics at the CCSD(T)/CBS level.  For the complexation and interaction energies of these 

clusters, ccCA yielded a deviation of ~1 kcal mol-1 on average, and using dispersion corrected 

DFT, namely B97-D, did not improve the deviation for these noncovalently interacting systems.  

However, the ccCA(+) protocol has been introduced, which reduced overall deviation to within 

0.5 kcal mol-1 and outperformed the recently developed G4(MP2)-6X+ method.  Rather than 
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considering (+) as a purely empirical parameterization constant, the newly proposed (+) 

component was also shown to retain a physical analog, as a correction to basis set 

superposition error.  Additional studies on the utility of the (+) component to hydrogen bonded 

system, using a more varied molecule set, would be beneficial to verify the performance of 

ccCA(+) and indicate its capabilities for application to more complex systems. 

Lastly, Chapter 7 demonstrated the performance of ccCA for organophosphorus(II) and 

(V) systems, in comparison to Gn methods and available experiment.  Overall, the ccCA method 

outperformed the Gn methodologies studied for both the organophosphorus(III) and (V) 

compounds in comparison to experiment.  The reliance of the Gn methods on the HLC may 

have led to enthalpies of formation that were generally higher than experiment.  Notably, the 

unusual bonding of the organophosphorus(V) structures could indicate a weakness in the HLC 

parameterization.  It is worth also noting that the MSDs of ccCA were consistently low by 

comparison, supporting the indication that the HLC is the likely cause of the large deviations in 

the Gn methods (since ccCA has no such correction).  Overall, there is large disagreement 

between experimental and computational enthalpies for the organophosphorus(V) compounds.  

It is possible that the difficulties in producing experimental enthalpies—particularly for those 

with especially large deviations—may benefit from experimental review or revisitation, but 

future computational work with a larger molecule set will also improve the utility of ccCA for 

phosphorus-containing compounds.
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APPENDIX 

USING THE SOLV-ccCA METHODOLOGY
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Using the A07 amine structure from Chapter 5, a step-by-step walkthrough for the use 

of Solv-ccCA is presented. Recall Scheme 2: 

HAgas
𝑞𝑞      

∆Ggas
�⎯⎯�      Agas

𝑞𝑞−1     +      Hgas
+  

↓ ∆Gs(HA)            ↓ ∆Gs(A)       ↓ ∆Gs(H+) 

HAaq
𝑞𝑞       

∆Gaq
�⎯�       Aaq

𝑞𝑞−1      +      Haq
+  

Here, Scheme 2 gives the thermodynamic cycle used, which approximates the presence H2O 

and the H3O+ cation by accounting for H+.  Separate structures must be optimized for each of 

the following: the unprotonated acid in the gas phase (Agas) ; the solvated, unprotonated acid 

(Aaq); the protonated acid in the gas phase (HAgas); and the solvated, protonated acid (HAaq).  

The system size and desired accuracy dictates the method in which solvation is specified within 

Solv-ccCA. For instance, the route line for Gaussian 09 may be specified using: 

 # opt freq=noraman b3lyp/cc-pVTZ SCRF=SMD 

This will calculate solvation effects using the SMD model, with aqueous solvent by default, 

during the optimization and frequency calculation.  Alternatively, SCRF=SMD may be specified 

for each step of ccCA: 

 # MP2/aug-cc-pVDZ SCRF=SMD 

 # MP2/aug-cc-pVTZ SCRF=SMD 

 # MP2/aug-cc-pVTZ SCRF=SMD 

 # CCSD(T)/cc-pVTZ SCRF=SMD 

 … (continued) 

resulting in a more accurate calculation but increased computational demand.  A breakdown of 

the full Solv-ccCA (Peterson) energies are given in the following examples. 
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 Level of Theory  Electronic Energies Free Energy Corr. ccCA Free Energy 
    0.091445 -172.561403723 
 HF/aug-cc-pVDZ  -173.314592000   
 HF/aug-cc-pVTZ  -173.357478100   
 HF/aug-cc-pVQZ  -173.368007400   
 HF/CBS  -173.369292715   
 MP2/aug-cc-pVDZ -173.956191400 -0.641599400   
 MP2/aug-cc-pVTZ -174.125067400 -0.767589300   
 MP2/aug-cc-pVQZ -174.176364400 -0.808357000   
 MP2/CBS  -0.831556683   
      
ΔE(CC) CCSD(T)/pVTZ -174.183711700 -0.073932600   
 MP2/pVTZ -174.109779100    
ΔE(CV) MP2(FC1)/aCVTZ -174.323303900 -0.198236500   
 MP2/aVTZ -174.125067400    
ΔE(DK) MP2/pVTZ-DK -174.182650400 -0.072871300   
 MP2/pVTZ -174.109779100    
ccCA Total Energy*   -172.652848723   

*The atomistic spin-orbit coupling contributions are applied to both reactants and products and 
are, thus, negated. 

  

Table A.1.  Solv-ccCA energies (hartrees) for the A07 unprotonated, gas phase amine structure (Agas), 
using a Peterson extrapolation. Total electronic energy is provided at bottom, with “ccCA Energy” 
including contributions to Gibbs free energy, zero-point energy, and [RT ln(RT/P)] for gas phase 
calculations (a term used to convert from standard state in units atm to molar, where R is the ideal gas 
constant, T is temperature, and P is standard pressure or 1 atm). 
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 Level of Theory  Electronic Energies Free Energy Corr. ccCA Free Energy 
   -174.550939795 0.092248 -174.458691795 
 HF/aVDZ  -173.319616000   
 HF/aVTZ  -173.362511200   
 HF/aVQZ  -173.373030900   
 HF/CBS  -173.374260305   
 MP2/aVDZ -173.961272400 -0.641656400   
 MP2/aVTZ -174.130310900 -0.767799700   
 MP2/aVQZ -174.181637900 -0.808607000   
 MP2/CBS (P)  -0.831827590   
      
ΔE(CC) CCSD(T)/pVTZ -174.188301000 -0.073719200   
 MP2/pVTZ -174.114581800    
ΔE(CV) MP2(FC1)/aCVTZ -174.328572400 -0.198261500   
 MP2/aVTZ -174.130310900    
ΔE(DK) MP2/pVTZ-DK -174.187453000 -0.072871200   
 MP2/pVTZ -174.114581800    
ccCA Total Energy*   -174.550939795   

*The atomistic spin-orbit coupling contributions are applied to both reactants and products and 
are, thus, negated.  

Table A.2.  Solv-ccCA energies (hartrees) for the A07 unprotonated, solvated amine structure (Aaq), 
using a Peterson extrapolation. Total electronic energy is provided at bottom, with “ccCA Energy” 
including contributions to Gibbs free energy and zero-point energy. 
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 Level of Theory  Electronic Energies Free Energy Corr. ccCA Free Energy 
    0.105743 -172.911027031 
 HF/aVDZ  -173.685407200   
 HF/aVTZ  -173.729774200   
 HF/aVQZ  -173.740427000   
 HF/CBS  -173.741828952   
 MP2/aVDZ -174.317008800 -0.631601600   
 MP2/aVTZ -174.486633800 -0.756859600   
 MP2/aVQZ -174.537784800 -0.797357800   
 MP2/CBS (P)  -0.820400554   
      
ΔE(CC) CCSD(T)/pVTZ -174.551321900 -0.076498600   
 MP2/pVTZ -174.474823300    
ΔE(CV) MP2(FC1)/aCVTZ -174.684865600 -0.198231800   
 MP2/aVTZ -174.486633800    
ΔE(DK) MP2/pVTZ-DK -174.547674500 -0.072851200   
 MP2/pVTZ -174.474823300    
ccCA Total Energy*   -173.016770031   

*The atomistic spin-orbit coupling contributions are applied to both reactants and products and 

are, thus, negated.  

Table A.3.  Solv-ccCA energies (hartrees) for the A07 protonated, gas phase amine structure (HAgas), using a 
Peterson extrapolation. Total electronic energy is provided at bottom, with “ccCA Energy” including 
contributions to Gibbs free energy, zero-point energy, and [RT ln(RT/P)] for gas phase calculations (a term used 
to convert from standard state in units atm to molar, where R is the ideal gas constant, T is temperature, and P 
is standard pressure or 1 atm). 
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 Level of Theory  Electronic Energies Free Energy Corr. ccCA Free Energy 
    0.107342 -174.911666440 
 HF/aVDZ  -173.794719300   
 HF/aVTZ  -173.839329500   
 HF/aVQZ  -173.850000400   
 HF/CBS  -173.851299554   
 MP2/aVDZ -174.426468200 -0.631748900   
 MP2/aVTZ -174.596274100 -0.756944600   
 MP2/aVQZ -174.647430800 -0.797430400   
 MP2/CBS (P)  -0.820469186   
      
ΔE(CC) CCSD(T)/pVTZ -174.660779800 -0.076085300   
 MP2/pVTZ -174.584694500    
ΔE(CV) MP2(FC1)/aCVTZ -174.794585800 -0.198311700   
 MP2/aVTZ -174.596274100    
ΔE(DK) MP2/pVTZ-DK -174.657537200 -0.072842700   
 MP2/pVTZ -174.584694500    
ccCA Total Energy*   -175.019008440   

*The atomistic spin-orbit coupling contributions are applied to both reactants and products and 

are, thus, negated.

Table A.4.  Solv-ccCA energies (hartrees) for the A07 protonated, solvated amine structure (HAaq), using a 
Peterson extrapolation. Total electronic energy is provided at bottom, with “ccCA Energy” including 
contributions to Gibbs free energy and zero-point energy. 
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Each of the energies collected, along with the theoretical or experimental values for H+, 

can then be applied to calculate the free energy of solvation: 

∆𝐺𝐺𝑎𝑎𝑞𝑞 = ∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 + ∆∆𝐺𝐺𝑔𝑔 5.1 

∆∆𝐺𝐺𝑔𝑔 = ∆𝐺𝐺𝑔𝑔 − ∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 5.2 

∆𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔 = 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐴𝐴) + 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐻𝐻+) − 𝐺𝐺𝑔𝑔𝑎𝑎𝑔𝑔(𝐻𝐻𝐴𝐴)  5.3 

∆𝐺𝐺𝑔𝑔 = ∆𝐺𝐺𝑔𝑔(𝐴𝐴) + ∆𝐺𝐺𝑔𝑔(𝐻𝐻+) − ∆𝐺𝐺𝑔𝑔(𝐻𝐻𝐴𝐴)  5.4 

For the A07 amine system, ∆𝐺𝐺𝑎𝑎𝑞𝑞 is calculated to be 14.45 kcal mol-1 using the energies given. 

Applying this to the definition of pKa, the pKa for A07 is determined to be 10.60. (Further 

discussion of the suitability of the values of H+ and the calculation of pKa using ∆𝐺𝐺𝑎𝑎𝑞𝑞 can be 

found in Chapter 5. 

 Free Energy (kcal/mol) 
Ggas(A) -108283.92 
∆∆Gs(A)* -1191.07 
Ggas(H+) -4.40 
∆Gs(H+) -265.90 
Ggas(HA+) -108503.31 
∆∆Gs(HA)* -1256.42 
∆Gaq 14.45 

*∆∆𝐺𝐺𝑔𝑔 is produced using total electronic energies only (“ccCA Total Energy” in Examples A.1-
A.4), as described in Ref 156. 
 

pKa = ∆Gaq / (2.303*RT) 
pKa = 14.45 / (2.303*0.0019858775*298.15) 

pKa = 10.60  

Table A.5.  Calculation of free energy of solvation (∆𝐺𝐺𝑎𝑎𝑞𝑞) for the A07 amine structure from 
Solv-ccCA energies and H+ theoretical and experimental values. 

Table A.6.  Calculation of pKa for the A07 amine structure, using ∆𝐺𝐺𝑎𝑎𝑞𝑞. 
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