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Chapter 1
Introduction
Accurate thermochemical values are indispensable to provide meaningful forecast
about chemical reactions and processes. Design of chemical plants, modeling of climate
change, or understanding biological systems, just to mention a few examples, would be
unimaginable without these data available in an orderly fashion in databases.
Initially, the source of these data had been exclusively experimental. However, in
recent decades, theoretical methods have been gaining traction in the field of thermochemistry. Moreover, since the pioneering work of Pople and associates dramatic progress has
been made regarding the calculations of thermochemical quantities. Numerous composite
model chemistries have been defined with diverse design goals including the subsequent
Gn (Gaussian-n) theories[1–3], the CBS[4–8] (complete basis set) models, the ccCA[9–11]
(correlation consistent composite approach), the Weizmann-n[12, 13], and the HEAT[14–
16] protocols. Also, the focal point analysis of Allen and Császár[17, 18] and the procedure
of Feller, Peterson, and Dixon (FPD)[19, 20] should be mentioned here. Note that although these methods do not work with fixed recipes, they are closely related to the
aforementioned model chemistries.
Today it is well understood how to design a composite model chemistry which is
capable of achieving high accuracy in calculating thermochemical quantities. Since the
treatment of electron correlation is of the utmost importance, accurate models rely on
the coupled-cluster (CC) expansion of the wavefunction[21]. Unfortunately, high accuracy
CC calculations require large basis sets and the steep scaling of such approaches limits the
thermochemical applications to small systems. It is also known that the slow convergence
of the CC methods in one-electron basis sets is due to the correlation cusp and it can be
alleviated using explicitly correlated methods[22–26]. Recently, several implementations
of explicitly correlated CC methods became available leading to the upgrade of the aforementioned model chemistries (schemes of Klopper[27–29], Wn-F12[30, 31], WnX[32–34],
ccCA-F12[35])
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These sophisticated model chemistries can reach the chemical accuracy range, 1
kcal/mol = 4.2 kJ/mol, on par with the latest experimental methods. Even though
the size of the studied systems limits the applicable level of theory, for experimentally
challenging species with short lifetime or very reactive nature, the theoretical models can
provide benchmark quality data.
Several compilation exist for thermochemical data (JPL[36], NIST-JANAF[37],
Burcat[38], CODATA[39], etc.) however, as the amount of data increases, the burden of
maintaining, critically evaluating, and keeping up-to-date these databases is getting more
and more cumbersome. Usually, the most accurate value or the average of the best ones
is recommended by these databases, however, these selections have their own drawbacks.
For instance, the error is propagated through all the subsequent steps, and there is no
feedback to the preceding determinations; only one or a small group of the results is used
for the determination; in order to take account of new findings, every step should be done
again.
Another approach is the thermochemical network (TN), when all available data are
simultaneously used to determine the thermochemical values in question. The Active
Thermochemical Tables (ATcT) of Ruscic[40] and the Network of Computed Reaction
Enthalpies to Atom-Based Thermochemistry (NEAT) of Császár and Furten-bacher[41]
are representative examples for this approach. However, the results provided by TNs are
only as good as the quality of the sources, therefore accurate thermochemical data are
still needed by either experiments or theoretical calculations.
The goal of my work was twofold, on the one hand, I aimed to develop and apply
accurate thermochemical protocols for molecules and radicals, which play important roles
in the atmosphere or biological systems; on the other hand, I also targeted to combine
my theoretical results with critically evaluated literature data in various TNs, thereby
providing the best possible thermochemical values based on our current knowledge.
Consequently, the backbone of this thesis is given by four publications, which were
born as answers to the possibilities/challenges I faced while pursuing my goals,
• first, there was room for improvement regarding the accuracy of the thermochemical
data, especially for fluoroethyl radicals, provided by recognized databases; Accurate
Theoretical Thermochemistry for Fluoroethyl Radicals, ref 42.
• second, to continue my journey with my goal of providing accurate data for larger
species, an efficient and accurate thermochemical protocol had to be materialized;
Moderate-Cost Ab Initio Thermochemistry with Chemical Accuracy, ref 43.
• third, with a new protocol and a thermochemical network approach in hand, I
revisited some of our group’s previous results; High Accuracy Quantum Chemical
2
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and Thermochemical Network Data for the Heats of Formation of Fluorinated and
Chlorinated Methanes and Ethanes, ref 44.
• fourth, the capability of the protocol was put to the extreme and applied to nucleobases; Thermochemistry of Uracil, Thymine, Cytosine, and Adenine, ref 45.
The thesis is organized as follows, in Chapter 2 the utilized methods will be detailed.
Among these, the CC and the explicitly correlated methods will be presented, then the
various thermochemical protocols are summarized, emphasizing the high-accuracy model
chemistries. At last, the construction, solution, and analysis of the TNs are discussed.
Chapter 3 presents the work, where a HEAT-like thermochemical protocol was
applied to determine accurate heats of formation and entropies of fluoroethyl radicals.
Additionally, the rotational potential energy surfaces were also investigated around the
C–C bond to correct the deficiencies of the rigid rotor-harmonic oscillator model (RRHO).
In Chapter 4 the development of the diet-HEAT-F12 protocol is discussed. Each
contribution was optimized to reduce the price of the calculation, while maintaining chemical accuracy. The original HEAT dataset was used as training set, then the performance
of the protocol was compared to similar model chemistries using explicitly correlated
methods on W4-11 dataset and a disjoint set of 23 atomization energies from the results
of Feller, Peterson and Dixon.
Chapter 5 displays the application of diet-HEAT-F12 protocol on the previously
studied fluorinated and chlorinated methanes and ethanes. A TN was also built from the
available experimental data along with varying quality of theoretical heats of reaction to
examine the effect of input data on the solution of the TN. Furthermore, best estimates
for the enthalpies of formation for the studied species are presented.
Application of the diet-HEAT-F12 protocol for nucleobase thermochemistry is discussed in Chapter 6. First, the gas-phase heats of formation of uracil, thymine, cytosine,
and adenine were determined. Then, using the available combustion and sublimation
enthalpies, various TNs were built to further improve the reliability of gas-phase and
solid-state enthalpy of formation and sublimation of these species. Furthermore, the solvation free energies were also studied with various methods and compared to experimental
data.
Finally, before the references, a brief summary of the results is given in Chapter 7.

3

Chapter 2
Theoretical background
In this chapter first a brief summary of methods frequently used in model chemistries
is given. Then, the families of various model chemistries are discussed, highlighting their
strategy, applicability, and accuracy. Last, but not least the concept of the thermochemical network approach is presented.

2.1

Methods used in model chemistries

Ab initio methods are solely using fundamental physical constants and obey the
rules of quantum mechanics without the further need of empirical data. Thereby, chemical
systems, which are challenging to be observed with experimental methods, may become
examinable with theoretical approaches. However, in most cases the exact solution is not
available or requires great amount of resources, therefore approximations are needed.

2.1.1

Schrödinger equation

In most of the cases, the primary goal is to solve the time-independent, nonrelativistic Schrödinger equation

EΨ = ĤΨ,

(2.1.1)

where Ĥ, Ψ, and E are the Hamiltonian operator, the wave function, and the energy of
the system, respectively. The Hamiltonian operator can be written as follows,

Ĥ = T̂n + T̂e + V̂nn + V̂ne + V̂ee ,

(2.1.2)

where T̂n , and T̂e are the kinetic energy operators of the nuclei and the electrons, V̂nn ,
V̂ne , and V̂ee are the nuclei–nuclei, nuclei–electron, and electron–electron potential energy
operators.
4
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The Schrödinger equation is an eigenvalue problem, and it has no analytic solution
except for one-electron systems, so approximations are needed for its solution.
To account for relativistic effects, one rarely goes beyond scalar effects and the
two-component relativistic Hamiltonians. Frequently used approximations are the massvelocity and Darwin corrections (MVD1, MVD2), the Douglas–Kroll–Hess method
(DKH)[46], or the spin-free exact 2-component (X2C) Hamiltonian approach[47–50].

2.1.2

Born–Oppenheimer approximation

The first approximation introduced during the solution of the Schrödinger equation
is the Born–Oppenheimer approximation, in which the coupling between the nuclei and
the electronic motion is neglected. Consequently, the wave function can be written as
a product of electronic (Ψe ) and nuclear wave function (Ψn ). Thus, the Schrödinger
equation can be separated into two independent equations,
Ĥe Ψe = Ee Ψe

(2.1.3)

(T̂n + Ee )Ψn = EΨn ,

(2.1.4)

where Ĥe is the electronic Hamiltonian operator, which contains the T̂e , V̂nn , V̂ne and
V̂ee operators. In the first step, the electronic Schrödinger equation (2.1.3) is solved with
fixed nuclei positions, then the solution of the 2.1.4 equation is worked out in the average
field of the electrons.
Some of the errors due to this approximation can be rectified with the diagonal
Born–Oppenheimer (DBOC) correction, which stems from the diagonal second derivative
of the electronic wave function with respect to the nuclear coordinates:
∆EDBOC =

N
nuc
X

−

a=1

2.1.3

1
hΨe |∇2 |Ψe i,
2Ma

(2.1.5)

Hartree–Fock method

The solution of the electronic Schrödinger equation (2.1.3) requires further assumptions. The difficulty lies in the evaluation of the V̂ee term in the electronic Hamiltonian
describing the interaction of two electrons. To overcome this problem, the mean field
approximation can be used, which assumes that each electron interacts with an average
potential field generated by the other electrons.
With the introduced assumptions the one-electron Fock operator for the i-th electron, F̂i , can be defined as,
F̂i = ĥi +

n
X
[Jˆij − K̂ij ],
j=1

5
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where ĥi is the one-electron Hamiltonian operator, n is the number of electrons, Jˆij is
the Coulomb operator, and K̂ij is the so-called exchange operator.
Using the Fock operator the Hartree–Fock equation can be written as,
F̂i ϕi = i ϕi ,

(2.1.7)

where ϕi is the orbital of the i-th electron, and i is the energy of that orbital.
This system of equations is a pseudo-eigenvalue problem, because the Fock operator
depends on the ϕi orbitals. To find its solution the iterative self-consistent field (SCF)
approach can be applied.
In the unrestricted Hartree–Fock (UHF) method, which is usually used for openshell systems, each and every electron has its own orbital function. In contrast, for
singlet closed-shell systems the restricted Hartree–Fock (RHF) method is employed, which
assumes that the orbitals are doubly occupied. Open-shell systems may also be described
by the restricted open-shell Hartree–Fock method (ROHF), which uses doubly occupied
orbitals for paired electrons and singly occupied for unpaired electrons.
If the the accuracy of the mean field approximation is not enough for the given problem, further techniques can be called upon to improve the HF solution. These techniques
are referred to as electron correlation or post-HF methods. An important feature of these
wave function based methods is that the description of the system under study, i.e., the
solution of its Schrödinger equation, can be systematically improved applying higher level
of theory and/or larger basis sets. Therefore, it is no wonder that most model chemistries
rely on these approaches. However, before the introduction of the post-HF methods one
fundamental approximation needs to be presented.

2.1.4

Basis sets

For almost all ab initio methods the introduction of basis sets is inevitable. From
a theoretical point of view, this is not an approximation if a complete basis set is used
to expand the orbitals, however that would require infinite number of basis functions.
Consequently, practical limitations lead us to use finite number of basis functions, i.e.,
another approximation is introduced, which also has an effect on the results.
Roothaan showed that it is worth expanding the unknown molecular orbitals in the
HF equations (2.1.7) in terms of known fixed basis functions,

ϕi =

m
X

Cji ψj ,

(2.1.8)

j

where Cji and ψi are the expansion coefficients and the basis functions, respectively; m
is the number of basis functions. This way the integro-differential HF equation could be
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converted to a system of algebraic equations, which can be solved with the help of matrix
algebra. This is called the Hartree–Fock–Roothaan method.
One choice as basis function type could be the Slate Type Orbitals (STO) which
mirrors the solution of Schrödinger equation obtained for the hydrogen atom. The other
possible choice is the Gaussian Type Orbitals (GTO), which are less accurate near and far
from the nucleus compared to STO. However, the combination of few GTOs can properly
describe the shape of an STO, the evaluation of GTOs is way less demanding, therefore
modern basis sets mostly consists of GTOs.
The size of the utilized basis set can be classified by determining how many basis
function is used to describe an AO. If one, it is a minimal basis set; if two, it is called
double zeta (DZ) basis set; if three basis function describes an atomic orbital, it is a triple
zeta (TZ) basis set; and so on.
Several basis set families have been developed during the last few decades such as
Pople style basis sets[51, 52], Dunning-Huzinaga basis sets[53, 54], Ahlrichs type basis
sets[55–57], atomic natural orbitals (ANO)[58], just to mention a few. Nevertheless, from
the perspective of this work the correlation consistent (cc) basis sets of Dunning[59–
62] are the most important ones. During my investigations the correlation consistent
polarized valence double/triple/quadruple/quintuple (cc-pVDZ, cc-pVTZ, cc-pVQZ, ccpV5Z) basis sets and their variants were heavily used. If additional diffuse functions
are included in cc basis sets they are denoted with the aug- prefix, while inclusion of
additional tight function to recover core-core and core-valence correlations produce the
acronyms cc-pCVXZ (X=D, T, Q, 5). The single most important property of cc basis
sets is that they were designed to converge smoothly toward the infinite basis set limit.
∞
, and the correlation
Therefore, due to the careful construction both the HF limit, EHF
∞
energy limit, ECC , can be determined using extrapolation formulae[63, 64], for example,
√

∞
EHF (X) = EHF
+ A · (X + 1) · e−9
∞
ECC (X) = ECC
+ B · X −3

X

(2.1.9)
(2.1.10)

where A, B are fitting parameters, EHF (X) and ECC (X) are the HF and correlation energies obtained with the basis set whose cardinal number is X, respectively. It should be
noted that in general results obtained with cc-pVDZ are not recommended for extrapolations due to their poor accuracy.

2.1.5

Møller–Plesset perturbation theory

The Møller–Plesset (MP) perturbation theory belongs to the class of post-HF methods and can be considered as a special case of Rayleigh-Schrödinger perturbation theory.
This improves on the HF treatment by adding electron correlation effects by means of
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perturbations, usually to second (MP2), third (MP3), or fourth (MP4) order. The central
assumption of this methos is that the Hamiltonian (Ĥ) may be split into a part which
can be solved exactly (Ĥ0 ) and a problematic/perturbation part (V̂ ) which is relatively
small and has no analytic solution. In quantum chemistry the first guess at the exact
wavefunction for a molecular system is the HF wavefunction, therefore, treating electron
correlation as a perturbation on the HF solution seems natural.
By introducing an ordering parameter, λ, the initial problem can be stated as,
(2.1.11)

Ĥ = Ĥ0 + λV̂ ,

If a series expansion is utilized in powers of λ the wave function and the energy can
be written as follows,
Ψ = Φ0 + λΨ(1) + λ2 Ψ(2) + ...

(2.1.12)

E = E0 + λE (1) + λ2 E (2) ...

(2.1.13)

Inserting the above into the Schrödinger equation,
(Ĥ0 + λV̂ )(Φ0 + λΨ(1) +λ2 Ψ(2) + ...) =
(E0 + λE (1) + λ2 E (2) + ...)(Φ0 + λΨ(1) + λ2 Ψ(2) + ...).

(2.1.14)

Since this holds for any value of λ, the terms with the same power of λ can be grouped:
λ0 : Ĥ0 Ψ0 = E0 Ψ0

(2.1.15)

λ1 : Ĥ0 Ψ1 + V̂ Ψ0 = E0 Ψ1 + E (1) Ψ0

(2.1.16)

λ2 : Ĥ0 Ψ2 + V̂ Ψ1 = E0 Ψ2 + E (2) Ψ1 .

(2.1.17)

In the case of the Møller–Plesset method the reference Hamiltonian is the sum of
the Fock operators from the HF method, while the perturbation is Ĥ − Ĥ0 . For zero
order (λ = 0) the wave function is the same as HF wave function, while the energy is the
sum of the energies of the orbitals. The first order energy equals to the HF energy. The
correlation energy for the most commonly used MP2 method can be written as,
EMP2 =

occ X
virt
X
[hϕi ϕj |ϕa ϕb i − hϕi ϕj |ϕb ϕa i]2
i<j a<b

i + j − a − b

,

(2.1.18)

where i,j is the i-th and j-th occupied orbital (occ.), a,b is the a-th and b-th virtual
orbital (virt.), and  is the energy of the orbital.

2.1.6

Coupled-cluster method

Probably the most successful post-HF approach is the coupled-cluster (CC) method.
The fundamental idea in CC theory that the wave function (ΨCC ) can be given by the
8

Chapter 2

Theoretical background

exponential ansatz,
ΨCC = eT̂ Φ0

(2.1.19)
∞

X 1
1
1
eT̂ = 1 + T̂ + T̂ 2 + T̂ 3 + ... =
T̂ k ,
2
6
k!
k=0

(2.1.20)

where the T̂ cluster operator is defined as,
T̂ = T̂1 + T̂2 + T̂3 + ... + T̂N ,

(2.1.21)

and it generates all i-fold excitations from the HF wave function for a system with N
electrons.
If the CC wave function, 2.1.19, is inserted into the Schrödinger equation (2.1.1),
we get
ĤeT̂ Φ0 = ECC eT̂ Φ0 .

(2.1.22)

ECC = hΦ0 |ĤeT̂ |Φ0 i,

(2.1.23)

0 = hΦai |ĤeT̂ |Φ0 i

(2.1.24)

T̂
0 = hΦab
ij |Ĥe |Φ0 i,

(2.1.25)

From this the CC energy is

and the CC equations are

where Φai and Φab
ij are singly and doubly excited determinants, respectively. The exact
solution would need too much resources, therefore the cluster operator usually is truncated. If T̂ = T̂1 + T̂2 then it is called the coupled-cluster singles and doubles (CCSD)
method. If the triple excitations are also taken into account with perturbative techniques,
the CCSD(T) method is obtained.

2.1.7

Explicitly correlated methods

In theory, by increasing the size of the basis set and the level of excitations in
CC one could approach the exact solution of the non-relativistic electronic Schrödinger
equation with arbitrary precision. However, even the best-performing CC methods have
very steep scaling as the basis set size increases. The reason is the poor description of the
Coulomb hole, the space around and electron where the probability of other electrons is
low, i.e. the electron-electron correlation at close distances (r12 ≈ 0). To overcome this
problem, the wave function has to be expanded beyond using only Slater determinants
and include two-particle functions (geminals).

9
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There had been several attempts, but the first successful one was the idea of
Kutzelnigg[23], who proposed to introduce linear terms into the wave functions, r12 ·ϕ1 ϕ2 .
This led to the development of R12 methods: MP2-R12[65], CCSD-R12, CCSD(T)R12[24]. Eventhough the convergence toward the basis set limit is accelerated, the
evaluation of additional matrix elements introduced an exponential scaling preventing
applications to larger systems.
The next idea, which guided the development of the F12 methods, was to use
a nonlinear function of r12 . Today the usual choice for the correlation factor f12 is a
Slater-type function: f12 = f (r12 ) = γ1 [1 − exp(−γr12 )], where γ is a so-called lengthscale parameter determining how strongly, on average, the interelectronic interaction is
screened by the surrounding electron density.
R12/F12 methods improve the conventional post-HF methods by taking into account excitations into explicitly correlated pair functions, which takes the form of
Q̂12 f12 ϕi ϕj . Q̂12 is a strong orthogonality operator which defines the doubles excitation space covered by geminals. The choice of Q̂12 which leads to the most accurate
results is Q̂12 = (1 − Ô1 )(1 − Ô2 )(1 − V̂1 V̂2 ). This is referred to as ansatz 2. Ô projects
onto the occupied, while V̂ projects onto the space of virtual orbitals.
Consideration of the excitations into the geminal space produces additional calculations. This required further developments and approximations such as complementary
auxiliary basis set (CABS), which is used with resolution of identity (RI) to break manyelectron integrals into two-electron integrals. Density fitting for the additional integrals,
specially optimized basis sets, and systematic approximations also helped to develop the
explicitly correlated methods into accessible and applicable technique for polyatomic systems.
CCSD-F12 method has several variants depending on how the calculations of additional terms are treated. Werner and his coworkers developed the CCSD-F12x (x=a, b)
methods[66, 67], Valeev et al. worked out CCSD(2)F12 and CCSD(2)F12 [68–70], while
Hättig and his coworkers derived the CCSD(F12)[71], CCSD[F12], and CCSD(F12*)
methods[72]. According to Hättig[72] the accuracy of the different variants can be ordered
as (F12*) > (2)F12 > F12b > F12a. It is notable that the calculation of perturbational
triples is the same as in the case of conventional CCSD(T).
The convergence of HF can also be improved by introducing CABS singles, i.e., the
single excitations of one-electron components of the geminals into the complementary
auxiliary basis set. For further insight on explicitly correlated methods see the review of
Hättig et al. in ref 73.
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Zero-point vibrational energy

Now we have all the tools needed to reach the solution of electronic Schrödinger
equation, however we have not accounted for the nuclear motion, yet. To solve the
vibrational Schrödinger equation, Eq. 2.1.4, first we expand the electronic energy around
the equilibrium energy (x0 ):
X ∂Ee
1 X ∂ 2 Ee
xi +
xi xj + ...
Ee (x) = Ee (x0 ) +
(2.1.26)
∂x
2
∂x ∂x
i

i

i,j

i

j

where xi is the i-th coordinate of the 3N coordinates of the N nuclei. The first term
is the electronic energy and the second term is zero, because we are at the equilibrium
geometry. In the harmonic approximation the third term is used and any higher order
derivatives are neglected. Inserting the harmonic approximation into eq. 2.1.4 we get,
!
2
X
1
∂ Ee
T̂n +
xi xj Ψn = Evib Ψn .
(2.1.27)
2 i,j ∂xi ∂xj
Introducing normal coordinates, we get 3N -6 independent equations, each for a vibrational mode (3N -5 for linear molecules). The energy of a vibrational mode (Ei ) is


1
E i = νi +
~ωi
(2.1.28)
2
and the zero-point vibrational energy (E ZPE ) is
EZPE

3N −6
1 X
=
~ωi
2 i=1

(2.1.29)

where νi and ωi are the vibrational quantum number and frequency of the i-th vibrational
mode, respectively.
To take into account the anharmonicity of the potential well additional terms can
be added from the above expansion. It must be also noted that with the expansion we
assume that the vibrations are only small amplitude motions, but that is not always true.
In these cases for accurate results we have to go beyond the rigid rotor-harmonic oscillator
(RRHO) model.

2.1.9

Statistical thermodynamics

It was not specified yet, but the aforementioned methods provide energies at 0 K
and in vacuum, however, the external effects can be introduced in several ways. To
get the various thermodynamic functions (internal energy, enthalpy, Gibbs free energy,
entropy) at arbitrary temperature, usually at 298 K, we need to utilize the tools of
statistical thermodynamics. Assuming the Born–Oppenheimer approximation and the
RRHO model, the molecular partition function, q, can be expressed as a product of
11
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four components, q = qt qr qv qe , where qt , qr , qv , and qe are the translational, rotational,
vibrational, and the electronic partition function, respectively.
If the ideal gas approximation is used the translational partition function can be
written as,
3/2

kB T
2πmkB T
,
(2.1.30)
qt =
2
h
p
where m is the mass of the species, kB is the Boltzmann constant, h is the Planck constant,
T is the temperature, an p is the pressure.
For the formulation of the rotational partition function we use the rigid rotor approximation. In the case of atoms its value is one, while for linear and polyatomic molecules,
respectively,
 
1 T
qr =
,
(2.1.31)
σr Θr


π 1/2
T 3/2
qr =
,
(2.1.32)
σr
(Θr,x Θr,y Θr,z )
where σr is the symmetry number, Θr = h2 /8π 2 IkB is the characteristic temperature for
rotation, and I is the moment of inertia.
For the vibrational partition function the harmonic approximation is utilized. If
the first vibrational state is chosen as the reference point then the partition function can
written as,
Y
1
qv =
,
(2.1.33)
−Θ
v,i /T
1
−
e
i
where Θv,i = hνi /kB is the characteristic temperature for vibration i.
The electronic partition function can be determined by the following equation,
X
qe =
ωi e−εi /kB T ,
(2.1.34)
i

where ωi is the degeneracy of the i-th energy level, and εi is its energy.
Assuming an ideal gas, the temperature correction (ET ) and the entropy (ST ) can
be calculated with the aid of these equations,


∂ ln q
2
(2.1.35)
ET =N kB T
∂T V


 
∂ ln q
ST =R ln(qe ) + T
.
(2.1.36)
∂T V

2.1.10

Treatment of large amplitude motions

To correct the errors of the harmonic oscillator model for an internal coordinate
with large amplitude motion the one-dimensional hindered rotor model (1D-HR) can be
12
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applied [74, 75], and the energy levels calculated may be used to correct both the ZPE
and the thermal correction values. The one-dimensional Schrödinger equation,
−

~2 d2 Ψ
+ V (ϑ)Ψ = EΨ,
2Ir dϑ2

(2.1.37)

can be solved using the Fourier grid Hamiltonian method[76, 77]. Ir and V (ϑ) are the
reduced moment of inertia and the potential energy curve (PEC), respectively. To get an
analytical form of the PEC, V (ϑ) needs to be expanded in a Fourier series,
10

V (ϑ) =

V0 X
+
{an cos nϑ + bn sin nϑ},
2
n=1

(2.1.38)

where V0 , an -s, and bn -s are fitted parameters, and Ir can be calculated at the equilibrium
geometries using Pitzer’s approximation[78, 79].

2.2
2.2.1

Theoretical model chemistries
General strategy

Forty-seven years ago, during the 1972 Boulder Summer Research Conference on
Theoretical Chemistry[80] John Pople, who later became a Nobel laureate in 1998[81],
had presented his requirements for a complete theoretical model chemistry. He demanded
that such a model should be applicable to a wide variety of molecular systems, be welldefined containing as few as possible empirical parameters, have size-consistency, and
have the power of high-degree of interpretability. Later, to some extent, he modified
these requirements as well as introduced additional desirable criteria[82]. However, his
basic requirements went unchanged, i.e., a theoretical model chemistry is a well-defined
algorithm that provides continuous potential energy surfaces and size consistent results
for any arrangement of the atomic nuclei.
Since then numerous model chemistries were born, but their basic strategy can
be summarized as it follows. First a reference geometry has to be chosen, either experimental or calculated. Then the solution of the electronic Schrödinger equation is
needed. This part can be separated into several steps assuming the additivity of the
various contributions, for example, the CCSD(T) energy with the cc-pVQZ basis set,
E(CCSD(T)/cc-pVQZ), is approximated with the expression follows,
E(CCSD(T)/cc-pVQZ) ≈E(HF/cc-pVQZ) + ∆E(MP2/cc-pVTZ)+

(2.2.1)

+ ∆E(CCSD(T)/cc-pVDZ).
In the above ∆E(MP2/cc-pVTZ) = E(MP2/cc-pVTZ) − E(HF/cc-pVTZ) and
∆E(CCSD(T)/cc-pVDZ) = E(CCSD(T)/cc-pVDZ) − E(MP2/cc-pVDZ).
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Another useful approximation is the frozen core approach in which the electrons
close to the nuclei are not correlated. This reduces the computational cost, and its
effect can be compensated by an additional calculation which determines the difference
between all electron and frozen core calculations, ∆Ecore . Also extrapolation schemes
and empirical parameters may be used to get as close as possible to the correct solution.
Further corrections can be added for deficiencies of the non-relativistic approach (∆Erel )
and the Born–Oppenheimer approximation (∆EDBOC ). The calculation of ZPE, ∆EZPE , is
also needed for a complete recipe, which can be calculated with any appropriate methods
or taken from experiment. Sometimes a scaling factor is employed to get results which
align better with experimental frequencies. With the aid of statistical thermodynamics
the desired thermodynamic state functions can be calculated using the geometry and
frequencies in the partition functions.
UT◦ =ETOT + RT 2 ×

∂ ln q
∂T

(2.2.2)

∂ ln q
+ R ln q
(2.2.3)
∂T
∂ ln q
HT◦ =UT◦ + RT ×
×V
(2.2.4)
∂V
where UT◦ , ST , HT◦ , and q are the standard molar internal energy, entropy, enthalpy,
and the molecular partition function, respectively; while R, T , and V are the ideal gas
constant, the absolute temperature, and the volume, respectively.
The heats of formation can be calculated by both the atomization and the elemental
reaction approach. For example, using the atomization reaction, ∆f HT◦ (CH3 −CHF) can
be calculated as,
ST◦ =RT ×

CH3 −CHF −−→ 2 C + 4 H + F
∆f HT◦ (CH3 −CHF) = 2∆f HT◦ (Cgas ) + 4∆f HT◦ (H) + ∆f HT◦ (F)

(2.2.5)

− 2HT◦ (Cgas ) − 4HT◦ (H) − HT◦ (F) + HT◦ (CH3 −CHF).
On the other hand, with the elemental reaction approach, ∆f HT◦ (CH3 −CHF) can be
obtained as,
2 C + 12 F2 + 2 H2 −−→ CH3 −CHF
1
∆f HT◦ (CH3 −CHF) = HT◦ (CH3 −CHF) − 2HT◦ (Cgas ) − HT◦ (F2 )
2
◦
◦
− 2HT (H2 ) + 2∆f HT (Cgas )

(2.2.6)

With the elemental reaction approach we use the standard state of elements, but the
calculation of these are sometimes not feasible. It is especially true for C, whose standard
state is graphite. Instead in calculations the gas phase carbon atom is used.
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If one needs to account for multiple conformations then conformationally averaged
properties can be calculated according to the Boltzmann distribution,


NA
∆f G◦298 (A) − ∆f G◦298 (B)
= nexp −
(2.2.7)
NB
RT
where, ∆f G◦298 (A) and ∆f G◦298 (B) are the Gibbs free energies of formation of conformers
◦
◦
, and n is the statistical
− T S298
A and B at 298.15 K, calculated as ∆f G◦298 = ∆f H298
weight of the conformation.
◦
The conformationally averaged enthalpy [∆f H298
(c.a.)] is calculated as the weighted
◦
arithmetic average of the individual heat of formation of the conformers, ∆f H298
(A) and
◦
(B), where the weights are the appropriate molar fractions from eq. 2.2.7,
∆f H298
◦
◦
◦
∆f H298
(c.a.) = xA ∆f H298
(A) + (1 − xA )∆f H298
(B)

(2.2.8)

For the averaged entropy, the entropy of mixing, ∆Smix , should be also considered, which
is calculated using the standard formula of thermodynamics,
◦
◦
◦
∆f S298
(c.a.) = xA ∆f S298
(A) + (1 − xA )∆f S298
(B) + ∆Smix

(2.2.9)

Using the standard formulae of error propagation, the error bars of averaged values can
also be derived:[83]
"

2
2
◦
◦
∂∆f H298
(c.a.)
∂∆f H298
(c.a.)
2
2
◦ (c.a.) =
σ∆f H298
σ∆f H298
σ∆
+
◦ (A) +
◦
◦
◦
f H298 (B)
∂∆f H298
(A)
∂∆f H298
(B)
#1/2

2

2
◦
◦
∂∆f H298
(c.a.)
∂∆
H
(c.a.)
f
298
2
2
σ∆
+
σ∆
◦
◦
◦
◦
f S298 (A)
f S298 (B)
∂∆f S298
(A)
∂∆f S298
(B)
(2.2.10)
◦
◦
where σ∆f H298
and σS298
are the individual enthalpy and entropy uncertainties of the
conformers, respectively. Similar equations can be derived for the uncertainty of averaged
entropy. For more details about the above averaged property calculations the reader is
referred to ref 84.

2.2.2

Gaussian-n

The first composite model chemistry, the Gaussian-1 theory (G1)[85], was proposed
in 1989, which was quickly followed by the Gaussian-2 theory (G2)[1] in 1991. The
basic structure of the protocols is similar. In the following the G2 theory is shown
as a representative example. The geometry is optimized at the MP2/6-31G(d) level
of theory with all electrons correlated. The zero-point vibrational energy (∆EZPE ) is
calculated at HF/6-31G(d) level of theory, and the frequencies are scaled to fit better to
the experimental data.
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A reference energy, Eref , is calculated with the MP4/6-311G(d,p) method. Next,
the energy is augmented with a term which is supposed to correct for the effect of diffuse
functions missing so far (∆E+ ),
∆E+ = E[MP4/6-311+G(d,p)] − E[MP4/6-311G(d,p)],

(2.2.11)

then for the effect of polarization functions (∆Epol ),
∆Epol = E[MP4/6-311G(2df,p)] − E[MP4/6-311G(d,p)],

(2.2.12)

then for the effect of electron correlation beyond fourth-order perturbation theory (∆Ecor ),
∆Ecor = E[QCISD(T)/6-311G(d,p)] − E[MP4/6-311G(d,p)],

(2.2.13)

and for the effect of larger basis set and the nonadditivity caused by the separate treatment of diffuse and polarization effects (∆ElargerBS )
∆ElargerBS =E[MP2/6-311+G(3df,2p)] − E[MP2/6-311G(2df,p)]
− E[MP2/6-311+G(d,p)] + E[MP2/6-311G(d,p)].

(2.2.14)

Finally, an empirical, high level correction, ∆EHLC is also added to the energy
to mediate the deficiencies of the model. This correction was fitted against a dataset
containing experimental results.
The most widespread Gn theories are summarized in Table 2.1. Please note that
the notations are changed compared to the original papers for the sake of consistency.
The G1 theory does not contain the ∆ElargerBS correction. In G3 [2] the important
modifications compared to G2 are the usage of 6-31G(d) instead of 6-311G(d), a special
G3large basis set for the calculation of the ∆ElargerBS term, and some consideration for
the deficiencies of the frozen core approximation also in the ∆ElargerBS contribution. All
Gn theories have a Gn(MP2)[86–88] version with reduced computational steps and similar accuracy. The Gn(MP2) usually consists of a higher level calculation from ∆Ecor of
the original Gn, and the by-product MP2 energy is corrected with the largest calculation
from ∆ElargerBS . G3B3 and G3MP2B3[89] is the same as G3 and G3(MP2), but uses
B3LYP/6-31G(d) geometries and frequencies. In G4 theory[3] B3LYP geometry and frequency calculations are utilized with a larger 6-31G(2df,p) basis set, and in ∆Ecor , the
QCISD(T) calculation is replaced by CCSD(T). Additionally, the HF energy is extrapolated to basis set limit using aug-cc-pV{Q,5}Z calculations and the difference compared
to HF/G3largeXP (∆EHF ) is also added to the total energy.
The popularity of these methods has several reasons. Their black box nature and
implementation in the Gaussian program package (and later in several other programs)
made these composite methods readily available and applicable even for non-experts. The
vast amount of applications also helped to determine the range of applicability and the
accuracy of these methods.
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G1[85, 90]

G2[1]

G2(MP2)[86]

Geometry
Eref
∆E+
∆Epol
∆Ecor

G3[2]

G3(MP2)[87]

G3B3[89]

AE MP2/6-31G(d)

G4[3]

G4(MP2)[88]
B3LYP/6-31G(2df,p)

MP4/6-311G(d,p)

QCISD(T)/6-311G(d,p)

MP4/6-31G(d)

QCISD(T)/6-31G(d,p)

MP4/6-31G(d)

QCISD(T)/6-31G(d,p)

MP4/6-31G(d)

CCSD(T)/6-31G(d)

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

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

MP4/6-31+G(d)
MP4/6-31G(2df,p)
QCISD(T)/6-31G(d)

E[MP2/G3MP2Large]E[MP2/6-31G(d)]

MP4/6-31+G(d)
MP4/6-31G(2df,p)
QCISD(T)/6-31G(d)

E[MP2/G3MP2Large]E[MP2/6-31G(d)]

MP4/6-31+G(d)
MP4/6-31G(2df,p)
CCSD(T)/6-31G(d)

E[MP2/G3MPLargeXP]E[MP2/6-31G(d)]

∆ElargerBS

—

b

—

c

c

—

∆EHLC

—

d

—

e

e

fitted

∆ESO

—

—

—

∆EHF

—

—

—

∆EZPE
a

G3MP2B3[89]

B3LYP/6-31G(d)

Chapter 2

Table 2.1: Gaussian-n protocolsa

experimental
—

—

—

0.8929×HF/6-31G(d)

—

0.96×B3LYP/6-31G(d)

0.9854×B3LYP/6-31G(2df,p)

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The number in the parentheses denotes the inverse power, n, used in the extrapolation formula,
E X = E ∞ + b · X −n ; other numbers represent scaling parameters for frequencies or other energy contributions. If two number is presented, then the singlet-coupled and triplet-coupled pair energies are extrapolated
1/2

X
∞
separately. If there is no number presented for the extrapolation, then either the two-point extrapolation formula of Karton and Martin[63] is used, EHF
= EHF
+ A · (X + 1) · e−9X
, or the three-point formula
X
∞
of Feller[91] EHF
= EHF
+ a−bX . The number preceding the level of theory is the scaling factor of the frequencies.
b
E[MP2/6-311+G(3df,2p)]-E[MP2/6-311G(2df,p)]-E[MP2/6-311+G(d,p)]+E[MP2/6-311G(d,p)]
c
E[AE MP2/G3large]-E[MP2/6-31G(2df,p)]-E[MP2/6-31+G(d)]+E[MP2/6-31G(d)]
d
E[AE MP2/G3largeXP]-E[MP2/6-31G(2df,p)]-E[MP2/6-31+G(d)]+E[MP2/6-31G(d)]
e
E[HF/aug-cc-pV{Q,5}Z(1.63)]-E[HF/G3LargeXP], the aug-cc-pVXZ basis sets were modified. For H and He the QZ basis set uses the s part of cc-pVQZ and 2pd polarization functions of cc-pVTZ, the 5Z basis set
uses s functions from cc-pV5Z and 3p2d from cc-pVQZ. For the rest of the atoms the diffuse functions are discarded from aug-cc-pVnZ basis sets with the exception of s and p functions.
f
For the definition of the various special basis sets (G3large, G3largeXP,...) see the original papers.
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Table 2.2: CBS model chemistriesa
Method
Geometry
ESCF
CBS
∆EMP2

∆Ecore

QCISD/6-311G(p,d)

a

CBS-q[8]

UHF/3-21G(*)

CBS-QB3[92]

MP2/6-31G(d’)

B3LYP/6-31G(d’)b

6-311+G(3d2f,2df,p)

CBS2/6s6p3d2f,4s2p1d

CBS2/6-31+G(d’)

QCISD(T)/6-311+G(2df,p) MP4(SDQ)/6-31G
CBS2/KK,KL,LL,LL’

CBS-Q[8]
b

6s6p3d2f,4s2p1d

∆Eemp
∆EZPE

CBS4[8]

—

CBS2/6-311+G(3d2f,2df,p)

MP4(SDQ)/6-31G+
QCISD(T)/6-31G

MP4(SDQ)/6-31+G(d(f),d,p)+
QCISD(T)/6-31G(d’)b

—

only for Na

fitted
0.9251×HF/6-311G(d,p)

0.91671×HF/3-21G(*)

0.91844×HF/6-21G(d’)b 0.99×B3LYP/6-21G(d’)b

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The number
preceding the level of theory is the scaling factor of the frequencies.
b
d functions from 6-311G(d) basis set.

Theoretical background

∆EHLC

CBS-QCI/APNO[7]

Chapter 2

2.2.3

Theoretical background

CBS

The first paper of the series about the Complete Basis Set (CBS) theoretical model
chemistries[4–6] appeared almost at the same time as the G1 paper. However, these
methods use a different approach to obtain accurate correlation energies. The Gn models
assume additivity for the various terms and also use an empirical correction to recover the
missing correlation energy. In contrast, CBS procedures extrapolate from pair natural
orbitals to the basis set limit usually at the MP2 level (CBS2). The CBS methods are
summarized in Table 2.2, and their general scheme is shown using CBS-Q as a representative example[8],

CBS
ECBS = EHF + ∆EMP2
+ ∆EHLC + ∆Ecore + ∆Eemp + ∆EZPE .

(2.2.15)

The geometry is determined at the MP2/6-31G(d’) level of theory invoking the frozen core
CBS
) energies are obtained
approximation. The HF (ESCF ) and the extrapolated MP2 (∆EMP2
the with 6-311+G(3d2f,2df,p) basis set. The higher level correlation contribution, ∆EHLC ,
comes from
∆EHLC =E[QCISD(T)/6-31G(d’)] − E[MP4(SDQ)/6-31G(d’)]+
+ E[MP4(SDQ)/6-31+G(d(f),d,p)] − E[MP2/6-31+G(d(f),d,p)].

(2.2.16)

CBS models also use empirical corrections (∆Eemp ), like Gn models with ∆EHLC , based
on the spin and the number of electrons. For ZPE, the frequencies are determined with
the HF/6-31G(d’) level of theory and scaled with a specific factor (0.91844 in CBS-Q).
Compared to CBS-Q, the earlier CBS-QCI/APNO[7] model employs larger basis sets
and consequently the computational cost is also higher. CBS-4 and CBS-q was developed
along CBS-Q with smaller basis sets for larger systems[8]. CBS-Q also has a modified
version, CBS-QB3[92], which utilizes the B3LYP functional for geometry and frequency
calculations, and applies the CCSD(T) method instead of QCISD(T).

2.2.4

Weizmann-n

Due to the continuous development of theoretical approaches, especially that of CC
and the correlation consistent basis sets of Dunning, new model chemistries have emerged,
namely the the Weizmann-n (Wn) family of protocols. The initial goal was to reach 1
kJ/mol of mean absolute deviation for first- and second-row molecules in a black box
manner without relying on empirical or fitted parameters.
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Theoretical background

The general scheme of the Wn protocols is the following,
EWn =ESCF + ∆ECCSD + ∆ECCSD(T) + ∆ECCSDT + ∆ECCSDT(Q) + ∆ECCSDT(Q)+
+ ∆Ecore + ∆ERel + ∆EDBOC + ∆ESO + ∆EZPE
(2.2.17)
Each contribution from HF to the highest CC method is determined with Dunningstyle cc basis sets and usually extrapolated or scaled to the basis set limit. Then the
following corrections are applied: (i) ∆Ecore is for the difference of all-electron and frozen
core calculations, (ii) ∆ERel is for relativistic effects usually with the DKH method, (iii)
∆EDBOC is for the deficiencies of Born–Oppenheimer approximation, and (iv) ∆ESO is
for spin-orbit coupling usually from experiment. Furthermore, the best available ZPE
with quartic forces for anharmonic correction is used.
Tables 2.3, 2.4, 2.5, and 2.6 show the variants of the Wn protocols. W1 and W2
were the first ones to appear in 1999[12]. There were some modifications later, which can
be found in the tables like inclusion of DBOC, usage of DKH for relativistic calculations,
application of aug-cc-pV(n+d)Z basis sets for 2nd row atoms, but the main characteristics did not change. W1 uses CCSD/aug-cc-pVQZ and CCSD(T)/aug-cc-pVTZ calculations, while W2 contains CCSD/aug-cc-pV5Z and CCSD(T)/aug-cc-pVQZ, and no
higher order CC is applied. The W3 protocols[13], additionally to W2, use CCSDT and
CCSDT(Q) contributions as well. W4[93] model chemistries are based on CCSD/aug-ccpV6Z and CCSD(T)/aug-cc-pV5Z energies, and also use CC energies up to CCSDTQ56.
In some variants, for the core correlation beyond the CCSD(T)/aug-cc-pwCV{T,Q}Z
values CCSDT or CCSDT(Q) level of theory is also used. These high-level theories obviously can be applied only for systems made from up to a few atoms, but the hierarchical
structure makes it possible, that starting from W1 one can systematically improve the
reliability of the results, utilizing the advantages of wavefunction based methods.
Explicitly correlated methods also made their ways into these protocols. In the
Wn-F12 variants[30], CCSD(T) calculations are replaced with CCSD(T)-F12b ones while
cardinal number of the basis sets are decreased by one. Chan and Radom also developed
the WnX protocols[32–34] with the help of explicitly correlated methods. Moreover,
they introduced several cost reducing changes, such as modified basis sets, more fitted
empirical parameters, and the simultaneous treatment of relativistic and core correlation
contributions.
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Method
Geometry
∆EZPE
ESCF

W1[12]/W1w[13]c

W2[12]/W2w[13]c

B3LYP/cc-pV(T+d)Z

∆ECCSD

aug’-cc-pV{T,Q+d}Z (3.22)

∆ECCSD(T)

aug’-cc-pV{D,T+d}Z (3.22)

W2.2[93]

W3.2[93]

CCSD(T)/cc-pV(Q+d)Z

0.985×B3LYP/cc-pV(T+d)Z
aug’-cc-pV{D,T,Q+d}Z

W3[13]

CCSD(T)/cc-pV(Q+d)Z anharm
aug’-cc-pV{T,Q,5+d}Z

best available

aug’-cc-pV{Q,5}Z

aug’-cc-pV{Q,5+d}Z

aug’-cc-pV{Q,5+d}Z (3.0)

aug’-cc-pV{Q,5+d}Z (3;5)

aug’-cc-pV{T,Q+d}Z (3.0)

∆ECCSDT

—

—

cc-pV{D,T}Z (3.0)

—

cc-pV{D,T}Z (3.0)

∆ECCSDT(Q)

—

—

1.2532×cc-pVDZ

—

cc-pVDZ

∆ECCSDTQ

—

—

1.2532×cc-pVDZ

—

—

∆Ecore

CCSD(T)/MTsmall

∆Erel

ACPF/MTsmall

∆ESO
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∆EDBOC

CCSD(T)/aug’-cc-pwCV{T,Q}Z
DKH: CCSD(T)/MTsmall

ACPF/MTsmall
—

Chapter 2

Table 2.3: Weizmann-n model chemistries part Ia,b

DKH: CCSD(T)/aug’-cc-pVQZ

experimental
—

—

HF/aug’-cc-pVTZ

a

Theoretical background

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The number
in the parentheses denotes the inverse power, n, used in the extrapolation formula, E X = E ∞ + b · X −n ; other numbers represent
scaling parameters for frequencies or other energy contributions. If two number is presented, then the singlet-coupled and tripletcoupled pair energies are extrapolated separately. If there is no number presented for the extrapolation, then either the two-point
1/2
X
∞
extrapolation formula of Karton and Martin[63] is used, EHF
= EHF
+ A · (X + 1) · e−9X , or the three-point formula of Feller[91]
X
∞
EHF
= EHF
+ a−bX . The number preceding the basis or level of theory is the scaling factor of the frequencies/energies.
b
aug’-cc-pV(X+d)Z basis set means, that for H and He cc-pVXZ, for 1st row aug-cc-pVXZ, and for 2nd row aug-cc-pV(X+d) basis
set used.
c
In the original version for 2nd row atoms additional 2d and 2d1f functions were used with aug-cc-pV{D,T,Q}Z. Later the augcc-pV(n+d)Z were developed for 2nd row atoms, and used in W1w and W2w variants. aug-cc-pVD’Z=aug-cc-pVDZ+2d, aug-ccpVT’Z=aug-cc-pVTZ+2d1f, aug-cc-pVQ’Z=aug-cc-pVQZ+2d1f

Method

W4lite[93]

W4[93]

W4.2[93]

Geometry

W4.3[93]

W4.4[94]

CCSD(T)/cc-pV(Q+d)Z

∆EZPE

best available

ESCF

aug’-cc-pV{5,6+d}Z

∆ECCSD

aug’-cc-pV{5,6+d}Z (3;5)

aug’-cc-pV{5,6+d}Z (3.070;4.625)

∆ECCSD(T)

aug’-cc-pV{Q,5+d}Z (3.0)

aug’-cc-pV{Q,5+d}Z (3.602)

∆ECCSDT
∆ECCSDT(Q)
∆ECCSDTQ
∆ECCSDTQ5
∆ECCSDTQ56
∆Ecore

cc-pV{D,T}Z (3.0)

cc-pV{T,Q}Z (3.0)

cc-pV{T,Q}Z (2.5)

cc-pVDZ

1.10 × cc-pVTZ

cc-pV{T,Q}Z (3.0)

—

1.10 × cc-pVDZ

cc-pVTZ

—

cc-pVDZ

c

cc-pVDZ

—

cc-pVDZ

CCSD(T)/aug’-cc-pwCV{T,Q}Z

c
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CCSD(T)/aug’-cc-pwCV{T,Q}Z+ CCSD(T)/aug’-cc-pwCV{T,Q}Z+
CCSDT/cc-pwCVTZ
CCSDT(Q)/cc-pwCVTZ

∆Erel

DKH: CCSD(T)/aug’-cc-pVQZ

∆ESO

experimental

∆EDBOC

Chapter 2

Table 2.4: Weizmann-n model chemistries, part IIa,b

HF/aug’-cc-pVTZ

CISD/aug’-cc-pVTZ

a

Theoretical background

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The
number in the parentheses denotes the inverse power, n, used in the extrapolation formula, E X = E ∞ + b · X −n ; other
numbers represent scaling parameters for frequencies or other energy contributions. If two number is presented, then
the singlet-coupled and triplet-coupled pair energies are extrapolated separately. If there is no number presented for
X
∞
the extrapolation, then either the two-point extrapolation formula of Karton and Martin[63] is used, EHF
= EHF
+A·
1/2
−9X
X
∞
−bX
, or the three-point formula of Feller[91] EHF = EHF + a
. The number preceding the basis or level
(X + 1) · e
of theory is the scaling factor of the frequencies/energies.
b
aug’-cc-pV(X+d)Z basis set means, that for H and He cc-pVXZ, for 1st row aug-cc-pVXZ, and for 2nd row aug-ccpV(X+d) basis set used.
c
For 2nd row systems cc-pVDZ without d functions

Method

W1-F12[30]

Geometry
∆EZPE
ESCF
∆ECCSD
∆ECCSD(T)

W2-F12[30]

W3-F12[30]

W4-F12[31]

B3LYP/cc-pV(T+d)Z

CCSD(T)/cc-pVQZ

0.985 × B3LYP/cc-pV(T+d)Z

best available

HF+CABS/cc-pV{D,T}Z-F12 (5.0)

HF+CABS/cc-pVQZ-F12

CCSD-F12b/cc-pV{D,T}Z-F12 (3.67)

CCSD-F12b/cc-pV{T,Q}Z-F12 (5.94)

j

CCSD(T)/aug’-cc-pV{D,T+d}Z (3.22)

HF+CABS/cc-pV5Z-F12

0.987×CCSD(T*)/cc-pVTZ-F12

c

CCSD-F12b/cc-pV{Q,5}Z
CCSD(T)/aug’-cc-pV{Q,5+d}Z

∆ECCSDT

—

—

∆ECCSDT(Q)

—

—

cc-pVDZ

1.1 × cc-pVTZ

∆ECCSDTQ56

—

—

—

1.10×CCSDTQ/cc-pVDZ+
CCSDTQ56/cc-pVDZ(no d)

cc-pV{D,T}Z (3.0)
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∆Ecore

1.1×CCSD/cc-pwCVTZ+
CCSD(T)/cc-pwCVTZ(-f)

1.1×CCSD/aug’-cc-pwCVTZ+
CCSD(T)/cc-pwCVTZ(-f)

CCSD(T)/aug’-cc-pwCV{T,Q}Z

∆Erel

DKH: CCSD(T)/aug’-cc-pVDZ-DK

DKH: CCSD(T)/aug’-cc-pVTZ-DK

DKH: CCSD(T)/aug’-cc-pVQZ-DK

∆ESO
∆EDBOC
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Table 2.5: Weizmann-n model chemistries part IIIa,b

experimental
HF/aug’-cc-pVTZ

a

Theoretical background

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The number
in the parentheses denotes the inverse power, n, used in the extrapolation formula, E X = E ∞ + b · X −n ; other numbers represent
scaling parameters for frequencies or other energy contributions. If two number is presented, then the singlet-coupled and tripletcoupled pair energies are extrapolated separately. If there is no number presented for the extrapolation, then either the two-point
1/2
X
∞
extrapolation formula of Karton and Martin[63] is used, EHF
= EHF
+ A · (X + 1) · e−9X , or the three-point formula of Feller[91]
X
∞
EHF
= EHF
+ a−bX . The number preceding the basis or level of theory is the scaling factor of the frequencies/energies.
b
aug’-cc-pV(X+d)Z basis set means, that for H and He cc-pVXZ, for 1st row aug-cc-pVXZ, and for 2nd row aug-cc-pV(X+d) basis
set used.
c
(T*) is scaled by an explicit correlation factor, the ratio of MP2-F12 and MP2 correlation energy
d
CVTZ(3d) is a cc-pCVTZ basis, where the 3d functions were replaced by the corresponding d functions from the cc-pCVQZ basis
set.
e
CVDZ(2d) is a cc-pCVDZ basis, where the 2d functions were replaced by the corresponding d functions from the cc-pCVTZ basis
set.

Methods

W3X[33]

W1X-1[32]

Geometry

W2X[34]

W3X-L[34]

B3LYP/cc-pV(T+d)Z
(p, q, r)× B3LYP/cc-pV(T+d)Zb

0.985 × B3LYP/cc-pV(T+d)Z

∆EZPE
ESCF

W1X-2[32]

HF+CABS/cc-pV{D,T}Z-F12 (5.0)

HF+CABS/aug’-cc-pV{D,T}Z (5.0)

HF+CABS/aug’-cc-pVQZ

∆ECCSD

CCSD-F12b/cc-pV{D,T}Z-F12 (3.67)

CCSD-F12b/aug’-cc-pV{D,T}Z (4.74)

CCSD-F12b/aug’-cc-pV{T,Q}Z (5.88)

∆ECCSD(T)

CCSD(T)/aug’-cc-pV{D,T+d}Z (2.04) CCSD(T)-F12b/aug’-cc-pV{D,T}Z (2.09)

∆ECCSDT

1.14×cc-VTZ

∆Ecore+rel

1.06×CCSD(T)-F12b/aug’-cc-pVTZ

f

—

—

V(D,T)Z(2.61)g

—

f

—

—

0.78×cc-VDZf

—

∆ECCSDT(Q) 0.69×cc-VDZ

DKH: MP2/cc-pCVTZ
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Table 2.6: Weizmann-n model chemistries part IV

DKH: 1.14×MP2/CVTZ(3d)h+
1.56×CCSD(T)/CVDZ(2d)i

∞
X
+ b · X −n ; other numbers
= ECC
The number in the parentheses denotes the inverse power, n, used in the extrapolation formula, ECC
represent scaling parameters for frequencies or contributions.
b
The frequency scale factors p = 0.9886, q = 0.9926, and r = 0.9970 are used in the enthalpy, entropy, and thermal correction calculations,
respectively.
1/2
∞
c
X
+ A · (X + 1) · e−9X .
= EHF
Two-point extrapolation formula of Karton and Martin[63] is used, EHF
d
The asterisk symbol in CCSD(T*) designates that the CCSD(T) contribution is scaled with the ratio of the MP2-F12 and MP2 correlation
energy.
e
The CCSD(F12*) method described in ref 72.
f
cc-VTZ and cc-VDZ are the corresponding cc-pVTZ and cc-pVDZ basis sets without the polarization functions.
g
extrapolated from VTZ(d) and VDZ(NP) results, where VTZ(d) contains the sp functions from cc-pVTZ and the d functions from
cc-pVDZ and VDZ(NP) contains only the sp functions from cc-pVDZ basis.
h
CVTZ(3d) is a cc-pCVTZ basis, where the 3d functions were replaced by the corresponding d functions from the cc-pCVQZ basis set.
i
CVDZ(2d) is a cc-pCVDZ basis, where the 2d functions were replaced by the corresponding d functions from the cc-pCVTZ basis set.
j
aug’-cc-pV(X+d)Z basis set means, that for H and He cc-pVXZ, for 1st row aug-cc-pVXZ, and for 2nd row aug-cc-pV(X+d) basis set
used.

a
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2.2.5

Theoretical background

HEAT

Parallel to the development of Wn methods, in 2004 the HEAT model was
published[14]; HEAT is an acronym for high accuracy extrapolated ab initio thermochemistry. Its goal was to provide the most accurate data with the highest level of theory
available and without empirical parameters. The general scheme is similar to those of the
Wn model chemistries, but it uses UHF wavefunction for open shell species, and the core
and valence regions are not separated, instead all-electron calculations are made up to the
CCSD(T) level. Table 2.7 shows the various variants; the fundamental differences among
them are the basis sets used for the ∆ECCSD(T) contribution (345=aug-cc-pCV{T,Q,5}Z),
and the higher level correlation used (QP=CCSDTQP/cc-pVDZ)[15, 16]. Their applicability is limited due to the high cost. In 2010[95] a version in which the core-valence
region treated separately was developed, later named as diet-HEAT, to widen the range
of treatable systems[84, 96].
Because of its importance in this work, the full diet-HEAT protocol is presented
here. The equilibrium structures are obtained with the CCSD(T) method using the ccpVQZ basis set and correlating all electrons. The total energies, ETOT , for the species
were calculated according to the following scheme
∞
∞
ETOT =EHF
+ ∆ECCSD(T)
+ ∆ECCSDT + ∆ECCSDT(Q) +
∞
∆Ecore
+ ∆EDBOC + ∆ERel + ∆EZPE .

(2.2.18)

∞
In the above expression (i) EHF
is the CBS limit for the HF energy, and it is
determined by extrapolation from aug-cc-pVXZ[61] (X =T,Q,5) energies using the ex∞
∞
X
is the correlation
+ b · e−cX ; (ii) ∆ECCSD(T)
= EHF
trapolation formula of Feller[91], EHF
energy extracted from CCSD(T) calculations and extrapolated to the basis set limit
using aug-cc-pVXZ (X =Q,5) results with the formula of Helgaker and associates[64],
X
∞
ECC
= ECC
+ B · X −3 ; (iii) ∆ECCSDT is defined as ECCSDT − ECCSD(T) , where ECCSDT and
ECCSD(T) are the correlation energies calculated with the CCSDT[97] and the CCSD(T)
method using the cc-pVTZ basis set, respectively; (iv) ∆ECCSDT(Q) = ECCSDT(Q) −ECCSDT
is calculated with the cc-pVDZ basis set, where ECCSDT(Q) is the correlation energy ob∞
tained at the CCSDT(Q)[98, 99] level of theory; (v) ∆Ecore
is the core correlation contribution defined as the difference between all-electron and frozen-core CCSD(T) energies, and
it is extrapolated to the CBS limit using cc-pCVXZ (X =T,Q) basis set results and the
extrapolation formula of Helgaker et al.[64]; (vi) ∆EDBOC is calculated at the CCSD/ccpCVTZ level[100]; (vii) the scalar relativistic contributions (∆ERel ) are considered at
the CCSD(T)/cc-pCVTZ level of theory by determining the expectation values of the
∞
mass-velocity and one- and two-electron Darwin operators. For ∆ECCSD(T)
, ∆ECCSDT ,
Harm
Anharm
and ∆ECCSDT(Q) the FC approximation is utilized. (viii) EZPE = EZPE
+ ∆EZPE
,
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HEAT[14]/HEAT345-Q[15]b HEAT345-QP[15] HEAT345-(Q)[15]

Method
Geometry

HEAT456[16]

AE CCSD(T)/cc-pVQZ

∆EZPE

CCSD(T)/cc-pVQZ
anharm: CCSD(T)/cc-pVTZ

AE CCSD(T)/cc-pVQZ anharm

ESCF
∆ECCSD(T)
∆ECCSDT
∆ECCSDT(Q)

diet-HEAT[95, 96]

AE aug-cc-pCV{T,Q,5}Z

AE aug-cc-pCV{Q,5,6}Z

aug-cc-pV{T,Q,5+d}Z

AE aug-cc-pCV{Q,5}Z (3.0)

AE aug-cc-pCV{5,6}Z (3.0)

aug-cc-pV{Q,5+d}Z (3.0)

cc-pV{T,Q}Z (3.0)

cc-pV(T+d)Z

—

—

cc-pVDZ

if (Q): cc-pVDZ

cc-pV(D+d)Z

∆ECCSDTQ

cc-pVDZ

—

—

if Q: cc-pVDZ

—

∆ECCSDTQP

—

cc-pVDZ

—

if QP: cc-pVDZ

—

∆Ecore

—

—

—

—

CCSD(T)/cc-pCV{T,Q}Z

∆Erel

MVD2 CCSD(T)/aug-cc-pCVTZ
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∆ESO
∆EDBOC
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Table 2.7: HEAT protocolsa

SO-CI(RECP)/cc-pVDZ or experimental
c

HF/aug-cc-pVTZ

experimental
CCSD/aug-cc-pCVQZ

CCSD/cc-pCVTZ

a

Theoretical background

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all electron). The number in the
parentheses denotes the inverse power, n, used in the extrapolation formula, E X = E ∞ + b · X −n ; other numbers represent scaling parameters
for frequencies or other energy contributions. If two number is presented, then the singlet-coupled and triplet-coupled pair energies are
extrapolated separately. If there is no number presented for the extrapolation, then either the two-point extrapolation formula of Karton and
1/2
X
∞
X
∞
= EHF
+ a−bX The number preceding the
Martin[63] is used, EHF
= EHF
+ A · (X + 1) · e−9X , or the three-point formula of Feller[91] EHF
basis or level of theory is the scaling factor of the frequencies/energies.
a
Original HEAT used MVD1 and ROHF wavefunction for post-CCSD(T) methods
b
Since ref [16] calculation of DBOC is changed
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Harm
where EZPE
is calculated at the CCSD(T)/cc-pVQZ level of theory using analytic secAnharm
ond derivatives[101]; ∆EZPE
, the anharmonic correction, was obtained from frozencore CCSD(T)/cc-pVTZ semi-quartic force field calculations[15, 102]. For closed-shell
and open-shell molecules restricted and unrestricted HF are used in the calculations,
respectively.
A size- and composition-dependent uncertainty measure for our heat of formation
values was introduced and tested thoroughly in ref 95. It was found that associating
0.4 kJ/mol and 0.7 kJ/mol uncertainties, respectively, for every first- and second-row
atom in a given molecule and summing these contributions a conservative estimate can
be obtained for the 95% confidence interval of the heat of formation values calculated.
Thus, every heat of formation value calculated here has a 95% confidence interval of
2.8 (7 × 0.4) kJ/mol. The 95% confidence interval, 1.5 JK−1 mol−1 , associated with our
entropy data is based on a statistical analysis for a benchmark data set of 15 species
including radicals[95]. The validity of these error estimates was further proven in ref 84
and references therein.

2.2.6

ccCA

Along these high level composite methods the correlation consistent Composite
Approach (ccCA)[9] has emerged as an alternative to the Gn methods. Starting from
B3LYP/6-31G(d) geometry and frequency, it uses an extrapolated aug-cc-pV{D,T,Q}Z
MP2 energy as reference augmented with CCSD(T)/cc-pVTZ contribution as higher level
correction. Core-correlation is taken into account at the MP2/aug-cc-pCVTZ level of
theory. Since the second version of ccCA relativistic and spin-orbit effects have also been
considered. Starting with the revision in 2009, the HF and MP2 energies have been
separately extrapolated to the basis set limit[103]. ccCA-F12 is the explicitly correlated
variant, where the reference energy is changed to the basis set limit of explicitly correlated,
second-order Møller-Plesset (MP2-F12) calculations obtained with aug-cc-pV{D,T}Z-F12
basis sets[35]. There are several other versions for different usage[104], but these are not
discussed here.

2.2.7

Focal-point analysis and Feller-Peterson-Dixon approach

The focal point analysis of Allen and Császár[17, 18] and the procedure of Feller,
Peterson, and Dixon (FPD)[19, 20] also mentioned here, although they do not work with
fixed recepies in contrast to the aforementioned model chemistries.
These approaches are similar to the Wn and HEAT protocols, but are more flexible.
Each contribution is taken into account at the highest level practically possible. An

26

Chapter 2

Theoretical background
Table 2.8: ccCA model chemistriesa

Method

ccCA (2006)[9]

Geometry

ccCA (2006)[10]

ccCA (2009)[103]

B3LYP/6-31G(d)

ccCA-F12 (2012)[35]

B3LYP/cc-pVTZ

∆EZPE

0.9854×B3LYP/6-31G(d)

0.9889×B3LYP/cc-pVTZ

Eref

MP2/aug-cc-pV{D,T,Q}Z

MP2/aug-cc-pV{D,T,Q}ZbMP2-F12/cc-pV{D,T}Z-F12

∆EHLC
∆Ecore

QCISD(T)/cc-pVTZ

c

CCSD(T)/cc-pVTZ
MP2/aug-cc-pCVTZ

∆Erel

—

MVD2 MP2/cc-pVTZ-DK

∆ESO

—

experimental

a

All calculations are performed within the frozen core approximation, if otherwise not noted with AE (all
electron). There are several subvariant labeled by the used extrapolation scheme which are not shown
here.
b
HF and MP2 energies are extrapolated separately.
c
Calculated as [AE MP2/aug-cc-pCVTZ]-[FC MP2/aug-cc-pVTZ]

analysis of the convergence patterns also allows to define an error bar and find the the
contribution with the highest uncertainty.

2.3

Thermochemical network

Early realization of the thermochemical network approach (TNA) appeared in 1969
[105], however, the real benefits of it had not been exploited until Ruscic and associates
revived the idea in 2004 and introduced the active thermochemical tables (ATcT) approach [106]. Since then the values delivered by the ATcT approach have been regarded
as most accurate benchmark data [107–110]. The ATcT database contains both experimental and theoretical determinations [111]. For quantum chemically computed 0 K
reaction enthalpies the TNA was presented by Császár and Furtenbacher by means of
the NEAT (network of computed reaction enthalpies to atom-based thermochemistry)
protocol [41].
The TNA has several advantages compared to sequential thermochemistry[106, 107].
In the latter, following the “standard order of elements”, the most accurate determination (or the weighted average of the reliable ones) is chosen to calculate the corresponding
thermodynamic quantity, and then this value is settled permanently and used for the calculation of the next line of species. There are several problems with this method: (i)
the error is propagated through all the subsequent steps, and there is no feedback to the
preceding determinations; (ii) only one (or a small group) of results is used for the determination; (iii) to take account of new findings, every step should be done again. Using
the TNA one can mitigate these issues, by simultaneously determining the required data
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Figure 2.1: Graph representation of a thermochemical network. The rectangles represent the heats of formation to be determined, the ovals designate the chemical reactions
which span the network and relate the heats of formation.

using all information that is provided in the network. Furthermore, if new information
becomes available, the whole network can be updated easily and effortlessly.
Fig 2.1 shows an example for a thermochemical network. This is a graph representation where two types of graph vertices can be seen, those denoted by rectangles represent
the heats of formation to be determined and the others marked by ovals designate the
chemical reactions that span the network and relate the heats of formation.
◦
, for a given reaction
One can write the standard reaction enthalpy at 298 K, ∆r H298
as
n
X
◦
◦
∆r H298 (i) =
νij ∆f H298
(j) + (i)
(2.3.1)
j
◦
◦
where (i) is the uncertainty of ∆r H298
(i), ∆f H298
(j) is the heat of formation of the
species j at 298 K, and νij is its corresponding stoichiometric number. Because the TN
includes i = 1, . . . , m reactions it can be conveniently expressed as a matrix equation:

y = Xβ + ,

(2.3.2)

where X is the so-called stoichiometric matrix with the regressor variables (νij ), β contains
◦
the unknown regression coefficients, ∆f H298
(j), the vector y is constructed from the
◦
∆r H298
(i) values, and the elements of , (i), provide the uncertainties in the reaction
enthalpies.
Eq. 2.3.2 represents a multiple linear regression problem[112–114], and in my work
the iteratively reweighted least squares (IRLS) method [115] was used to obtain its solution. In each step of the IRLS iteration a weighted least squares (WLS) estimator, β̂, is
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generated for β. In the WLS method the transformed form of Eq. 2.3.2 is used:
1

1

1

W 2 y = W 2 Xβ + W 2 ,

(2.3.3)

where W is the diagonal matrix of the weights. To obtain β̂ (k) , which is the WLS
estimator for β in the k th step, the minimum of the objective function L is determined,
L

(k)

=

m
X

(k)

Wii i 2 = (y − Xβ)T W(k) (y − Xβ).

(2.3.4)

i=1

The vector β̂ (k) , whose elements are the heat of formation values yielded by the TN in
the k th iteration, can be calculated as:
(k)

(k)

β̂ (k) = (XT W X)−1 XT W y.

(2.3.5)

(k)
(k)
The variance of βˆj , Vβˆ , is determined according to the subsequent equation[116]:
j

(k)

(k)

Vβˆ = Cjj , where C(k) ≈
j

1
(k)
(k)
Lmin (XT W X)−1 .
m−n

(2.3.6)

(k)

C(k) is the covariance matrix and Lmin denotes the minimum of L(k) . The 95% confidence
(k)
◦
(j)(k) , can be written as,
interval for βˆj , i.e., for ∆f H298
q
(k)
(k)
ˆ
βj ± t0.025,m−n Cjj
(2.3.7)
where t0.025,m−n is the appropriate t-value of the Student’s t-distribution with m − n
degrees of freedom.
There is no guideline how to make a proper thermochemical network, however there
are some rules of thumb worth considering:
• The species of the network should be related, i.e. there is no sense for the network
for 10 totally different species.
• The relevant literature data should be gathered and organized, preferably first-hand
data should be inserted in the network.
• Make sure that a quantity is determined by more than one reaction, or else the
result will depend on only that input data.
• Avoid overrepresentation of data because it leads to a higher weight during the
regression than it should be, for example do not include two or more similar result
from the same experiment, rather their average.
• The network should be analyzed with statistical methods for typos (either in the
source or in the network), weak links, and outlier data.
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If one follows these advices, then the resulting thermochemical data from the TN for the
studied species will be consistent and their uncertainties can be reduced to 1/3 of the
initial uncertainties.

2.4

General considerations

In this section some additional general considerations are discussed regarding the
work presented in this thesis.
The reference state of the elements was defined as it is standard in thermochemistry,
and for carbon the gaseous atom was used as a reference state. The experimental heat
of formation values utilized during the atomization approach are listed in Table 5.2. For
∆f H0◦ (Cgas ) the ab initio value of ref 117, 711.65 ± 0.32 kJ/mol was adopted and the ther◦
(Cgas )
mal correction was obtained from the NIST-JANAF tables[37] resulting in ∆f H298
= 717.13 ± 0.32 kJ/mol.
For closed-shell species RHF orbitals were used; for open-shell molecules, unless
otherwise noted, UHF orbitals were adopted. For second-row elements instead of the
(aug)-cc-pVXZ basis sets the corresponding (aug)-cc-pV(X + d)Z basis sets[118] were
used. Unless otherwise noted, basis sets (aug)-cc-pVXZ and (aug)-cc-p(w)CVXZ indicate
the use FC and all electron calculations, respectively.
The G3, G4, and CBS-Q composite chemistries were calculated with the Gaussian
09[119] program. The explicitly correlated calculations were obtained with the Turbomole
7.1 package[72, 120], the CCSDT(Q) calculations were carried out with the mrcc[121]
program, while all other results were obtained with Cfour [122].
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The backbone of this chapter is provided by the paper “Accurate Theoretical Thermochemistry for Fluoroethyl Radicals” by Ádám Ganyecz, Mihály Kállay, and József
Csontos[42]. In this work, an accurate coupled-cluster based model chemistry, diet-HEAT,
was applied to calculate thermochemical quantities for hydrofluorocarbon derivatives including radicals, namely, 1-fluoroethyl (CH3 −CHF), 1,1-difluoroethyl (CH3 −CF2 ), 2fluoroethyl (CH2 F−CH2 ), 1,2-difluoroethyl (CH2 F−CHF), 2,2-difluoroethyl (CHF2 −CH2 ),
2,2,2-trifluoroethyl (CF3 −CH2 ), 1,2,2,2-tetrafluoroethyl (CF3 −CHF), and pentafluoroethyl (CF3 −CF2 ).
In the followings, at first, a brief introduction is given about the atmospherical
importance of the species studied. Then, the methods applied are described including how
the high-amplitude motion around the C–C bond were treated, and how the enthalpies
were derived. In the result section, the potential energy curves around the C–C bond are
detailed, the various contributions of the diet-HEAT protocol are analysed, and the heat
of formations and entropies obtained are discussed in light of previous literature values.

3.1

Introduction to fluoroethyl radicals

In the last century, and especially in recent decades the average temperature of
Earth is rising. This phenomenon is called global warming, and it is widely believed
to be caused by human activities. It can generate various changes in our environment,
for example, because of rising sea levels many low-lying areas more susceptible to longterm flooding, and more extreme weather events such as heat waves, heavy rainfall with
intermittent floods, and heavy snowfall can be expected. These developments can be a
threat to our food security, making currently populated areas uninhabitable, and increase
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the displacement of people, increase the risk of extinction of species, increase health
problems and also limit the fresh water availability.[123].
In 1987 the Montreal Protocol was signed to deal with the so-called ozone depleting
substances (ODSs) including chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs). Therefore, since the 1990s CFCs and HCFCs have been replaced with ozone
friendly alternatives, such as hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs)
for use as refrigerants, foam blowing agents, or propellant gases.
Although HFCs have low ozone depleting potential, due to their long atmospheric
lifetime and strong infrared absorption capability[124] their global warming potential is
notable[125]. For instance, hydrofluoroethanes stay in the atmosphere for 1.5 to 47.1
years, while perfluoroethane (C2 F6 ) has an extremely high lifetime of about 10,000 years
according to the most recent report of the Intergovernmental Panel on Climate Change
(IPCC)[126].
Furthermore, the radiative efficiencies of these molecules are approximately 650016500 times larger than that of the reference CO2 [127]. However, the concentration of
these species is still considered to be low in the atmosphere, and their contributions to
radiative forcing1 are currently less then 1 % of the total well-mixed greenhouse gases[126].
Nonetheless, because of their popularity as replacements of ODSs their concentration
continues to increase relatively rapidly, and due to their possible future impact on climate
change, they are covered by the Kigali Amendment to the Montreal Protocol, which has
been ratified by 197 parties[128].
HFC degradation in the atmosphere begin with H-atom abstraction by the OH radical to yield fluoroalkyl radicals, which reacts with O2 to form the corresponding peroxy
radical. These peroxy radicals can react with NO, NO2 , or HO2 to give the proper alkoxy
radicals, which can further degrade in various pathways[129]. It is important to know
accurately the kinetic and thermodynamic parameters of these atmospheric reactions
and corresponding species for the so-called chemistry-climate models[130] so that the
models can provide detailed forecast on climate change. Usually these physicochemical
quantities are available in databases, such as NIST-JANAF tables[37], JPL[36], Burcat’s
compendium[38], and the ATcT[131]. Nevertheless, in several cases discrepancies have
existed between the databases, as well as, some data have been provided with large uncertainty.
1

the difference between the incoming and outgoing radiation energies at the tropopause projected to
the unit area of Earth’s surface
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Methods

During this work the diet-HEAT model chemistry, which has been proven to provide
accurate thermodynamic quantities including heats of formation at both 0 and 298 K for
small- and medium-sized species (see refs 95,96 and 84, and references therein), was used.
Its full recipe can be found in 2.2.5. The final enthalpies for the species were calculated
using standard statistical thermodynamics (see 2.1.9), internal rotations around the C–C
bonds were treated as described in 2.1.10. Specifically, to map the PEC for the rotation,
the appropriate torsional angle was changed systematically from 0 to 360◦ by increments
of 5◦ , and the obtained conformations were partially optimized keeping only the torsional
angle fixed; the MP2 method with cc-pVTZ basis set was utilized. The heats of formation
were calculated using the elemental reaction approach (see 2.2.1).
Since the CCSD(T)/cc-pVQZ second derivative calculations were not feasible for
CF3 −CHF, the uncertainty of its heat of formation and entropy data was increased by 1
kJ/mol and 0.3 JK−1 mol−1 , respectively.

3.3

Results and Discussion

For each radical the PEC around the C–C bond is plotted in Fig 3.1. It can be
observed that in radicals CH2 F−CH2 , CHF2 −CH2 , and CF3 −CH2 the internal torsional
mode can be described as free rotation at 298 K. The barriers are low, the largest one is
below 60 cm−1 (0.7 kJ/mol). For these radicals six minima can be seen which are the consequence of the interplay between the torsional mode of the C–C bond and the inversion
mode of the radical center. The ·CH2 radical center is almost planar, the ·C−H−H−C dihedral angle is around 5◦ and the barriers for inversion are comparable to those of torsion,
and consequently, during rotation inversion can occur duplicating the number of minima.
Nevertheless, for CF3 −CH2 there is only one unique conformer, while for both CH2 F−CH2
and CHF2 −CH2 three distinct conformers exist: the unsymmetric global minimum along
with its enantiomer pair, and a local minimum which possesses Cs symmetry. These
findings are in consonance with previous ab initio[132] and experimental[133] results.
Our PEC for CH2 F−CHF (Fig 3.1b) is comparable to that of Chen and associates
(see Fig. 2., dashed curve, in ref 134). They identified three asymmetric minima along
with their enantiomer pairs, however, it was suggested that one of them (at 75◦ in our Fig
3.1b) may not exist at higher level of theory. We can confirm their hypothesis i.e., the
structure at 75◦ transforms, at both the MP2/cc-pVTZ and CCSD(T)/cc-pVTZ levels, to
the global minimum without hindrance by inversion of the radical center; more precisely
it transforms into the enantiomer pair of the starting global minimum conformer. Thus,
two conformers exist (both have a distinct mirror image pair), the global and the local
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minimum, possessing, respectively, a synclinal and an antiperiplanar arrangement of the
fluorine atoms. Fig 3.1c shows the PECs for the CH3 −CHF, CH3 −CF2 , CF3 −CHF, and
CF3 −CF2 radicals. The curves have regular 3-fold structure with similar barrier heights.
In these molecules the inversion of the ·CHF and ·CF2 radical centers does not occur
during the torsional motion. One distinct conformer exists, and in the case of CH3 −CF2
and CF3 −CF2 it has Cs symmetry. The torsional mode is best described as a hindered
rotation around the C–C axis.
Table 3.1 lists the individual contributions of our protocol to the heats of formation
∞
∞
,
at 0 K. It can be observed that the dominant contributions are those of ∆EHF
, δECCSD(T)
Harm
Harm
∞
∞
δEcore , and δEZPE . The magnitude of both δECCSD(T) and δEZPE shrinks when the
∞
hydrogen atoms are replaced by fluorine atoms, while the δEcore
contribution seems fairly
constant −10.4 kJ/mol on average. It is noteworthy that the CC contributions beyond
∞
, increase with the number of fluorine atoms, and their
CCSD(T), especially δECCSDT(Q)
sum can be as large as 6 kJ/mol. Similarly, δERel grows, as it is expected, with the
number of core electrons, i.e., with the number of fluorine atoms, and reaches 5 kJ/mol
for CF3 −CF2 . Thus, when the so-called chemical accuracy (1 kcal/mol or 4.2 kJ/mol)
∞
and the δERel
is sought, one definitely needs to take account of both the δECCSDT(Q)
contributions.
Table 3.2 shows the available thermochemical data for the species studied. It is
well known that the experimental investigation of radical species is challenging, and our
Table 3.2 also supports this claim: in two cases no experimental data could be found,
and there is only one case, CH3 −CHF, where more than one experimental values are
available. Furthermore, the experimental uncertainties are fairly large; in several cases
they are considerably larger than the chemical accuracy.
Previous theoretical findings, with a few exceptions, relied on fast but less accurate
thermochemical protocols like Gn[1, 2, 85], CBS[4–6] and their variants, or on second- or
fourth-order MP perturbation theory. On the other hand, prior coupled-cluster studies
used relatively small basis sets and did not go beyond the CCSD(T) method. Therefore,
with one notable exception, it is fair to say that the methods applied here are more
advanced and more reliable than those used in past studies. The exception is the focalpoint approach of Feng and Allen[135], who studied the CH2 F−CH2 radical, therefore,
detailed discussion of their result will be given latter in the proper subsection.
In the following, most relevant experimental and theoretical data for each species
are summarized.
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(a) free rotors

(b) CH2 F−CHF; syn and anti label the synclinal and antiperiplanar conformer, respectively.

(c) hindered rotors

Figure 3.1: MP2/cc-pVTZ potential energy curves around the C–C bond. Circles and
solid lines show, respectively, the calculated points and the fitted potential functions.
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Table 3.1: Contributions to the calculated heats of formation at 0 Ka. All values are in kJ/mol.
speciesb

∞
∆EHF

∞
δECCSD(T)

δECCSDT

δECCSDT(Q)

∞
δEcore

δERel

−1301.76
−1289.86
−1290.37
−1547.68
−1534.86
−1534.95
−1498.10
−1494.02
−1799.81
−1988.46
−2208.93

−263.38
−258.09
−257.95
−237.00
−230.12
−230.91
−238.08
−232.36
−202.38
−181.47
−156.29

0.61
0.69
0.72
0.82
0.98
0.92
0.61
0.72
1.29
1.18
1.28

0.31
0.28
0.31
1.35
1.42
1.40
1.39
1.42
2.55
3.74
4.88

−10.72
−10.16
−10.33
−10.71
−10.22
−10.18
−10.57
−10.52
−10.27
−10.56
−10.47

2.28
2.23
2.27
2.91
2.91
2.89
2.95
3.01
3.56
4.29
4.92

Harm
δEZPE

Anharm
δEZPE

δEDBOC

−1.67
−2.38
−1.61
−1.16
−1.33
−1.24
−1.45
−1.45
−0.90
−0.85
−0.27

−0.13
−0.02
−0.03
−0.25
−0.11
−0.12
−0.13
−0.10
−0.22
−0.25e
−0.31

∆f H0◦ c
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CH3 −CHF
CH2 F−CH2 (Cs )
CH2 F−CH2 (C1 )
CH3 −CF2
CHF2 −CH2 (Cs )
CHF2 −CH2 (C1 )
CH2 F−CHF (sc)
CH2 F−CHF (ap)
CF3 −CH2
CF3 −CHF
CF3 −CF2

86.50
85.35
84.35
80.01
75.59
76.38
79.82
79.16
65.25
59.88d
52.25

−63.95
−47.95
−48.64
−287.70
−271.73
−271.81
−239.55
−230.14
−516.93
−688.49
−888.93

δ denotes the difference of the differences, for instance for CH3 −CHF, δECCSD(T) = ∆ECCSD(T) (CH3 −CHF) − 2∆ECCSD(T) (Cgas ) − 21 ∆ECCSD(T) (F2 ) −
2∆ECCSD(T) (H2 )
b
Cs and C1 denote the point group of the conformer, while ap, and sc refer to the antiperiplanar and synclinal arrangements of the fluorine atoms,
respectively.
c
Please note that ∆f H0◦ (Cgas ) (2×711.65 kJ/mol) and the spin-orbit correction for the carbon atom (2×0.35 kJ/mol) are also included, however, the
hindered rotor corrections are excluded.
d
Results obtained with the cc-pVTZ basis sets.
e
Results obtained with the cc-pVTZ basis sets using frozen-core approximation.
a
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Table 3.2: Summary of literature data for standard enthalpies (kJ/mol) and entropies
(JK−1 mol−1 ) for fluoroethanes
speciesa

∆f H0◦

CH3 −CHF

−62.3
−68.9

−64.0 ± 2.8
CH2 F−CH2

Cs
C1

−47.7 ± 2.8
−49.1 ± 2.8

CH3 −CF2
−293.2
−293.2
−294.9

−287.7 ± 2.8
CHF2 −CH2

Cs
C1
CH2 F−CHF

−267.9

−271.8 ± 2.8
−272.1 ± 2.8
−226.6

sc
−239.5 ± 2.8
Continued on Next Page. . .

◦ b
∆f H298

−70.3 ± 8.4
−78.2 ± 6.7
−74.1 ± 4.6
−72.4
−69.6d
−79.4
[−69.9, −78.2]
−70.6
−74.1
−77.7 ± 8.4
−75.6 ± 4.9
−74.5 ± 2.8
−59.4 ± 8.4
−54.0d
−52.8d
[−55.2, −63.6]
−58.0
−61.1 ± 8.4
−56.2 ± 5.8
−58.8d
−58.7 ± 2.8
−59.9 ± 2.8
−59.7 ± 2.8
−302.5 ± 8.4
−302.5 ± 8.4
−302.5
−302.5
−304.8
[−295.4, −307.5]
−300.2 ± 5.1
−297.6 ± 2.8

◦
S298

274.0

274.0
272.4
279.7

278.8

278.0
278.5
287.3

290.3
288.3

289.0

−277.2
[−279.5, −290.8]
−280.9 ± 6.4
−281.7 ± 2.8
−282.1 ± 2.8
−281.9 ± 2.8

297.8

−235.5
[−235.6, −249.4]
−247.3 ± 5.4
−248.0 ± 2.8

293.3
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296.0
295.9
305.1

298.4

notes and referencesc
ref 136
ref 137
ref 138
MP2, ref 139
G2, mixed, ref 140
CBS-4 ref 141
G2, G3, ref 142
CCSD(T)/IB[(DT)], ref 143
CCSD(T)/IB[(DT)], corrected, ref 143
G3B3, ref 38
BAC-MP4, ref 144
this study
ref 136
MP2, ref 132
G2, mixed, ref 140
G2, G3, ref 142
CCSD(T)/IB[(DT)] ref 143
G3B3, ref 38
BAC-MP4, ref 144
CCSDT(Q), ref 135
this study
this study
this studye
ref 145
review, ref 146
MP2, ref 139
MP2, ref 38
CBS-4 ref 141
G2, G3, ref 142
BAC-MP4, ref 144
this study
MP2, ref 132
G2, G3, ref 142
BAC-MP4, ref 144
this study
this study
this studye
MP2, ref 134
G2, G3 ref 142
BAC-MP4, ref 144
this study
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Table 3.2 – Continued

Speciesa
ap

∆f H0◦
−229.8 ± 2.8

CF3 −CH2

−522.9

−517.3 ± 2.8

◦ b
∆f H298

−238.3 ± 2.8
−247.9 ± 2.9
−523.1 ± 5.7d
−517.1 ± 8.4
−523.1 ± 5.7d
−524.3
−531.3
[−525.5, −543.1]
−525.5 ± 12.1
−526.6 ± 6.7
−526.0 ± 2.8

◦
S298

297.6
299.1

298.9
302.6

300.9

d

CF3 −CHF
−681.7
−693.3

−688.6 ± 3.8
CF3 −CF2

−885.6
−895.8

−888.9 ± 2.8

−691.1 ± 5.3
−688.3
−700.4
[−696.6, −722.6]
−703.0 ± 6.5
−695.1 ± 3.8

−889.8 ± 5.4
−891.2 ± 5.4
−892.9 ± 4.2
−891.2
−901.6
[−896.6, −907.5]
−901.92 ± 8.4
−907.6 ± 6.7
−894.4 ± 2.8

a

326.2

325.7

340.5

341.0
340.6

notes and referencesc
this study
this studye
ref 147
review, ref 146
ref 38
MP2, ref 132
CBS-4, ref 141
G2, G3, ref 142
CCSD(T)/TZ, ref 148
BAC-MP4, ref 144
this study
ref 137
MP2, ref 134
CBS-4, ref 141
G2, G3, ref 142
BAC-MP4, ref 144
this study
ref 149
ref 150
review, ref 146
MP2, ref 151
CBS-4, ref 141
G2, G3, ref 142
G3B3, ref 38
BAC-MP4, ref 144
this study

Cs and C1 denote the point group of the conformer, while ap, and sc refer to the antiperiplanar and
synclinal arrangements of the fluorine atoms, respectively.
b
Square brackets denote intervals for calculated results. That is, only the lowest and the highest values
obtained with the corresponding method are indicated.
c
For experimental and evaluated data only the reference is listed, otherwise the computational method is
indicated.
d
Recalculated here, see text.
e
Averaged value based on the Boltzmann distribution of the conformers; the entropy of mixing is also
included for entropy values.

38

Chapter 3

3.3.1

Thermochemistry of fluoroethyl radicals

CH3 −CHF

In 1983 Martin and Paraskevopoulos investigated the kinetics of reactions that took
◦
place between OH radicals and fluoroethanes[137], and for ∆f H298
(CH3 −CHF) −78.2 ±
6.7 kJ/mol was derived. Four years later Tschuikow and Salomon[138] studied the photobromation of C2 H5 Cl, and analyzing the kinetics and thermochemical data of related com◦
(CH3 −CHF).
pounds they got a somewhat higher value, −74.1 ± 4.6 kJ/mol, for ∆f H298
Then, in 1996, an even higher experimental value appeared when Miyokawa et al.[136]
researched the photobromination of fluoroethane and determined −70.3 ± 8.4 kJ/mol for
◦
(CH3 −CHF).
∆f H298
Chen and his associates[139] using HF/6-31G(d) geometries and frequencies in
conjunction with MP2/6-311G(d,p) energies [MP2/6-311G(d,p)//HF/6-31G(d)] deter◦
mined ∆f H298
(CH3 −CHF) = −72.4 and ∆f H0◦ (CH3 −CHF) = −62.3 kJ/mol. Burcat[38]
adopted the latter results. Zachariah et al.[144] used bond additivity corrected fourthorder MP perturbation theory (BAC-MP4) to determine thermochemical data for C1
and C2 hydrofluorocarbons and oxidized hydrofluorocarbons. For CH3 −CHF they got
−75.6±4.9 kJ/mol at 298 K. Sekusak et al.[140] used G2 calculations to investigate the reactivity of fluoroethane with the hydroxyl radical, CH3 CH2 F+OH −−→ CH3 −CHF+H2 O,
◦
and got −60.3 kJ/mol for ∆f H298
(CH3 −CHF). Please note that using the currently rec◦
◦
(CH3 −CHF)= −69.6 kJ/mol can be
ommended value[36] for ∆f H298 (CH3 CH2 F) ∆f H298
obtained with their G2 reaction enthalpy. Lazarou et al.[143] used CCSD(T) calculations with double- and triple-ζ basis sets and extrapolated the results using the infinite basis (IB) method of Truhlar and coworkers[152]. They reported two values for
◦
∆f H298
(CH3 −CHF), −70.6 and −74.1 kJ/mol; the latter data was calculated applying
an empirical correction for the IB method.
◦
Our calculations resulted in ∆f H298
(CH3 −CHF)= −74.5 ± 2.8 kJ/mol (−64.0 ± 2.8
◦
kJ/mol at 0 K) and S298
(CH3 −CHF)= 272.4 JK−1 mol−1 .
Our computed
◦
∆f H298 (CH3 −CHF) is the most reliable value so far and is in line with the available
experimental results. The agreement among the entropy values calculated (see Table 3.2)
is reasonable, however, our computation level is more advanced. The other entropy calculations utilized HF/6-31G(d) and MP2/6-31G(d) frequencies and the internal rotation
was corrected using the table of Pitzer and Gwinn[153], while our internal rotor correction
is based on the 1D-HR model.

3.3.2

CH2 F−CH2

◦
The only available experimental value, ∆f H298
(CH2 F−CH2 )= −59.4±8.4 kJ/mol, is
that of Miyokawa and associates, who studied the kinetics of gas phase photobromination
of CH3 −CH2 F[136].
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Chen and his associates[132], utilizing the MP2/6-311G(d,p)//HF/6-31G(d) level
of theory, calculated the −9.8 kJ/mol for the reaction enthalpy of the CH2 F−CH3 +
CF3 −CH2 −−→ CH2 F−CH2 + CF3 −CH3 reaction. With the help of auxiliary heat of formation data for CH2 F−CH3 , CF3 −CH2 , and CF3 −CH3 they obtained
◦
(CH2 F−CH2 ) = −44.6 kJ/mol. Because this value seemed to be one of the
∆f H298
outliers among the reported data we recalculated it using up-to-date auxiliary heat of
formation values for CH2 F−CH3 and CF3 −CH3 from the JPL database[36], along with
the recalculated experimental value of ref 147 for CF3 −CH2 (−523.1 ± 5.7 kJ/mol, see
◦
(CH2 F−CH2 )= −54.0 kJ/mol in line with
below). This calculation resulted in ∆f H298
other data. Building on the G2 method Sekusak et al.[140] studied the CH2 F−CH3 +
◦
OH −−→ CH2 F−CH2 + H2 O reaction and realized a ∆f H298
(CH2 F−CH2 ) = −43.5
◦
kJ/mol value, but when one uses the current value[36] for ∆f H298
(CH2 FCH3 ), their
◦
∆f H298 (CH2 F−CH2 ) data shifts to −52.8 kJ/mol. On the basis of the IB method Lazarou
◦
(CH2 F−CH2 ) = −58.0 kJ/mol value. Most recently, using an
et al.[143] derived a ∆f H298
accurate CCSDT(Q) model chemistry, Feng and Allen[135] studied the reaction between
◦
CH2 −CH2 and F and suggested −55.2 kJ/mol for ∆f H298
(CH2 F−CH2 ).
◦
Our calculations resulted in ∆f H298 (CH2 F−CH2 )(Cs )= −58.7 ± 2.8 and
◦
∆f H298
(CH2 F−CH2 )(C1 )= −59.9 ± 2.8 kJ/mol. Although our error bar overlaps with
that of ref 135, the 3.5 kJ/mol discrepancy seems fairly large and requires an explanation
because the two computational approaches are similar. On the basis of their reported
equilibrium geometry it is clear that the Cs conformer was studied in ref 135. Using their
0 K CH2 −CH2 + F −−→ CH2 F−CH2 reaction enthalpy, −186.7 ± 0.8 kJ/mol, with the
appropriate auxiliary data ∆f H0◦ (F )= 77.29 ± 0.05 and ∆f H0◦ (CH2 −CH2 )= 61.0 ± 0.5
kJ/mol from the JPL database[36], one can arrive at ∆f H0◦ (CH2 F−CH2 )= −48.4 ± 0.9
kJ/mol. This value agrees well with our data for the Cs conformer, ∆f H0◦ (CH2 F−CH2 )=
−47.7 ± 2.8 kJ/mol. The 0.7 kJ/mol discrepancy is acceptable and it seems reasonable
due to differences in the calculations. We also reproduced their calculations (see Table
IV in ref 135) and obtained −44.57 kcal/mol for the CH2 −CH2 + F −−→ CH2 F−CH2
reaction enthalpy at 0 K. The minuscule, 0.06 kcal/mol difference is due to the different
equilibrium structures; here all electron CCSD(T)/cc-pVQZ geometries were used, while
in ref 135 the equilibrium structures were obtained at the FC CCSD(T)/aug-cc-pVQZ
level. When thermal corrections were added to each species, −45.55 kcal/mol was obtained for the reaction enthalpy at 298 K. With this reaction enthalpy and the auxiliary
◦
◦
data of ∆f H298
(F )= 79.38±0.05[36] and ∆f H298
(CH2 −CH2 )= 52.4±0.5 kJ/mol [36] one
◦
arrives at −58.8 kJ/mol for ∆f H298
(CH2 F−CH2 ), which is in excellent agreement with
our value, −58.7 kJ/mol, for the Cs conformer. The latter indicates that the thermal
correction used in ref 135 is probably incorrect.
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CH3 −CF2

In 1977 Pickard and Rodgers[145] studied the reaction of CH3 −CHF2 with iodine
◦
and they derived for ∆f H298
(CH3 −CF2 ) a −302.5 ± 8.4 kJ/mol value. It can be seen in
Table 3.2 that previous theoretical results are consistent with the experimental data.
◦
(CH3 −CF2 )= −297.6.5±2.8 and ∆f H0◦ (CH3 −CF2 )=
Our calculations yielded ∆f H298
◦
−287.7 ± 2.8kJ/mol. Our ∆f H298
(CH3 −CF2 ) data is well inside the uncertainty range of
the only available experimental value and is in accord with other computational results.
However, the model chemistry applied here is more reliable than those used previously
and the uncertainty of our data is considerably smaller than that of the experiment.
Prior entropy values, 290.3 and 288.3 JK−1 mol−1 , were reported in refs 139 and
38, respectively. Because the calculation of Burcat[38] apparently used the data of ref
139 and the same methodology including Pitzer-Gwinn corrections[153] for the hindered
rotor, one of the values must be erroneous. To resolve this issue we repeated the entropy
calculations using the data in Table V of ref. 139, and obtained 288.4 JK−1 mol−1 , which
seemed to support Burcat’s value. However, further investigation showed that there is
a typo in Table V of ref 139, which was further propagated to Burcat’s database. The
correct result for Ic is 16.2057 · 10−39 g cm2 instead of 10.2057 · 10−39 g cm2 . With this
correction we could reproduce the entropy value of 290.3 JK−1 mol−1 . Nonetheless, our
entropy value, 289.0 JK−1 mol−1 , was obtained in a more involved calculation and it is
more reliable.

3.3.4

CHF2 −CH2

The available data for CHF2 −CH2 is rather scarce. The MP2/6-311G(d,p)//HF/631G(d) computations[132] on a series of isodesmic-homodesmic reaction energies resulted
◦
in −277.2 and −267.9 kJ/mol, respectively, for ∆f H298
(CHF2 −CH2 ) and
◦
∆f H0 (CHF2 −CH2 ). The various G2 and G3 values[142] spread between −279.5 and
◦
−290.8 for ∆f H298
(CHF2 −CH2 ), while the BAC-MP4 method in ref 144 provides
◦
∆f H298 (CHF2 −CH2 ) = −280.9 ± 6.4 kJ/mol.
In line with the HF/6-31G(d) findings of Chen and associates[132], this study also
confirms that three conformers exist for this radical: a symmetric Cs and an asymmetric C1 global minimum structure along with its enantiomer pair. It is also fair
◦
to say that the most accurate results are given here, namely, ∆f H298
(CHF2 −CH2 )=
◦
−281.7 ± 2.8 kJ/mol and S298
(CHF2 −CH2 )= 296.0 JK−1 mol−1 for the Cs conformer and
◦
◦
∆f H298
(CHF2 −CH2 )= −282.1 ± 2.8 kJ/mol and S298
(CHF2 −CH2 )= 295.9 JK−1 mol−1
for the C1 conformers.
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CH2 F−CHF

Similarly to its structural isomer CHF2 −CH2 , no experimental investigation has
been conducted to determine ∆f HT◦ (CH2 F−CHF). The MP2/6-311G(d,p)//HF/6-31G(d)
◦
values of Chen et al.[134] are ∆f H298
(CH2 F−CHF) = −235.48 and ∆f H0◦ (CH2 F−CHF)
= −226.56 kJ/mol. In the study of Haworth et al.[142] variants of the G2 and G3 methods
give values between −235.6 and −249.4 kJ/mol for the heat of formation of CH2 F−CHF
at 298 K. In the BAC-MP4 paper of Zachariah and his associates[144] −247.3±5.4 kJ/mol
◦
is listed for ∆f H298
(CH2 F−CHF).
Our calculations yielded −238.3 ± 2.8 and −248.0 ± 2.8 kJ/mol for the heat of
formation of the antiperiplanar and synclinal conformers, respectively, at 298K. These are
in line with the previous results, however, our data is more accurate. The only entropy
value, 293.3 JK−1 mol−1 , is reported by Chen and his coworkers[134]. The correction for
the torsional mode was calculated by direct summation of the energy levels obtained from
a periodic potential function[154]. The potential was fitted to their HF/6-31G(d) PEC.
They also found that the less accurate treatment as three-fold hindered rotation of the
torsional mode resulted in only a slightly different value, 292.8 JK−1 mol−1 . Our entropy
values for the conformers deviate by about 5 JK−1 mol−1 from their values. Since their
reported molecular parameters, i.e., equilibrium structure, moments of inertia, harmonic
frequencies are correct and reproducible the most likely reason for the discrepancy is
that, by accident, they used a wrong symmetry number, two instead of one, during the
calculation of entropy.

3.3.6

CF3 −CH2

In 1974 Wu and Rodgers[147] studied the equilibrium of the CF3 CH3 + I2 =
CF3 CH2 I + HI reaction and obtained 64.0 ± 2.1 kJ/mol for the reaction enthalpy at
298 K. With the help of auxiliary bond dissociation energies and heat of formation val◦
ues they derived −517.1 ± 5.0 kJ/mol for ∆f H298
(CF3 −CH2 ). In 1982 McMillen and
Golden[146] collected the available hydrocarbon bond dissociation energies, and reported
◦
∆f H298
(CF3 −CH2 )= −517.1 ± 8.4 kJ/mol. Burcat[38] also lists these values.
On the basis of isodesmic and homodesmic reactions energies[132] calculated with
the MP2/6-311G(d,p)//HF/6-31G(d) method an average value of −524.3 kJ/mol can be
◦
obtained for ∆f H298
(CF3 −CH2 ) (see Table XI in ref 132). Espinosa-Garcia and GarciaBernaldez[148] tested an ONIOM-like integrated method[155] for calculating thermodynamic properties of radicals including CF3 −CH2 . They averaged the result of several
◦
models and got −525.5±12.1 kJ/mol for ∆f H298
(CF3 −CH2 ); their most accurate model is
based on CCSD(T)/6-311++G(2df,p) computations. Other theoretical studies reported
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similar values, consequently, the computational results deviate from the experimental
data, and consistently predict the radical more stable at least by 8 kJ/mol.
This study, in line with prior quantum chemical calculations, provides
◦
∆f H298 (CF3 −CH2 )= −526.0 ± 2.8 kJ/mol. It turned out that the discrepancy between
the theoretical studies and the experimental work can be eliminated if currently accepted
◦
(CF3 −CH2 ) can be
auxiliary values are used. Following the reasoning in ref 147 ∆f H298
calculated as
◦
◦
◦
◦
∆f H298
(CF3 − CH2 ) = ∆r H298
+ ∆f H298
(CF3 − CH3 ) − ∆f H298
(H)
◦
◦
◦
(I2 ),
(HI) − D298
(CF3 CH2 − I) + D298
+ D298
◦
where ∆r H298
= 64.0 ± 2.1 kJ/mol is the reaction enthalpy for the CF3 CH3 + I2 =
◦
◦
CF3 CH2 I + HI reaction. With ∆f H298
(CF3 −CH3 )= −751.5 ± 3.2[36], ∆f H298
(H)=
◦
◦
◦
218.0[36], D298 (CF3 CH2 − I) = 235.6 ± 4.2[147], D298 (HI) = 298.3[147], and D298 (I2 ) =
◦
(CF3 −CH2 )= −523.1 ± 5.7 kJ/mol can be calculated in accord
151.5[147] kJ/mol ∆f H298
with the theoretical model chemistries.
◦
(CH3 −CF2 ) there are two entropy values, those of Burcat
Similarly to the case of S298
and Chen and associates, 298.9 JK−1 mol−1 [38] and 302.6 JK−1 mol−1 [132], respectively.
The first one is faulty because Burcat used one misprinted molecular parameter reported
by Chen and coworkers (1.4637 · 10−39 g cm2 was reported but the correct value is 1.4637 ·
10−38 g cm2 , see Table VI of ref 132). Anyway our entropy value of 300.9 JK−1 mol−1 is
consistent with that of ref 132 but based on more accurate calculations.

3.3.7

CF3 −CHF

Martin and Paraskevopoulos[137] studied the reaction of OH and fluoroethanes and
◦
derived a −680.7 ± 9.6 kJ/mol value for ∆f H298
(CF3 −CHF). They observed that the
C-H bond dissociation energies, DC−H , of alkanes and fluoroalkanes correlate with the
logarithm of k/n, where k is the rate constant for the reaction and n is the number
of hydrogens in the alkane or fluoroalkane. Thus, they estimated DC−H (CF3 CHF−H)
◦
to be 433.0 ± 4.2 kJ/mol at 298K, and using the auxiliary data, ∆f H298
(CF3 −CH2 F)=
◦
◦
−895.8 ± 8.4 and ∆f H298 (H)= 218.0 kJ/mol, the above ∆f H298 (CF3 −CHF) value was
derived. It can be observed that all theoretical calculations predict the magnitude of
◦
∆f H298
(CF3 −CHF) considerably larger than the experimental data.
◦
◦
This study delivers ∆f H298
(CF3 −CHF)= −695.1±3.8 kJ/mol and S298
(CF3 −CHF)=
−1
−1
325.7 JK mol . There is a fairly large, 14.4 kJ/mol, difference between our result and
the experimental value. In addition, the error bars do not overlap. However, the source
of the discrepancy can be easily identified, it is the auxiliary heat of formation data of
CF3 −CH2 F. The currently accepted value, −906.2 ± 3.2 kJ/mol[36], differs by −10.4
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◦
(CF3 −CHF) with this auxkJ/mol from that used in ref 137. After recalculating ∆f H298
iliary value one can arrive at −691.1 ± 5.3 kJ/mol which agrees well with our result. The
simple three-fold hindered rotation treatment of the torsional mode[134] resulted in 326.2
JK−1 mol−1 for the entropy. Our result agrees well with this value but it is expected to be
more reliable because it is based on more accurate structural parameters and PEC.

3.3.8

CF3 −CF2

In 1975 Chen et al.[149] collected the available thermochemical data for six fluo◦
(CF3 −CF2 ). Wu and Rodgers[150]
roethanes and reported −889.8±5.4 kJ/mol for ∆f H298
investigated the reaction between C2 F5 I and HI, and derived −891.2 ± 5.4 kJ/mol for
◦
∆f H298
(CF3 −CF2 ). The review of McMillen and Golden[146] listed −892.9 ± 4.2 kJ/mol
◦
for ∆f H298
(CF3 −CF2 ).
The MP2/6-311G(d,p)//HF/6-31G(d) method yielded −891.19 at 298 K and
−885.63 kJ/mol at 0 K for the heat of formation of CF3 −CF2 [151]. Burcat[38] reported
◦
(CF3 −CF2 )= −901.92 ± 8.4 kJ/mol based on G3B3 calculations. Zachariah
∆f H298
◦
(CF3 −CF2 )= −907.6 ± 6.7 kJ/mol using the BAC-MP4
et al.[144] calculated ∆f H298
method. Zhang[141], with the help of the CBS-4 method, obtained −901.57 kJ/mol for
◦
∆f H298
(CF3 −CF2 ) (−895.75 kJ/mol at 0 K). By applying G2 and G3 methods Haworth
and her coworkers[142] had results between −896.6 and −907.5 kJ/mol for the heat of
formation of CF3 −CF2 at 298 K.
◦
(CF3 −CF2 ) = −894.4 ± 2.8
Our results, ∆f H0◦ (CF3 −CF2 ) = −888.9 ± 2.8, ∆f H298
◦
kJ/mol and S298
(CF3 −CF2 )= 340.6 JK−1 mol−1 , are in line with previous experimental
and theoretical investigations, and have the smallest uncertainties.

3.4

Conclusions

Table 3.3 summarizes the best available theoretical and experimental thermochemical values for the species studied here. This work provides the most reliable theoretical
values for the 8 molecules considered, because the present model chemistry is more accurate than those utilized by previous studies, and in contrast with prior calculations, it also
has a well-defined uncertainty measure. The importance of the excitations beyond the
perturbative triples is noteworthy. The contribution to the heats of formation obtained
from CCSDT(Q) calculations increases with the size of the radical, i.e., with the number
of fluorine atoms, and it is as large as 5 kJ/mol for CF3 −CF2 . Relativistic corrections
show a similar trend reaching their maximum, 5 kJ/mol, for CF3 −CF2 . Therefore, they
seem to be unavoidable in thermochemical protocols seeking chemical accuracy. In those
cases where conformer isomerism occurs for the radicals conformer specific values along
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with Boltzmann averaged quantities are also reported. Although previous investigators
noted the presence of conformers and predicted the energy order for the conformers in
line with our findings, thermodynamic functions were only reported for the most stable
isomer. In this regard one exception is notable, i.e., an arrangement of CH2 F−CHF that
was proven to be a conformer with the HF/6-31G(d) method[134] is not a minimum either
at the MP2/cc-pVTZ or CCSD(T)/cc-pVTZ level of theory. Although, originally, in the
case of CF3 −CH2 and CF3 −CHF there were large discrepancies between our calculations
and the experimental values, these were eliminated by updating the auxiliary data used
in the original experimental report with currently recommended ones. Thus, it can be
observed in Table 3.3 that our results agree well with the best experimental data but
have smaller uncertainties attached.
Table 3.3: Best available enthalpies of formation at 0 and 298.15 K (in kJ/mol) as
well as standard molar entropies at 298 K (in JK−1 mol−1 ) for fluoroethyl radicals

b

◦
S298

CH3 −CHF
CH2 F−CH2 Cs
CH2 F−CH2 C1

272.4 ± 1.5
278.0 ± 1.5
278.5 ± 1.5
287.3 ± 1.6c
289.0 ± 1.5
296.0 ± 1.5
295.9 ± 1.5
305.1 ± 1.5c
298.4 ± 1.5
297.6 ± 1.5
299.1 ± 1.6c
300.9 ± 1.5
325.7 ± 1.8
340.6 ± 1.5

Species

CH3 −CF2
CHF2 −CH2 Cs
CHF2 −CH2 C1
CH2 F−CHF sc
CH2 F−CHF ap
CF3 −CH2
CF3 −CHF
CF3 −CF2

computationa
∆f H0◦
−64.0 ± 2.8
−47.7 ± 2.8
−49.1 ± 2.8
−287.7 ± 2.8
−271.8 ± 2.8
−272.1 ± 2.8
−239.5 ± 2.8
−229.8 ± 2.8
−517.3 ± 2.8
−688.6 ± 3.8
−889.9 ± 2.8

a

◦
∆f H298

−74.5 ± 2.8
−58.7 ± 2.8
−59.9 ± 2.8
−59.7 ± 2.8c
−297.6 ± 2.8
−281.7 ± 2.8
−282.1 ± 2.8
−281.9 ± 2.8c
−248.0 ± 2.8
−238.3 ± 2.8
−247.9 ± 2.9c
−526.0 ± 2.8
−695.1 ± 3.8
−894.4 ± 2.8

experiment
◦
∆f H298
source
−74.1 ± 4.6

ref 138

−59.4 ± 8.4
−302.5 ± 8.4

ref 136
ref 145

−523.1 ± 5.7d
−691.1 ± 5.3d
−892.9 ± 4.2

ref 147
ref 137
ref 146

This study
Cs and C1 denote the point group of the conformer, while ap, and sc refer to the antiperiplanar and
synclinal arrangements of the fluorine atoms, respectively.
c
Conformationally averaged value; the entropy of mixing is also included for entropy values.
d
Recalculated here, see text.

b
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Development of the diet-HEAT-F12
model chemistry
This chapter presents the development of the diet-HEAT-F12 model chemistry. It
closely follows the rationale and steps reported in the paper “Moderate-Cost Ab Initio
Thermochemistry with Chemical Accuracy” by Ádám Ganyecz, Mihály Kállay, and József
Csontos [43]. The goal was to design a theoretical model chemistry by reducing the
computational cost of the diet-HEAT scheme without compromising its accuracy. To
that end, (i) the development was relied on benchmark calculations obtained by the
HEAT protocol; (ii) each component was separately investigated using various levels of
theory; (iii) for the individual components, an accuracy range of 0.7 kJ/mol RMSD from
the benchmark values was aimed (vide infra); (iv) optimization of scaling factors and/or
extrapolation coefficients was avoided.
The chapter is organized as follows. First, the methods and basis sets are shown,
which were considered during the development. Then, each component investigated separately using various levels of theory, and compared to benchmark calculations for the
species used in the development of the HEAT protocol. Based on these the complete
diet-HEAT-F12 model chemistry has been constructed. A well-defined recipe for calculating size-dependent 95% confidence intervals was also worked out for the model. Finally,
the performance of the protocol was tested by comparing to similar explicitly correlated
model chemistries.
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4.1

Development of diet-HEAT-F12 model chemistry

Methods

Our protocol proposed here, assuming the additive property of its components, was
built on the following scheme:
∞
∞
∞
ETOT = EHF
+ ∆ECCSD(T)
+ ∆Ecore
+ ∆ECCSDT + ∆ECCSDT(Q)

(4.1.1)

+ ∆EDBOC + ∆ERel + ∆ESO + ∆EZPE
The Hartree–Fock energy term, EHF , was investigated using aug-cc-pVXZ[61] (X=D,
T, Q, 5, 6) and cc-pVXZ-F12[156] (X=D, T, Q) basis set calculations. In case of the ccpVXZ-F12 basis sets the complementary auxiliary basis set (CABS) singles corrections
were also added to the HF energies. The effect of extrapolation was also tested using the
1/2
X
∞
two-point extrapolation formula of Karton and Martin[63], EHF
= EHF
+A·(X+1)·e−9X
X
∞
, as well as the three-point extrapolation formula of Feller[91], EHF
= EHF
+ b · e−cX .
∆ECCSD(T) , the valence electron correlation contribution, was calculated with various basis sets and compared to aug-cc-pVXZ (X=5,6) extrapolation results. In the
conventional CCSD(T) calculations the aug-cc-pVXZ (X=D, T, Q, 5, 6) basis sets were
utilized. Explicitly correlated results were obtained with the CCSD(F12*)(T) method
[71, 72, 120]. The cc-pVXZ-F12 (X=D,T,Q) basis sets were used along with their corresponding auxiliary basis sets. For the density fitting of the two-electron integrals the
cc-pVXZ-F12/MP2Fit[157] basis sets were employed. To approximate the three- and
four-electron integrals as two electron integrals through the resolution of identity (RI)
the cc-pVXZ-F12/OptRI[158] basis sets were applied. The appropriate Slater-type gem−1
inal exponents, cc-pVDZ-F12: 0.9 a−1
0 , cc-pVTZ-F12: 1.0 a0 , and cc-pVQZ-F12: 1.1
a−1
0 , were taken from ref [159]. The aug-cc-pV(X+1)Z/JKFit[160] basis sets were used
to evaluate the elements of the Fock matrix. To calculate the CBS limit the two-point
∞
X
+ b · X −3 , was used.
= ECC
extrapolation formula of Helgaker and associates [64], ECC
According to Köhn[161, 162] the explicitly correlated CCSD method combined with a
conventional (T) calculation also follows this pattern.
∞
The core correlation energy contribution, ∆Ecore
, was evaluated as the difference
2
between FC and AE results (the 1s electrons were not correlated for second-row atoms).
The MP2, CCSD, and CCSD(T) methods were tested with the cc-pCVXZ (X=D, T,
Q) basis sets[62]. The reference values were determined at the CCSD(T)/cc-pCV{T,Q}Z
level. CBS limit data was collected using the aforementioned two-point extrapolation
formula of Helgaker and associates[64].
∆ECCSDT , that is the difference between the correlation energies calculated with
the CCSDT and CCSD(T) methods, were investigated with the cc-pVDZ, cc-pVTZ, ccpVQZ, and cc-pVTZ(-f) basis sets and compared to cc-pV{T,Q}Z extrapolation results.
The cc-pVTZ(-f) basis set is obtained by removing the f polarization function from the
cc-pVTZ basis set.
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∆ECCSDT(Q) [98, 99, 163], was obtained as the total energy difference between
CCSDT(Q) and CCSDT calculations using the cc-pVDZ basis set.
∆EDBOC , was investigated at the HF/cc-pVTZ(-f), CCSD/cc-pVTZ(-f), CCSD/ccpVTZ levels of theory; reference values were obtained using CCSD/cc-pCVTZ calculations.
Scalar relativistic corrections, ∆ERel , were taken into account by spin-free exact
two-component (X2C) calculations[47–50]. This contribution was examined in the framework of HF, MP2, and CCSD(T) theories using the cc-pVXZ-DK (X=D, T, Q, 5) basis
sets[164, 165]. Spin-orbit corrections, ∆ESO , were obtained from experimental measurements.
The ZPE contribution was considered using various levels of theory and were treated
by vibrational perturbation theory[166] (VPT) in semiquartic force field calculations. The
CCSD(T)/cc-pVQZ level of theory with all electrons correlated was selected as reference
data. The MP2, CCSD, and CCSD(T) methods were tested with different double-, triple-,
and quadruple-ζ basis sets.
For closed-shell species RHF orbitals were used; for open-shell molecules, unless
otherwise noted, UHF orbitals were adopted. For second-row elements, instead of the
(aug)-cc-pVXZ basis sets the corresponding cc-pV(X + d)Z basis sets were used during
∞
, and ∆ERel .
the calculation of the equilibrium geometries, the terms ∆EZPE , ∆ECCSD(T)

4.2
4.2.1

Results and Discussion
Protocol Development

The heat of formation values, obtained for the HEAT dataset C, F, H, N, O,
C2 H2 , CCH, CF, CH, CH2 , CH3 , CN, CO, CO2 , H2 O, H2 O2 , HCN, HCO, HF, HNO,
HO2 , NH, NH2 , NH3 , NO, OF, and OH, were used to facilitate the development of our
thermochemical protocol (we will refer to this dataset as HEAT26).
The heats of formation were calculated using the thermodynamical definition, i.e.,
calculating the standard reaction enthalpy for the formation of the compound from its
elements in their reference states. For instance, for HNO the 21 H2 + 21 N2 + 12 O2 =HNO
formation reaction was used. Thus, for example, to calculate the HF contribution to the
heat of formation of HNO the EHF (HNO) − 12 EHF (H2 ) − 21 EHF (N2 ) − 21 EHF (O2 ) equation
was applied, where EHF (A) refers to the HF energy of species A.
Each and every components of our protocol was investigated separately using various
levels of theory, then, the individual contributions were compared to the corresponding
benchmark values. Our goal was to obtain a protocol, which has chemical accuracy (1
kcal/mol i.e. 4.184 kJ/mol) in comparison to the benchmark HEAT values. To get a 4.2
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kJ/mol 95% confidence interval the RMSDs for the individual contributions should be
about 0.7 kJ/mol on average. Please note that the 95% confidence interval is approximately equal to 2 × RMSD
qP and, assuming Gaussian error propagation, the overall RMSD
8
th
2
can be calculated as
i=1 (RMSDi ) , where RMSDi is computed for the i contribution
(note that the error in ∆ESO is considered negligible).
In the followings, our findings for the individual contributions are discussed separately. The statistical measures, such as RMSDs, mean absolute deviations (MAD), mean
signed deviations (MSD), and maximum unsigned differences (MAX) for the contributions investigated are listed in Tables 4.1-4.6. Please note that components selected for
our protocol are typeset in boldface in the tables.
4.2.1.1

Geometry and Zero-point vibrational energy

Table 4.1 lists the various levels of theory used for calculating the harmonic ZPEs
and anharmonic corrections to those. It also includes their performance in terms of statistical measures against benchmark AE CCSD(T)/cc-pVQZ calculations. Please note that
following the recommendation of the authors of the HEAT paper[14] species with known
spin contamination (CCH, CF, CN, NO, OF) were calculated with ROHF wavefunctions.
The general and expected trend is that the more advanced the method and the
larger the basis set are the smaller the discrepancy is from the reference values. In
the case of the harmonic contributions, the AE CCSD(T)/cc-pVTZ results agree best
with the benchmark values yielding an RMSD of 0.134 kJ/mol. The FC CCSD(T)/ccpVTZ, and CCSD(T)/cc-pVTZ(-f) methods perform similarly producing RMSDs 0.258
and 0.288 kJ/mol, respectively. In our protocol, due to its favorable price/performance
ratio, the CCSD(T) method along with the cc-pVTZ(-f) basis set was selected to provide
equilibrium structures and harmonic frequencies.
In the case of the anharmonic contributions, the RMSD values are spread between
0.06 and 0.5 kJ/mol, i.e., all method/basis-set combinations fulfill our requirement stated
for the individual RMSDs. The least demanding level of theory, MP2/cc-pVDZ, yielded
an RMSD of 0.152 kJ/mol and was selected to determine the anharmonic term in our
composite scheme.
Please note that the individual energy contributions investigated below are calculated using the equilibrium structure obtained at the CCSD(T)/cc-pVTZ(-f) level of
theory, which is selected for our protocol, then compared to the reference HEAT contributions, which, on the other hand were calculated using the AE CCSD(T)/cc-pVQZ
geometries.
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Methodb

a

MAD

0.913
0.547
0.512
0.249
0.351
0.857
0.288
0.258
0.134
0.158

0.582
0.459
0.431
0.205
0.228
0.479
0.218
0.174
0.071
0.111

0.017
0.096
0.106
-0.089
0.115
-0.373
0.041
-0.154
0.039
-0.105

MAX
-3.556
1.194
1.089
-0.558
1.155
-3.693
-0.686
-0.885
0.595
-0.445

(CCH)
(HO2 )
(HO2 )
(CH3 )
(CCH)
(CCH)
(C2 H2 )
(CCH)
(CCH)
(CCH)

RMSD
0.152
0.241
0.155
0.151
0.054
0.493
0.127
0.106
0.062
0.086

anharmonic
MAD
MSD
0.085
0.093
0.073
0.075
0.032
0.151
0.060
0.040
0.029
0.035

0.016
-0.024
0.048
-0.041
-0.008
0.078
-0.031
-0.021
-0.012
-0.004

MAX
-0.804
-1.175
0.664
-0.436
-0.155
2.453
-0.507
-0.497
-0.253
-0.331

(CCH)
(CCH)
(CCH)
(CCH)
(NH3 )
(CCH)
(CCH)
(CCH)
(C2 H2 )
(CCH)

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD: mean signed deviation; MAX: maximum unsigned
difference along with the corresponding species in parentheses.
b
The frozen core approximation is invoked unless it is noted otherwise. MP2/cc-pVDZ and CCSD(T)/cc-pVTZ(-f) are selected,
respectively, as the anharmonic and harmonic components of our protocol.
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MP2/cc-pVDZ
MP2/cc-pVTZ
MP2/cc-pVQZ
CCSD/cc-pVDZ
CCSD/cc-pVTZ
CCSD(T)/cc-pVDZ
CCSD(T)/cc-pVTZ(-f )
CCSD(T)/cc-pVTZ
AE CCSD(T)/cc-pVTZ
CCSD(T)/cc-pVQZ

RMSD

harmonic
MSD

Chapter 4

Table 4.1: Statistical Error Measuresa (kJ/mol) for Levels of Theory Tested in ZPE Calculations; Reference Data is from AE
CCSD(T)/cc-pVQZ Calculations
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Table 4.2: Statistical Error Measuresa (kJ/mol) for Basis Sets Tested in HF Calculations; Reference Data is from aug-cc-pV{Q,5,6}Z Extrapolations

basis set

RMSD

MAD

MSD

aug-cc-pVDZ
aug-cc-pVTZ
aug-cc-pVQZ
aug-cc-pV5Z
aug-cc-pV6Z
aug-cc-pV{D,T}Z
aug-cc-pV{T,Q}Z
aug-cc-pV{Q,5}Z
aug-cc-pV{5,6}Z
aug-cc-pV{D,T,Q}Z
aug-cc-pV{T,Q,5}Z
cc-pVDZ-F12
cc-pVTZ-F12
cc-pVQZ-F12
cc-pV{D,T}Z-F12
cc-pV{T,Q}Z-F12
cc-pV{D,T,Q}Z-F12

11.481
1.590
0.205
0.039
0.007
0.898
0.102
0.019
0.001
1.015
0.093
0.655
0.111
0.075
0.082
0.088
0.107

7.928
1.122
0.140
0.028
0.005
0.646
0.067
0.012
0.001
0.685
0.062
0.427
0.072
0.041
0.055
0.052
0.066

1.659
0.164
0.025
0.001
0.000
0.041
0.007
-0.003
0.000
0.558
0.008
0.433
0.075
-0.046
0.045
-0.061
-0.073

a

4.2.1.2

MAX
26.720
3.438
0.525
0.084
0.013
2.671
0.042
0.002
0.000
2.633
0.228
1.712
0.274
-0.245
0.161
-0.272
0.095

(C2 H2 )
(CCH)
(CCH)
(CCH)
(CCH)
(H2 O2 )
(CO2 )
(CO2 )
(C2 H2 )
(CO2 )
(CCH)
(CCH)
(CO2 )
(NH3 )
(CO2 )
(CO2 )

RMSD: root-mean-square deviation; MAD: mean absolute deviation;
MSD: mean signed deviation; MAX: maximum unsigned difference along
with the corresponding species in parentheses.
The EHF term

The HF energy was investigated with the aug-cc-pVXZ and cc-pVXZ-F12 basis
sets. In the latter cases the CABS Singles corrections were also included. Table 4.2
shows the deviations from the reference aug-cc-pV{Q,5,6}Z extrapolated results. Both
basis set families show smooth, monotone convergence, and it can be observed that the
use of the cc-pVXZ-F12 basis sets and the CABS correction accelerates the convergence
of the contribution. This is especially true for the lower terms of the series, the RMSD
values for cc-pVDZ-F12 and cc-pVTZ-F12, respectively, are between those obtained by
the aug-cc-pVTZ and aug-cc-pVQZ, and by the aug-cc-pVQZ and aug-cc-pV5Z basis
sets. The cc-pVQZ-F12 results compete with those of achieved by the use of the aug-ccpV5Z basis set. The use of double-ζ basis set in the three-point extrapolation formula
deteriorates the quadruple-ζ results; the aug-cc-pV{D,T,Q}Z and aug-cc-pVQZ RMSDs
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Table 4.3: Statistical Error Measuresa (kJ/mol) for the ∆ECCSD(T) Contributionb ;
Reference Data is from Conventional CCSD(T)/aug-cc-pV{5,6}Z Extrapolations
basis set

RMSD

MAD

MSD

aug-cc-pVDZ
aug-cc-pVTZ
aug-cc-pVQZ
aug-cc-pV5Z
aug-cc-pV6Z
aug-cc-pV{D,T}Z
aug-cc-pV{T,Q}Z
aug-cc-pV{Q,5}Z
MP2/CBS+CCSD(T)/aug-cc-pVTZ
MP2/CBS+CCSD(T)/aug-cc-pVQZ
MP2/CBS+CCSD(T)/aug-cc-pV{T,Q}Z
cc-pVDZ-F12
cc-pVTZ-F12
cc-pVQZ-F12
cc-pV{D,T}Z-F12
cc-pV{T,Q}Z-F12

31.038
11.462
4.342
2.162
1.251
3.877
1.280
0.193
1.829
1.224
1.105
4.917
1.527
0.626
0.409
0.385

23.594
8.659
3.216
1.597
0.924
2.778
1.050
0.152
1.464
0.967
0.853
4.105
1.252
0.486
0.333
0.264

14.661
4.907
1.512
0.726
0.420
0.800
-0.965
-0.098
-0.181
-0.393
-0.548
1.929
0.409
0.149
-0.231
-0.041

MAX
82.782
27.491
10.147
5.080
2.940
10.630
-2.509
-0.444
4.169
2.763
2.668
10.174
3.414
1.607
-0.825
1.192

(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(CO2 )
(C2 H2 )
(H2 O2 )
(CN)
(CO2 )
(CO2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(NH2 )
(O)

a

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD: mean signed deviation;
MAX: maximum unsigned difference along with the corresponding species in parentheses.
b
In case of the cc-pVXZ-F12 basis sets the CCSD(T) contribution was obtained from the combination of explicitly correlated CCSD-F12 and conventional CCSD(T) calculations; in case of the
aug-cc-pVXZ basis sets conventional CCSD(T) calculations were performed (see text).

are 1.015 and 0.205 kJ/mol, respectively. This behavior is less striking for the cc-pVXZF12 basis sets. From a practical point of view, when considering the cost and our targeted
accuracy for the individual contributions, the use of the cc-pVTZ-F12, cc-pVQZ-F12,
cc-pV{D,T}Z-F12, cc-pV{T,Q}Z-F12, or the cc-pV{T,Q}Z-F12 results seems equally
reasonable. Nevertheless, to calculate the HF CBS limit in our protocol we will use the
cc-pVQZ-F12 because it has the best statistics.
4.2.1.3

The ∆ECCSD(T) term

Table 4.3 shows the statistics for the various basis sets used to calculate the ∆ECCSD(T)
contribution. It can be seen that both the conventional and explicitly correlated calculations converge systematically toward the CBS limit.
The CCSD(T)/CBS limit was also approximated by augmenting the MP2/CBS
energy with the ECCSD(T) − EMP2 energy difference. We note here that this type of
combination, i.e., MP2/CBS augmented with the CCSD(T) and MP2 energy difference calculated with a small basis, is a key step in the ccCA model chemistries. The
MP2/CBS limit was obtained from aug-cc-pV{5,6}Z extrapolations using the formula
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of ref 64, while the ECCSD(T) − EMP2 energy difference was calculated with the aug-ccpVTZ and aug-cc-pVQZ basis sets, as well as extrapolated using these basis sets and
the aforementioned formula. In the case of the aug-cc-pVTZ basis set, for example,
this approximation is noted as MP2/CBS+CCSD(T)/aug-cc-pVTZ. One can observe
that the MP2/CBS energies considerably improve on the corresponding CCSD(T)/augcc-pVTZ and CCSD(T)/aug-cc-pVQZ data; for instance the RMSDs belonging to the
CCSD(T)/aug-cc-pVTZ and MP2/CBS+CCSD(T)/aug-cc-pVTZ approaches are 11.462
and 1.829 kJ/mol, respectively. However, when the CCSD(T) contribution is extrapolated, the improvement is less remarkable; the RMSD for the CCSD(T)/aug-cc-pV{T,Q}Z
and MP2/CBS+CCSD(T)/aug-cc-pV{T,Q}Z methods are 1.280 and 1.105 kJ/mol, respectively.
The explicitly correlated methods speed up the convergence indeed, i.e., the ccpVXZ-F12 results compete with the aug-cc-pV(X + 2)Z or even with the aug-cc-pV(X +
3)Z ones[71]. The RMSDs from the benchmark values are 4.917 and 4.342 kJ/mol for
cc-pVDZ-F12 and aug-cc-pVQZ, respectively; the corresponding RMSDs are 1.527 and
1.251 kJ/mol for cc-pVTZ-F12 and aug-cc-pV6Z, respectively; and finally the RMSD
value for cc-pVQZ-F12, 0.626 kJ/mol, is half of that got from aug-cc-pV6Z calculations.
The extrapolation also accelerates the convergence, for instance, both the cc-pV{D,T}ZF12 and cc-pV{T,Q}Z-F12 extrapolations provide smaller RMSDs than that obtained
from pure cc-pVQZ-F12 basis set calculations. The best error statistics is delivered
by the CCSD(T)/aug-cc-pV{Q,5}Z method followed closely by the CCSD(F12*)(T)/ccpV{T,Q}Z-F12 level of theory; the difference between the RMSDs is about 0.2 kJ/mol.
Thus, one can conclude that the CCSD(F12*)(T)/cc-pV{T,Q}Z method supplies accurate results at moderate cost.
4.2.1.4

The core correlation contribution

Table 4.4 shows the statistics for the core correlation contribution; the reference
values were obtained at the CCSD(T)/cc-pCV{T,Q}Z level. It can be observed that
for all methods tested, MP2, CCSD, and CCSD(T), the larger the size of the basis set
is the better the error statistics becomes. It is also true that the more advanced the
treatment of the electron correlation problem is the faster the convergence will be. For
instance, the RMSD for MP2/cc-pCVQZ is about 1/2 of that for MP2/cc-pCVQZ but
for CCSD and CCSD(T) the corresponding ratios are about 1/3 and 1/5, respectively.
The extrapolation always improves on the results; in each case the (D,T) extrapolation
yields comparable error measures with those collected from QZ results. Although the best
statistics is obtained for the CCSD(T)/cc-pCVQZ level the cost of AE QZ calculations
steeply increases with the size of the system, therefore, the CCSD(T)/cc-pCV{D,T}Z
level was chosen to calculate this contribution in our protocol.
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Table 4.4: Statistical Error Measuresa (kJ/mol) for the ∆Ecore Contribution; Reference Data is Obtained from CCSD(T)/cc-pCV{T,Q}Z Extrapolations

Method
MP2
MP2
MP2
MP2
MP2
CCSD
CCSD
CCSD
CCSD
CCSD
CCSD(T)
CCSD(T)
CCSD(T)
CCSD(T)
a

Basis set

RMSD

MAD

MSD

cc-pCVDZ
cc-pCVTZ
cc-pCVQZ
cc-pCV{D,T}Z
cc-pCV{T,Q}Z
cc-pCVDZ
cc-pCVTZ
cc-pCVQZ
cc-pCV{D,T}Z
cc-pCV{T,Q}Z
cc-pCVDZ
cc-pCVTZ
cc-pCVQZ
cc-pCV{D,T}Z

2.456
1.566
1.139
1.200
0.840
2.252
1.242
0.747
0.841
0.441
2.157
1.018
0.430
0.551

1.530
0.957
0.730
0.755
0.570
1.412
0.794
0.527
0.587
0.350
1.354
0.607
0.256
0.329

1.267
0.769
0.525
0.558
0.347
1.089
0.527
0.231
0.290
0.016
1.085
0.536
0.226
0.305

MAX
6.884
4.423
3.214
3.387
2.332
6.450
3.519
1,989
2.285
0.946
6.196
2.957
1.248
1.593

(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )
(CCH)
(C2 H2 )
(C2 H2 )
(C2 H2 )
(C2 H2 )

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD: mean
signed deviation; MAX: maximum unsigned difference along with the corresponding
species in parentheses.

One distinct feature of the HEAT family of protocols, which is not followed here,
is that the CCSD(T) core and valence electron correlations are not calculated separately.
The usual treatment is given at the AE CCSD(T)/aug-cc-pCV{Q,5}Z (HEAT345) or AE
CCSD(T)/aug-cc-pCV{5,6}Z (HEAT456) levels of theory. It was reported that breaking
up this contribution to save computer resources can yield a residual error that is generally
small but can reach its maximum at 0.5 kJ/mol[16]. To estimate the error introduced into
our protocol by the separation of the core and valence electron correlation contribution
the difference between the sum of the contributions ∆ECCSD(T) and ∆Ecore obtained from
cc-pV{T,Q}Z-F12 and CCSD(T)/cc-pCV{D,T}Z calculations, respectively, and that of
HEAT456 (AE CCSD(T)/aug-cc-pCV{5,6}Z) were compared. The following statistical
measures were obtained, RMSD, 0.197; MAD, 0.166, MSD, and −0.091 kJ/mol. Thus, an
additional residual RMSD of 0.2 kJ/mol will be taken into account for our core correlation
contribution. We note here that, although there exists a favorable error cancellation for
∞
∞
the sum of the FC ∆ECCSD(T)
and ∆Ecore
contributions reckoned with respect to AE
∞
∆ECCSD(T)
HEAT456 data, we will not rely on this during the calculation of the error of
our protocol.
54

Chapter 4
4.2.1.5

Development of diet-HEAT-F12 model chemistry
Contributions beyond CCSD(T)

The results obtained for the CCSDT contribution can be seen in Table 4.5. Although
the larger basis sets give better results, the steep scaling of the CCSDT method with the
system size quickly renders the calculations unattainable. The CCSDT/cc-pVDZ level
yields an unacceptably large, regarding the accuracy we seek, RMSD of 1.026 kJ/mol from
the benchmark HEAT CCSDT/cc-pV{T,Q}Z data. It can be observed that the smallest
discrepancy was obtained with cc-pVQZ basis set, and the cc-pVTZ and cc-pVTZ(-f)
basis sets perform similarly and they also fulfill our requirement for the RMSD (to be
less than 0.7 kJ/mol). Due to being a good compromise between accuracy and cost the
cc-pVTZ(-f) basis set is selected to calculate the ∆ECCSDT term for our protocol.
Please note that, the ∆ECCSDT(Q) contribution was calculated with the cc-pVDZ basis set, which is the same level of theory as that used in the HEAT345-(Q) and HEAT456(Q) protocols[16].
4.2.1.6

The ∆EDBOC term

The ∆EDBOC contribution was investigated at the HF/cc-pVTZ(-f) level as well as
with the CCSD method using the cc-pVTZ and cc-pVTZ(-f) basis sets. The reference values were collected from CCSD/cc-pCVTZ calculations. The HF/cc-pVTZ(-f) calculations
yielded 0.004, 0.046, and 0.035 kJ/mol, respectively, for the RMSD, MAD, and MSD. At
the CCSD/cc-pVTZ level the RMSD, MAD, and MSD values are <0.001, 0.002, and
0.002 kJ/mol, respectively. The cc-pVTZ(-f) basis set calculations practically yielded the
same error statistics; <0.001, 0.008, and 0.008 kJ/mol. Eventually, the HF/cc-pVTZ(-f)
level of theory was selected for our protocol due to its reduced cost.
Table 4.5: Statistical Error Measuresa (kJ/mol) for the ∆ECCSDT Contribution; Reference Data is Obtained from CCSDT/cc-pV{T,Q}Z Extrapolations

basis set
cc-pVDZ
cc-pVTZ(-f )
cc-pVTZ
cc-pVQZ
a

RMSD

MAD

MSD

1.026
0.514
0.358
0.151

0.788
0.384
0.275
0.116

-0.249
-0.252
-0.161
-0.068

MAX
-2.450
-1.220
-0.764
-0.322

(C2 H2 )
(CCH)
(CCH)
(CCH)

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD: mean signed deviation; MAX: maximum unsigned
difference along with the corresponding species in parentheses.
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Table 4.6: Statistical Error Measuresa (kJ/mol) for Methods and Basis Sets Tested in
Scalar Relativistic Calculations; Reference Data is from CCSD(T)/cc-pV5Z-DK X2C
Calculations

Method
HF
HF
HF
HF
MP2
MP2
MP2
MP2
CCSD(T)
CCSD(T)
CCSD(T)
a

Basis set

RMSD

MAD

MSD

cc-pVDZ-DK
cc-pVTZ-DK
cc-pVQZ-DK
cc-pV5Z-DK
cc-pVDZ-DK
cc-pVTZ-DK
cc-pVQZ-DK
cc-pVQZ-DK
cc-pVDZ-DK
cc-pVTZ-DK
cc-pVQZ-DK

0.144
0.134
0.130
0.129
0.096
0.075
0.071
0.070
0.041
0.012
0.003

0.079
0.060
0.054
0.052
0.079
0.055
0.046
0.044
0.030
0.009
0.002

0.114
0.106
0.101
0.100
0.079
0.055
0.049
0.046
0.034
0.010
0.002

MAX
0.195
0.169
-0.174
-0.176
0.226
0.211
0.209
0.208
0.078
0.025
0.006

(HCO)
(HCO)
(O)
(O)
(OF)
(OF)
(OF)
(OF)
(HF)
(H2 O2 )
(H2 O2 )

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD:
mean signed deviation; MAX: maximum unsigned difference along with the
corresponding species in parentheses.

4.2.1.7

The scalar relativistic contribution

The levels of theory tested give almost identical results, on average, compared with
the reference CCSD(T)/cc-pV5Z-DK data (Table 4.6). The RMSDs are between 0.003
and 0.114 kJ/mol. The maximum deviation observed is 0.226 kJ/mol obtained for the
OF molecule using the MP2/cc-pVDZ-DK method. The effect of the size of the basis
set is less pronounced than that of the method. For example, the average RMSD for
the HF method is about 0.134 kJ/mol with a standard deviation of 0.007 kJ/mol; the
corresponding measures for the MP2 method are 0.078 and 0.012 kJ/mol. The most
accurate results are obtained by the CCSD(T) method, RMSDs spread between 0.041
and 0.003 kJ/mol. Because with growing system size the best performing CCSD(T)/ccpVQZ-DK method quickly becomes prohibitive, the CCSD(T)/cc-pVTZ-DK method was
chosen for this contribution.
4.2.1.8

The Complete diet-HEAT-F12 Model Chemistry

Our protocol defined here consists of the following components,
• the equilibrium structure is obtained at the FC CCSD(T)/cc-pVTZ(-f) level of
theory
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• the harmonic and anharmonic ZPEs are determined, respectively at the CCSD(T)/ccpVTZ(-f) and MP2/cc-pVDZ levels of theory
• the CABS corrected HF energy is obtained with cc-pVQZ-F12 basis sets
• the ∆ECCSD(T) contribution is from CCSD(F12*)(T)/cc-pV{T,Q}Z correlation energy extrapolations using the extrapolation formula advocated by Helgaker and
X
∞
associates, ECC
= ECC
+ b · X −3
• the core correlation contribution is acquired from CCSD(T)/cc-pCV{D,T}Z extrapolations using the above formula of Helgaker and associates
• the ∆ECCSDT and ∆ECCSDT(Q) contributions are computed using cc-pVTZ(-f) and
cc-pVDZ basis sets, respectively
• the DBOC is calculated at the HF/cc-pVTZ(-f) level of theory
• the scalar relativistic contribution is collected from X2C CCSD(T)/cc-pVTZ-DK
calculations while the spin-orbit correction is taken from experiment.
The short definition of the diet-HEAT-F12 scheme is also given in Table 4.7. For
comparison purposes the brief description of W3X, W3X-L, and W3-F12 is included in
the table. The latter protocols were selected because they rely on explicitly correlated
methods and also includes correlation contributions beyond the gold standard CCSD(T)
method.
When considering the RMSDs of the individual components, i.e., ∆EZPE , 0.288 +
0.255; EHF , 0.075; ∆ECCSD(T) , 0.385; ∆Ecore , 0.551; ∆ECCSDT , 0.514; ∆EDBOC , 0.001;
∆ERel , 0.0012 kJ/mol, as well as the residual RMSD of 0.2 kJ/mol due to the separation
of core and valence correlation, an overall RMSD of 0.98 kJ/mol can be obtained for our
protocol. Thus, the 95% confidence interval is estimated to be 1.96 kJ/mol, i.e. somewhat
less than a half kcal/mol, well below our initial goal of 1 kcal/mol.
To establish size-dependent confidence interval for our model chemistry, we have
calculated the RMSD on a per atom basis, i.e., for all the species in the HEAT26 dataset
the difference between our result and the reference data was divided by the number
of atoms of the species and, then, an RMSD was calculated from these values. Using
the HEAT345-Q model as reference the RMSD per atom was found to be 0.5 kJ/mol;
the corresponding measure with ATcT reference data was 0.4 kJ/mol. In this manner,
assuming Gaussian error propagation, the following equation can be used to estimate the
√
95% confidence intervals (in kJ/mol) for the diet-HEAT-F12 results: 2 × Natoms × 0.52
, where Natoms denotes the number of atoms. Please note that because the average atom
√
count per species in HEAT26 is three, this estimate, 2 × 3 × 0.52 = 1.73 kJ/mol, is in
line with the previous, 1.96 kJ/mol, 95% confidence interval estimate
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4.2.2

Performance of the Protocol

4.2.2.1

Accuracy of the diet-HEAT-F12 Model Chemistry

The efficiency of our protocol was tested against (i) the W4-11 dataset excluding
species with multireference character (FO2 , F2 O2 , F2 O, O3 , B2 , BN(singlet), C2 , OF, S3 ,
S4 , ClO2 , ClOO, Cl2 O, cis−HOOO, and trans−HOOO) and (ii) a disjoint subset of 23
species with highly accurate TAE obtained by the FPD procedure (we will refer to this
dataset as FPD23). The following sources were used for collecting the FPD23 benchmark
values: (i) ref 167, CHF3 , N2 O3 , and N2 O4 ; (ii) ref 168, C2 F4 ; (iii) ref 169, CF3 , Al2 ,
BCl, BO, BP, cyclopropane, buta-1,3-diene, CH3 CO, CH3 O, FS, H2 SiO, NF, NF2 , NF3
, NP, Si2 , and SiS; (iv) ref 170, CH3 Cl and CH2 Cl2 (see also ref 169).
The accuracy of our protocol was also compared with that of the W3-F12, W3X, and
W3X-L composite model chemistries, and the error statistics are summarized in Tables
4.8.
First, the W4-11 dataset[171] was used to validate our protocol. Please note, that
this dataset was used as a training set for developing the W3-F12, W3X, and W3XL model chemistries. Although the HEAT26 dataset, which was used to develop our
protocol, is a subset of the W4-11 database, our scheme does not involve any fitted
parameters. The W3-F12 statistics is taken from ref 30, the W3X and W3X-L data are
recalculated using the details provided in the Supporting Information of ref [34].
It can be observed in Fig 4.1 and Table 4.8, that the W3X protocol is considerably
less accurate than the other model chemistries. This behavior is most likely due to the
accumulation of the errors of the components, however, we point out that W3X relies
on CCSD(T)/cc-pV{D,T}Z extrapolation while the other protocols use {T,Q} extrapolations for this contribution. The W3-F12 and W3X-L protocols have the same RMSD,
1.00 kJ/mol, while our protocol performs slightly worse with an RMSD of 1.18 kJ/mol. It
is notable that our protocol yielded the least extreme difference, −2.87 kJ/mol for B2 H6 ,
among the model chemistries. Although our protocol performed well these results can
rather be seen as a sanity check on our scheme. Indeed, the statistics should be biased
towards the W3-F12, W3X, and W3X-L models, because these protocols use parameters
fitted to minimize their errors on the W4-11 dataset.
The FPD23 dataset was used as an independent test set for the model chemistries
investigated here. It can be seen from Table 4.8 that, likewise to the W4-11 dataset, the
W3X protocol was the least accurate with an RMSD of 3.26 and a maximum error of
8.98 kJ/mol. The W3X-L and W3-F12 models performed similarly yielding RMSDs 1.87
and 1.84 and MAXs 3.56 and 3.37 kJ/mol, respectively. The best statistics were obtained
with our protocol: RMSD of 1.22 and MAX of 2.44 kJ/mol. It is also worth noting that
in case of our protocol the statistics are fairly similar for the W4-11 and FPD23 datasets.
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W3-F12

W3X

W3X-L

diet-HEAT-F12

wavefunction
geometry
ZPE

ROHF/RHF
B3LYP/cc-pVTZ
0.985×B3LYP/cc-pVTZ

ROHF/RHF
B3LYP/cc-pVTZ
0.985×B3LYP/cc-pVTZ

ROHF/RHF
B3LYP/cc-pVTZ
(p, q, r)×B3LYP/cc-pVTZb

SCF
CCSD
CCSD(T)
CCSDT
CCSDT(Q)
core correlation

HF+CABS/cc-pVQZ-F12
CCSD-F12b/cc-pV{T,Q}Z (5.94)
0.987×CCSD(T*)-F12b/cc-pVTZc
cc-pV(D,T)Z
cc-pVDZ
1.1×CCSD/aug-cc-pwCVTZ+
CCSD(T)/cc-pwCVTZ(-f)
DKH: CCSD(T)/aug-cc-pVTZ-DK
HF/aug-cc-pVTZ
experimental

HF+CABS/cc-pV{D,T}Z-F12 (5.0)
CCSD-F12b/cc-pV{D,T}Z-F12 (3.67)
CCSD(T)/aug-cc-pV{D,T}Z (2.04)
1.14×cc-VTZe
0.69×cc-VDZe
combined with relativistic
DKH: MP2/cc-pCVTZ

HF+CABS/aug-cc-pVQZ
CCSD-F12b/aug-cc-pV{T,Q}Z (5.88)
1.06×CCSD(T)-F12b/aug-cc-pVTZ
V{D,T}Z(2.61)f
0.78×cc-VDZe
combined with relativistic, DKH:
1.14×MP2/CVTZ(3d)g
1.56×CCSD(T)/CVDZ(2d)g
-

UHF/RHF
CCSD(T)/cc-pVTZ(-f)
harmonic CCSD(T)/cc-pVTZ(-f)
anharmonic MP2/cc-pVDZ
HF+CABS/cc-pVQZ-F12
combined with CCSD(T)
CCSD(F12*)(T)/cc-pV(T,Q)Z-F12 (3.0)d
cc-pVTZ(-f)
cc-pVDZ
cc-pCV{D,T}Z (3.0)

relativistic
DBOC
spin-orbit

-

X2C: CCSD(T)/cc-pVTZ-DK
HF/cc-pVTZ(-f)
experimental

X = E ∞ + b · X −n ; other numbers represent scaling parameters for frequencies
The number in the parentheses denotes the inverse power, n, used in the extrapolation formula, ECC
CC
or contributions.
b The frequency scale factors p = 0.9886, q = 0.9926, and r = 0.9970, respectively, are used in the enthalpy, entropy, and thermal correction calculations.
c The asterisk symbol in CCSD(T*) designates that the CCSD(T) contribution is scaled with the ratio of the MP2-F12 and MP2 correlation energy.
d The CCSD(F12*) method described in ref 72.
e cc-VTZ and cc-VDZ are the corresponding cc-pVTZ and cc-pVDZ basis sets without the polarization functions.
f extrapolated from VTZ(d) and VDZ(NP) results, where VTZ(d) contains the sp functions from cc-pVTZ and the d functions from cc-pVDZ and VDZ(NP) contains only the sp
functions from cc-pVDZ basis.
g CVTZ(3d) is a cc-pCVTZ basis, where the 3d functions were replaced by the corresponding d functions from the cc-pCVQZ basis set.
h CVDZ(2d) is a cc-pCVDZ basis, where the 2d functions were replaced by the corresponding d functions from the cc-pCVTZ basis set.
a
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Figure 4.1: Distribution of the errors for the W4-11 dataset; dashed lines show the
fitted normal distributions obtained for the various model chemistries.

However, this is not true for the performance of the W3-F12, W3X, and W3X-L model
chemistries they yield better statistics for the W4-11 database. One can easily explain
this phenomenon by noting that W4-11 is actually not a test set for these protocols, it is
their training set.
To test the performance of the present scheme for bigger systems, the TAE of
benzene was also calculated in this study. Benzene was selected because W3X[33], W3XL[34], and W3-F12[30], as well as benchmark HEAT TAE data are available[172]. In
excellent agreement with the reference data, 5463.0 ± 1.8 kJ/mol, our model chemistry
yielded the best estimate, 5463.4 kJ/mol, among the protocols; the application of the
W3X, W3X-L, and W3-F12 schemes resulted in, respectively, 5462.0, 5464.6, and 5464.7
kJ/mol.
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Table 4.8: Error Statisticsa of the Thermochemical Protocols Investigated Here for
the W4-11 databaseb and the FPD23 datasetc. All values are in kJ/mol.

protocol
W3X
W3X-L
W3-F12
this study

RMSD

MAD

W4-11
MSD

2.21
1.00
1.00
1.18

1.65
0.71
0.84
0.89

-0.30
0.21
-0.29
-0.48

MAX
-7.87
3.90
-6.57
-2.87

(SO3 )
(CF4 )
(P4 )
(B2 H6 )

RMSD

MAD

FPD23
MSD

3.26
1.87
1.84
1.22

2.47
1.61
1.59
0.99

1.21
-0.24
0.64
0.10

MAX
8.98
3.56
3.37
2.44

(NF3 )
(NF3 )
(N2 O4 )
(NF3 )

a

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD: mean signed deviation; MAX: maximum unsigned
difference along with the corresponding species in parentheses.
b Multireference species are excluded (see text).
c It is a dataset containing 23 species with accurate TAEs obtained by the FPD procedure (see text for details).

4.2.2.2

Computational cost of the diet-HEAT-F12 Model Chemistry

The computational cost of our protocol, in terms of wall times for representative
examples, are given in Table 4.9. The wall times are also listed for the W3X, W3X-L,
and W3-F12 models. For small species with a few valence electrons, like CH2 , the cost
of W3X-L is about 1/2 of that required by the W3-F12 or our protocol. For medium
systems with about 20 electrons in the valence space, like CH2 Cl2 , the computational
time required for the W3-F12 protocol is about 4/5 of that needed by our model. For
these species W3X-L is about ten times faster than our protocol. For species, like NF3
and CF3 CH3 , with considerably large valence space the expense of our protocol is about
50-70% of that required by the W3-F12 model, and about 5-7 times more than that used
in a W3X-L computation.
For larger systems, unlike to our protocol, in the case of the W3X-L and W3-F12
models the cost for obtaining the ZPE is negligible in comparison to the price of the
other components. For CH2 Cl2 , more than half of the overall wall time of our protocol is
spent in calculating the ZPE. One of the reasons for this is the use of the cc-pV(X + d)Z
basis sets for second-row elements. For first-row molecules the time required for the
ZPE calculation is still considerable, however, it is less pronounced around 10-20% of the
overall cost.
It can be observed that as the valence space increases the computational time of
the CCSDT method starts dominating the overall cost. In this regard the W3X-L, W3F12 models and our protocol are similar, all use triple-ζ quality basis sets. In the case
of W3-F12 10s, 5p, 2d, and one f functions are contracted, respectively, to 4s, 3p, 2d,
and 1f; this is usually denoted as (10s5p2d1f)→[4s3p2d1f] contraction. Our protocol and
the W3X-L model use, respectively, (10s5p2d)→[4s3p2d] and (10s5p1d)→[4s3p1d] basis
set contractions in the CCSDT calculations. Consequently, W3-F12 is the most while
W3X-L is the least demanding model for attainable systems with large valence space.
Nevertheless, when the computational time required for the CCSDT(Q) contribution
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will start overshadowing the cost of the other calculations, our scheme will become as
demanding as W3-F12, and W3X-L will be the cheapest model chemistry. However,
we note that the double-ζ basis used in the W3X-L protocol misses the d polarization
functions, which were optimized in electron correlation calculations, and only contains
the so-called sp-kernel determined in HF calculations.
4.2.2.3

Size-dependent 95% confidence interval for the diet-HEAT-F12 Model
Chemistry

Above, for first-row species, a size-dependent 95% confidence interval estimate was
√
introduced for the diet-HEAT-F12 model chemistry: 2 × Natoms × 0.52 . Here, this expression will be extended to cover species with second-row atoms and also tested. First,
those 36 species which contain second-row atoms were selected from the W4-11 database,
then the difference between the diet-HEAT-F12 and the benchmark values was divided
by the number of second-row atoms of the species. Please note that we wanted to get
a conservative estimate, therefore, we only weighted the difference by the number of the
second-row atoms. On the basis of these weighted differences the RMSD of 1.0 kJ/mol
was calculated on a per second row atom basis. By the combination of the per atom
RMSDs obtained for first- and second-row atoms, we suggest the following formula for
estimating the 95% confidence interval of our diet-HEAT-F12 model chemistry:
q
2nd
2
(4.2.1)
2 × N1st
atoms × 0.5 + Natoms × 1.0kJ/mol
2nd
In the above equation N1st
atoms and Natoms stand for the number of first-row and
second-row atoms of the species investigated, respectively. The reliability of this formula
was tested by calculating the individual 95% confidence intervals for all the molecules
in both the W4-11 database and in the FPD23 dataset. For 7 molecules out of the
126 W4-11 molecules investigated in this study the benchmark data were outside of the
estimated 95% confidence interval. The largest discrepancy was obtained for CCH, where
the difference between the diet-HEAT-F12 and benchmark data was 2.3 kJ/mol but the
95% confidence interval for this molecule is 1.7 kJ/mol. In the case of the FPD23 dataset
the TAE of NF3 was the only molecule, for which the difference between the diet-HEATF12 result and the benchmark data, 2.4 kJ/mol, was larger than the 95% confidence
interval, 2.0 kJ/mol. These results show that the size-dependent 95% confidence interval
estimate of our protocol is indeed a reliable one.
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speciesb

protocol

CCSD(T)/s

core/sc CCSDT/s

CCSDT(Q)/s

DBOC/s

Rel/sc

ZPE/s
harm anharm

geometry[s]d

P
/min

2
5
46
17

1
10
80
41

2
2
15
13

–
–
6
12

2
5
54
23

13
13
13
93

–
–
–
8

12
12
12
64

2
5
11
12

CH2 Cl2 (20/22)

W3X
W3X-L
W3-F12
this study

1617
3732
5054
6888

60
162
8660
4054

288
3505
36451
12549

243
243
8610
8652

–
–
64
49

60
162
2901
502

105
105
105
43807

–
–
–
1236

21
21
21
1330

40
132
1031
1318

NF3 (26/8)

W3X
W3X-L
W3-F12
this study

2445
4781
6307
9375

23
96
7610
2668

1667
8730
116029
31238

980
1006
21413
21385

–
–
491
28

23
96
2105
754

64
64
64
10126

–
–
–
440

12
12
12
3723

87
246
2567
1329

W3X
W3X-L
CF3 CH3 (32/10)
W3-F12
this study

13710
40478
59297
66280

80
392
38809
18118

12050
127071
1620969
535467

36000
35940
512225
512102

–
80
333
–
392
333
2566 13398
333
258
484 316118

–
–
–
11787

48
48
48
6312

1038
3411
37461
24521

a

Hardware specification: Intel Xeon E5-1650 3.50GHz CPU, 128 GB Mem, 4TB HDD; the codes were run in serial mode.
In parentheses: (number of valence electrons/number of core electrons).
c
Because according to the W3X and W3X-L models the core and relativistic contributions are calculated in the same step, the cost of this
step is simply divided evenly between the core and Rel calculations.
d
This is the time spent on one step in the geometry optimization.
b
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71
280
410
483
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CH2 (6/2)

W3X
W3X-L
W3-F12
this study
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Conclusion

This work introduced an ab initio composite model chemistry with moderate-cost,
baptized as diet-HEAT-F12. It was developed to calculate accurate thermochemical data
for species containing first- and second-row atoms, and was designed to be parameter free,
i.e., neither experimental, nor theoretical datasets were used to determine scaling factors
or extrapolation coefficients. No experimental data was utilized during the development,
and high accuracy theoretical data was only used to guide the selection of the levels of
theory for calculating the various components of the protocol. The model proposed has a
0.5 kcal/mol 95% confidence interval for the benchmark HEAT values. It was also shown
by using a test set of accurate TAEs that the diet-HEAT-F12 protocol yields the most accurate data among the conceptually similar model chemistries investigated. Furthermore,
it was also shown that the diet-HEAT-F12 model chemistry has a reliable 95% confidence
interval, which can be calculated from the number of atoms of the investigated species.
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Chapter 5
Thermochemistry of fluorinated and
chlorinated methanes and ethanes
This chapter is based on the work reported in the paper “High Accuracy Quantum
Chemical and Thermochemical Network Data for the Heats of Formation of Fluorinated
and Chlorinated Methanes and Ethanes” by Ádám Ganyecz, Mihály Kállay, and József
Csontos[44].
Our research group previously had studied atmospherically important fluorinated
and chlorinated methane derivatives[95], and fluorinated ethane derivatives[84]. Another
closely related class of molecules, fluoroethyl radicals, were introduced and investigated
in Chapter 3. There are several experimental interconnection between these species,
which, along with the available theoretical data, call for the thermochemical network
approach. This concept, i.e., the arrangement of highly accurate theoretical results along
with reliable experimental data into a TN, is supposed to provide consistent and decisive
data.
In this chapter, after presenting the methods used, the comparison of diet-HEAT
and diet-HEAT-F12 results are discussed. Then, the analysis of the TN based on dietHEAT-F12 calculations and experimental data is presented. This is followed by the
investigation of how the quality of the theoretical data affects the solution of the TN.
Finally, the results obtained from the TN are compared to literature values.
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5.1

Thermochemistry of fluorinated and chlorinated methanes and ethanes

Methods

5.1.1

Model chemistries

To provide theoretical data for the TNA, various model chemistries were utilized.
In addition to the two high-accuracy HEAT-like protocols, diet-HEAT and diet-HEATF12, well-known and widely used G3[2], G4[3] and CBS-Q[7] models were also applied.
All aforementioned protocols have been introduced and detailed in previous chapters.
Nevertheless, for the readers’ convenience, a brief summary of the computational steps
for the HEAT-like protocols is given in Table 5.1.
Table 5.1: Summary of the steps defined in the diet-HEAT and diet-HEAT-F12 protocols.
steps
harm a
geometry, ∆EZPE
anharm
∆EZPE
∞
EHF
∞
∆ECCSD(T)

∆ECCSDT
∆ECCSDT(Q)
∞
∆Ecore
∆ERel
∆EDBOC
∆ESO

diet-HEAT

diet-HEAT-F12

CCSD(T)/cc-pVQZ AE
MP2/cc-pVTZ
HF/aug-cc-pV{T,Q,5}Z
CCSD(T)/aug-cc-pV{Q,5}Z

CCSD(T)/cc-pVTZ(-f) FC
MP2/cc-pVDZ
HF+CABS/cc-pVQZ-F12
CCSD(F12*)(T)/cc-pV{T,Q}Z-F12

cc-pVTZ
cc-pVDZ
CCSD(T)/cc-pCV{T,Q}Z
MVD2: CCSD(T)/cc-pCVTZ
CCSD/cc-pCVTZ
experimental

cc-pVTZ(-f)
cc-pVDZ
CCSD(T)/cc-pCV{D,T}Z
X2C: CCSD(T)/cc-pVTZ-DK
HF/cc-pVTZ(-f)
experimental

Please note that, the heats of formation were calculated using both the atomization
and the elemental reaction approach (2.2.1), and the correction for inversion mode and
hindered rotation are adopted from previous works, where it was necessary.

5.1.2

The Thermochemical Network

The TN was built on 77 experimental and 209 theoretical reaction enthalpies. Relevant part of the TN discussed here will be shown later, however, for full details, the
reader is referred to the Supporting Information of ref 44. The description of the solution
is already presented in 2.3. During the iterative solution the heats of formation of several
species were set to their known and accurate value, leading to a so-called local TN. These
values can be found in Table 5.2.
To analyze the results of our networks, two metrics were used. The first is the
residual (y − ŷ), the second is the DFBETA and its standardized version, SDFBETA[173].
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Table 5.2: Fixed heats of formation values in kJ/mol used in the networks

Species
H
H2 O(l)
C
CO2
F
HF · 10 H2 O
HF · 20 H2 O
HF · 23 H2 O
HF · 25 H2 O
HF · 30 H2 O
HF · 40 H2 O
HF · 45 H2 O
HF · 55 H2 O
Cl
HCl
HCl · 600 H2 O
COCl2
CH
CH2
CH3
CH4
C2 H5

◦
∆f H298

source

217.999 ± 0.006
−285.83 ± 0.042
717.13 ± 0.32
−393.522 ± 0.05
79.39 ± 0.3
−322.03 ± 0.29
−322.18 ± 0.29
−322.20 ± 0.29
−322.21 ± 0.29
−322.24 ± 0.29
−322.27 ± 0.29
−322.29 ± 0.29
−322.31 ± 0.29
121.302 ± 0.008
−92.312 ± 0.21
−166.540 ± 0.10
−220.08 ± 3.3
595.8 ± 0.6
391.2 ± 1.6
146.7 ± 0.4
−74.873 ± 0.034
120.9 ± 1.7

NIST-JANAF[37]
NIST-JANAF[37]
ref 117
NIST-JANAF[37]
NIST-JANAF[37]
ref 174
ref 174
ref 174
ref 174
ref 174
ref 174
ref 174
ref 174
NIST-JANAF[37]
NIST-JANAF[37]
ref 175
NIST-JANAF[37]
ref 176
ref 176
ref 176
NIST-JANAF[37]
JPL[36]

These well-known metrics in regression diagnostics show how the fitted parameters, heats
of formation, change if an observation, a heat of reaction data, is excluded from the
network. DFBETA shows the real change in the fitted parameter, while SDFBETA is
divided with the standard deviation. For a large number of data if SDFBETA is larger
√
than 2/ n, where n is the number of data points, then the observation has a high influence
on the fitted parameter.
From now on the networks will be named by the model chemistry used for the
theoretical reactions, i.e. if diet-HEAT-F12 calculations were used in the network, then
it is called diet-HEAT-F12-network, if G3, then G3-network, etc.
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Results
diet-HEAT vs. diet-HEAT-F12

Table 5.3 shows a representative subset of heat of formation values obtained with
the conventional diet-HEAT and diet-HEAT-F12 protocols. It can be seen that for larger
systems, the difference between diet-HEAT and diet-HEAT-F12 is increasing. The largest
difference, 6.4 kJ/mol, is obtained for C2 F6 .
Table 5.3: The discrepancy between the diet-HEAT and diet-HEAT-F12 ∆f H0◦ results. All values are in kJ/mol, and only a representative subset of the data is shown
here.

Species
CH2 F−CH3
CHF2 −CH3
CH3 −CF3
anti−CH2 F−CH2 F
gauche−CH2 F−CH2 F
anti−CHF2 −CH2 F
gauche−CHF2 −CH2 F
CF3 −CH2 F
anti−CHF2 −CHF2
gauche−CHF2 −CHF2
CF3 −CF2 H
CF3 −CF3
a
b

diet-HEAT

diet-HEAT-F12

∆a

∆HF+CCSD(T) b

−257.0 ± 3.2
−488.6 ± 3.2
−738.3 ± 3.2
−429.8 ± 3.2
−433.5 ± 3.2
−653.7 ± 3.2
−648.3 ± 3.2
−894.6 ± 3.2
−867.9 ± 3.2
−861.7 ± 3.2
−1100.6 ± 3.2
−1331.3 ± 3.2

−257.1 ± 2.8
−490.0 ± 2.8
−741.1 ± 2.8
−431.2 ± 2.8
−434.9 ± 2.8
−656.3 ± 2.8
−650.9 ± 2.8
−898.5 ± 2.8
−871.7 ± 2.8
−865.5 ± 2.8
−1105.7 ± 2.8
−1337.7 ± 2.8

0.1
1.4
2.8
1.4
1.4
2.6
2.6
3.9
3.8
3.8
5.1
6.4

0.7
1.7
2.7
1.7
1.7
2.7
2.6
3.6
3.6
3.6
4.5
5.5

Difference between diet-HEAT and diet-HEAT-F12
Difference between the HF and CCSD(T) contributions of diet-HEAT and dietHEAT-F12

After comparing the contributions, the main reasons for this discrepancy are found
to be the HF and CCSD(T) contributions. Sylvetsky et al.[31] observed similar problems and reported that using even as large as 6Z basis sets, the basis-set superposition
error (BSSE) is still considerable. To clarify this issue, counterpoise calculations were
conducted for CF4 and C2 F6 , and the BSSE corrected contributions were compared to
the original ones using the same CCSD(T)/cc-pVQZ geometry. Table 5.4 shows these
results.
When considering CF4 and conventional calculations, the difference between the
uncorrected and BSSE corrected results is 0.65 and 1.27 kJ/mol, respectively, for the
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Table 5.4: Comparison of HF and CCSD(T) contributions to the heats of formation of CF4 and C2 F6 with and without counterpoise
correction. All values are in kJ/mol.
CF4
Method
aug-cc-pVTZ
-1628.58
-1625.32

aug-cc-pVQZ
-1630.59
-1629.25

Method
diet-HEAT-F12
cp-diet-HEAT-F12a

aug-cc-pV5Z
-1630.14
-1630.01

{T,Q,5} extrapolation
-1629.42
-1630.07

aug-cc-pVQZ
-39.09
-32.46

HF+CABS
cc-pVTZ-F12
-1629.97
-1629.44

Pb

CCSD(T)
aug-cc-pV5Z
-43.17
-40.39

{Q,5} extrapolation
-47.45
-48.72

Pc

CCSD(F12*)(T)
cc-pVQZ-F12
-1630.34
-1630.17

cc-pVTZ-F12
-49.20
-47.31

cc-pVQZ-F12
-49.31
-48.55

-1676.88
-1678.79

{T,Q} extrapolation
-49.40
-49.46

-1679.74
-1679.64

C2 F6
Method
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diet-HEAT
cp-diet-HEATa

HF
aug-cc-pVTZ
-2642.03
-2634.88

aug-cc-pVQZ
-2643.70
-2641.27

Method
diet-HEAT-F12
cp-diet-HEAT-F12a
a
b
c

aug-cc-pV5Z
-2642.49
-2642.27

{T,Q,5} extrapolation
-2641.10
-2642.18

aug-cc-pVQZ
-162.98
-153.51

HF+CABS
cc-pVTZ-F12
-2642.30
-2641.37

Pb

CCSD(T)
aug-cc-pV5Z
-171.20
-167.35

{Q,5} extrapolation
-179.83
-181.87

Pc

CCSD(F12*)(T)
cc-pVQZ-F12
-2642.84
-2642.50

Counterpoise corrected results.
Sum of HF/{T,Q,5} extrapolation and CCSD(T)/{Q,5} extrapolation results.
Sum of HF+CABS/cc-pVQZ-F12 and CCSD(F12*)(T)/{T,Q} extrapolation results.

cc-pVTZ-F12
-181.09
-177.60

cc-pVQZ-F12
-181.86
-180.46

-2820.94
-2824.05

{T,Q} extrapolation
-182.41
-182.55

-2825.25
-2825.05
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extrapolated HF and CCSD(T) contribution. However, for the explicitly correlated contributions these differences, 0.14 and 0.06 kJ/mol, are almost negligible. Similar tendency
was obtained for C2 F6 , i.e., the discrepancies between the BSSE corrected and uncorrected
conventional results were 1.08 and 2.04 kJ/mol for the HF/CBS and CCSD(T)/CBS contributions, respectively; while the corresponding differences with the F12 method were
0.34 and 0.14 kJ/mol. Another observation is that, in line with previous studies[43, 71]
the convergence of conventional HF and CCSD(T) energies is much slower than that
of the CABS corrected HF and CCSD(F12*)(T). Thus, one can conclude that most of
the differences between the two protocols come from the BSSE, while the remainder is
due to the not fully converged CCSD(T) contribution. Therefore, one can regard the
diet-HEAT-F12 protocol to be superior to the conventional diet-HEAT one.

5.2.2

Analysis of the diet-HEAT-F12-network

Using the aforementioned 77 experimental data and 209 theoretical reactions treated
with the diet-HEAT-F12 protocol, a thermochemical network is constructed, referred
to as diet-HEAT-F12-network. The experimental values are mostly from reviews and
collections of Cox[177], Rodgers[178], Chen[179], NIST-JANAF[37], and Manion[175].
As aforementioned, the full list of reactions considered in this network can be found in
the Supporting Information of ref 44, however, for ease of convenience, the reactions
discussed in the text are listed in Table 5.5.
Table 5.6 lists the species whose heat of formation is highly influenced by at least
√
one reaction, i.e., the SDFBETA value is larger than the accepted limit of 2/ n, and the
DFBETA number is larger than 0.5 kJ/mol. Even though this latter limit is arbitrary, it
indicates well the highly influential points for our TN.
In the case of CH2 F2 , our calculation, reaction 132, is the most influential data.
The error bar is smaller than the largest DFBETA for this species, i.e., when deleting
◦
the most influential reaction, 132, ∆f H298
(CH2 F2 ) is changed by −0.682 kJ/mol, while
its uncertainty is ±0.671 kJ/mol.
For CF4 the most influential data are the currently accepted value of Greenberg and
Hubbard[180], reaction 17, the data of Scott et al.[181], reaction 49, and the results of
Domalski[182], reaction 24. Initially the network contained the result of Neugebauer and
Margrave[183], i.e., the hydrogenation and decomposition of C2 F4 , reactions E3, E4 and
E5 (these can be found in the Supporting Information of ref 44). However, reaction E3 had
a DFBETA of 1.2 kJ/mol, along with a −13.2 kJ/mol residual, which means that this is an
unreliable data with high influence on the results, therefore it was removed. This removal
led to a change from −934.7 to −933.5 kJ/mol for the heat of formation of CF4 . Our
calculations and numerous experiments, reactions 48, 50, 52, 81, 127, and 214, indicate
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Table 5.5: Reactions discussed in the main text, for theoretical reactions the dietHEAT-F12 result is shown. The full list of reactions can be found in the SI of ref
44.
◦
∆r H298
(kJ/mol)

Number

Reaction

17
18
21
22
23
24
25
26
28
36
43
48
49
50
52
65

Experimental reactions
C(graphite) + 2 F2 −−→ CF4
CH2 CHF + 2.5O2 −−→ 2CO2 + H2 O(l) + HF · 40 H2 O
CH3 Cl + 32 O2 −−→ CO2 + H2 O(l) + HCl · 600 H2 O
CH2 Cl2 + 2 H2 −−→ CH4 + 2HCl
CH2 F2 + O2 −−→ CO2 + 2 HF · 23 H2 O
C(graphite) + 2 F2 −−→ CF4
CF3 Cl + 2CCl4 −−→ 3CFCl3
2CF3 Cl + CCl4 −−→ 3CF2 Cl2
CH2 Cl2 (l) + O2 −−→ CO2 + 2 HCl · 600 H2 O
CHCl3 (l) + H2 O(l) + 12 O2 −−→ CO2 + 3 HCl · 600 H2 O
CCl4 (l) + 2 H2 O(l) −−→ CO2 + 4 HCl · 600 H2 O
[C2 F4 ]n + O2 + 2H2 O(l) −−→ 2 CO2 + 4 HF · 10 H2 O
[C2 F4 ]n + O2 −−→ CF4 + CO2
CF4 + 2 H2 O(l) −−→ CO2 + 4 HF · 20 H2 O
[C2 F4 ]n + 2 F2 −−→ 2 CF4
2 CFCl3 −−→ CCl4 + CF2 Cl2

E1
E2
E3
E4
E5

Excluded reactionsa
CH3 Cl + H2 −−→ CH4 + HCl
CH3 Cl + H2 −−→ CH4 + HCl
C2 F4 −−→ C(amp) + CF4
C2 F4 + 2 H2 −−→ 2 C(amp) + 4 HF · 15 H2 O
C −−→ C(amp)

81
91
127
132
136
137
149
151
152
153

Theoretical reactions
CF4 −−→ Cgas + 4F
CCl4 −−→ Cgas + 4Cl
Cgas + 2F2 −−→ CF4
Cgas + H2 + F2 −−→ CH2 F2
Cgas + 32 Cl2 −−→ CCl3
Cgas + 2Cl2 −−→ CCl4
Cgas + 12 H2 + 21 F2 + Cl2 −−→ CHFCl2
Cgas + 12 F2 + 32 Cl2 −−→ CFCl3
Cgas + F2 + Cl2 −−→ CF2 Cl2
Cgas + 32 F2 + 12 Cl2 −−→ CF3 Cl

a

source

−933.20 ± 0.75
−1256.00 ± 1.72
−764.01 ± 0.50
−163.39 ± 1.26
−585.05 ± 0.92
−932.49 ± 1.59
44.31 ± 7.66
31.76 ± 7.66
−602.50 ± 0.84
−473.21 ± 0.84
−359.91 ± 0.59
−670.70 ± 3.77
−497.06 ± 2.09
−173.13 ± 1.38
−1037.29 ± 0.29
−10.88 ± 4.18

ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref
ref

180
177, 184
175, 185
175, 177, 186
177, 187
177, 178, 182
179, 188
179, 188
175, 189
175, 189
175, 189
181, 190
181, 190
191
178, 182
37, 192

−80.80 ± 0.40
−81.50 ± 0.40
−265.98 ± 1.67
−618.39 ± 4.18
7.11 ± 0.84

ref
ref
ref
ref
ref

175,
175,
178,
178,
178,

177, 193
177, 194
183
183
183

1969.87 ± 3.00
1292.75 ± 5.75
−1653.32 ± 2.24
−1168.67 ± 2.24
−645.88 ± 3.61
−812.58 ± 4.12
−1003.00 ± 3.32
−1007.15 ± 3.74
−1213.28 ± 3.32
−1429.43 ± 2.83

During the initial solution of the TN, these reactions were considered by the iterative process, however, they were
excluded from the final TN because they were both influential, according to the calculated DFBETAs, and challenged
by other studies in the field (see text).
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Table 5.6: Highly influential reactions in the diet-HEAT-F12 network.a

Species

◦
(kJ/mol)
∆f H298

reactionsb

CH2 F2
CF4
[C2 F4 ]n

−451.664 ± 0.671
−933.477 ± 0.416
−829.675 ± 0.838

CH3 Cl
CCl3
CHCl3
CHCl3 (l)
CCl4
CCl4 (l)
CHFCl2
CFCl3
CF2 Cl2
CF3 Cl

−81.959 ± 0.279
71.860 ± 1.205
−102.736 ± 0.457
−134.004 ± 0.456
−95.474 ± 0.348
−128.012 ± 0.347
−284.757 ± 1.197
−289.318 ± 0.900
−494.898 ± 0.958
−712.077 ± 1.167

(132: -0.680)
(17: -1.756), (49: -1.738), (24: -1.656)
(52: -3.881), (17: -3.491), (49: -3.463), (24:
-3.291)
(21: -1.113)
(43: 1.598), (136: 0.827)
(36: 1.299)
(36: 1.300)
(43: 4.113)
(43: 4.113)
(149: 0.606)
(43: 1.838), (65: 0.798)
(26: 0.699), (43: 0.629), (152: 0.603)
(153: 0.608)

a

The species listed have at least one reaction with a DFBETA value larger than
0.5 kJ/mol.
b
The format of the elements in this column, reaction number: DFBETA value,
denotes the number of the reaction in the network with the corresponding DFBETA value.
◦
a lower value for ∆f H298
(CF4 ), while only the experiments of Greenberg and Domalski
agree well with the currently accepted higher value. Although our network result is close
to the currently accepted value of Greenberg, our diet-HEAT-F12 calculations (−936.2
kJ/mol) advocate a lower value along with some more complicated experiments, therefore
we suggest further investigations for the heat of formation of CF4 .
[C2 F4 ]n was used to determine the heat of formation of CF4 by Waddington and
associates[181, 190], Cox and coworkers[191], Wood et al.[195], and Domalski[182]. Because these reactions were part of our network, it was also inevitable to fit the heat of
◦
◦
formation of [C2 F4 ]n . However, ∆f H298
([C2 F4 ]n ) is highly correlated with ∆f H298
(CF4 )
and shows similar uncertainty in the DFBETAs. If either link between [C2 F4 ]n and CF4 ,
reactions 49 and 52 or reactions 17 and 24 (which define the value of CF4 ), is excluded,
the heat of formation of [C2 F4 ]n decreases with at least 3 kJ/mol. This instability also
calls for the further investigation of the CF4 thermochemistry.
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◦
(CH3 Cl) is dominated by the flame calorimetry result of Fletcher
The value of ∆f H298
and Pilcher[185], reaction 21. The results of Lacher et al.[186, 194] were excluded from the
network (reactions E1 and E2), as suggested by Manion[175], due to their inconsistency
with other data. If both hydrogenation results were in the network, they would shift not
only the heat of formation of CH3 Cl but that of CH2 Cl as well. Our diet-HEAT-F12
result for CH3 Cl, −83.2 kJ/mol, is closer to the value of Fletcher and Pilcher, −81.9
kJ/mol, than to those of Lacher, −85.7 and −86.4 kJ/mol.
The most influential reaction on the heat of formation of CCl3 is obtained from the
CCl4 bomb calorimetry experiments of Hu and Sinke[189], reaction 43, along with the
diet-HEAT-F12 calculation (reaction 136).
The heat of formation of CHCl3 is mostly determined by the measurements of Hu
and Sinke[189], reaction 36.
The heat of formation of CCl4 is predominated by the most accurate experimental
result obtained from the bomb calorimetry experiments of Hu and Sinke[189], reaction
43. Our diet-HEAT-F12 calculation, based on the formation from elements, reaction 137,
supports this value, −95.5 kJ/mol. However, DFBETAs show, that if one discards the
result of Hu and Sinke, the heat of formation raises by 4.3 kJ/mol, and this elevation
is considerably larger than the 0.4 kJ/mol error bar predicted by the network. Further◦
more, ∆f H298
(CCl4 ) shifts towards the result yielded by the diet-HEAT-F12 atomization
reaction, −90.4 kJ/mol, reaction 91. These suggest that there may be a problem with
the results of Hu and Sinke.
◦
For the determination of ∆f H298
(CHFCl2 ) only theoretical reaction is available in
our network, and mostly dominated by reaction 149, its formation from elements.
CFCl3 has two reactions with high DFBETA: measurements of Hu and Sinke[189]
on CCl4 , reaction 43, and the results of Mears and Stahl [192], reaction 65, which connects
◦
the two species. The current −289.4 kJ/mol value for ∆f H298
(CFCl3 ), is supported by
the elemental diet-HEAT-F12 result of −290.0 kJ/mol, reaction 151, due to the connection of CFCl3 to CCl4 , independent reactions of CCl4 are needed for a more established
◦
∆f H298
(CFCl3 ) data.
The heat of formation value for CF2 Cl2 is influenced by CCl4 , reaction 43, through
experiments of Petersen and Pitzer[188], reaction 26, along with our calculation, reaction
152. However the DFBETAs are smaller than the assigned error bar, therefore the result
seems well established.
The only reaction with large DFBETA for CF3 Cl is our calculation, reaction 153.
As it can be seen, in the cases of CH2 F2 , CF4 , [C2 F4 ]n , CH3 Cl, CCl3 , CHCl3 ,
CCl4 , and CFCl3 , the uncertainty of the results is smaller than the corresponding largest
DFBETA value, which makes the accuracy of these results questionable. Therefore, to
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Figure 5.1: The differences between the heats of formation obtained from the dietHEAT-F12-network and those yielded by raw diet-HEAT-F12 calculations. The error
bars represent the 95% confidence intervals.

address this issue, for these species the error bars are raised to match the largest DFBETA
data.

5.2.3

Effect of the accuracy of theoretical data on the network

First, let us compare the raw diet-HEAT-F12 results with the diet-HEAT-F12network data. Figure 5.1 shows that the results are consistent with each other, and
the network considerably reduced the uncertainty of the heats of formation. Only four
◦
◦
◦
diet-HEAT-F12 result from the 50, ∆f H298
(CF4 ), ∆f H298
(CH3 Cl), ∆f H298
(CHCl3 ), and
◦
∆f H298 (CF2 Cl2 ), are outside of the 95% confidence interval provided by the network,
and this is consistent with the statistical nature of the measure. In addition, these cases
were discussed previously because of their high DFBETA values. Similar conclusion can
be drawn from the comparison of the conventional diet-HEAT and diet-HEAT-network
results (see Figure 5.2). However, if one compares these data with the diet-HEAT-F12
network, it can be seen that, unless accurate experimental data is available, heats of
formation obtained by the conventional diet-HEAT or diet-HEAT-network are higher
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Figure 5.2: The differences between the heats of formation obtained from the dietHEAT-F12-network and those provided by the raw diet-HEAT calculations and the
diet-HEAT-network. The error bars represent the 95% confidence intervals.

than those yielded by the diet-HEAT-F12 network. This issue, as discussed above, is
the consequence of the difference in the conventional and explicitly correlated CCSD(T)
contributions. The difference, as we saw in the previous subsection, increases with the
size of the species, and for larger systems the error bars do not overlap. It can be observed
for the diet-HEAT-network that CF4 has no reaction with DFBETA being larger than 0.5
◦
kJ/mol, while ∆f H298
([C2 F4 ]n ) is still marked by the DFBETA test. The reason is that
the diet-HEAT calculations support the results of Greenberg and Hubbard, therefore the
less accurate reactions are weighted down. Nevertheless, because the BSSE deteriorates
the diet-HEAT results, this value must be handled with caution. In the case of CH3 Cl,
CCl3 , CHCl3 CCl4 , CFCl3 , CF2 Cl2 , and CF3 Cl the trends are similar to those discussed
in the previous section for the diet-HEAT-F12-network.
To assess the importance of the input data quality, all calculated heats of reactions
were replaced with data obtained from G3, G4, and CBS-Q calculations. The numerical
results can be found in the Supporting Information of ref 44, while, as a representative
example, Figure 5.3 compares the G4 and G4-network results to those yielded by the
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Figure 5.3: The differences between the heats of formation obtained from the dietHEAT-F12-network and those provided by the raw G4 calculations and the G4-network.
The error bars represent the 95% confidence intervals. For the sake of visibility the large
error bars are not shown for the G4 values.

diet-HEAT-F12-network. As a consequence of inaccurate input data, the G4-network
and the diet-HEAT-F12-network differ significantly, i.e., the error bars for about half of
the molecules do not overlap. Two cases can be distinguished. In the first case, the
computed reaction energies yielded by the G4 and diet-HEAT-F12 model chemistries disagree considerably and no accurate experimental data is available for the given species.
Consequently, the diet-HEAT-F12-network results closely follow the raw diet-HEAT-F12
calculations, while the G4-network results are guided by the G4 data. Most fluoroethyl
radicals belong to this class. In the second case, seemingly accurate experimental data are
available, but these are not consistent with the diet-HEAT-F12 calculations. CH2 CHF is
such an example for this class. In this class, the experimental results outweigh the poor
quality G4 data, and this phenomenon leads to a very different network result with considerably smaller error bar for the affected species than for the rest of the G4-network. It
is also noted that the DFBETAs for the G4-network components are higher in almost all
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Figure 5.4: Distribution of the differences for the various protocols and networks;
the reference data is from the diet-HEAT-F12-network. Dashed lines show the fitted
normal distributions.

cases than those obtained for the diet-HEAT and diet-HEAT-F12 networks. Similar conclusions can be drawn from the G3 and CBS-Q networks. Due to their appreciably large
uncertainties, these low-level model chemistries cannot help to decide which experimental
data should be favored or improved.
Figure 5.4 summarizes the previous findings, i.e., it shows the performance of the
various model chemistries and corresponding networks when they are compared to the
diet-HEAT-F12-network results. The general tendency is that the use of the TNA makes
the distribution less spreaded out in comparison to the raw theoretical data, i.e., the G4network distribution is narrower than the G4 one. Similarly, although less strikingly, the
variance for the diet-HEAT-network differences is less than that for the raw diet-HEAT
data. Furthermore, the peaks of the network distributions shift toward the reference
distribution. On average, G4 underestimates, while diet-HEAT overestimates the dietHEAT-F12 network values.
Table 5.7 shows the error statistics of the protocols and the corresponding networks
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used; reference values are provided by the diet-HEAT-F12-network. Including the computational results into a TN always improves the error statistics. It can also be observed
that the less accurate the model chemistry is, the larger the benefit of the TN approach
is. However, networks built from low-quality computational data can yield misleading
results as discussed above. Therefore, it is always crucial to properly check the input
data, especially when the experimental data is scarce.
Table 5.7: Error statisticsa for the used protocols and for the corresponding networks.
The diet-HEAT-F12-network is used as reference. All values are in kJ/mol.

method

RMSD

MAD

MSD

diet-HEAT-F12
diet-HEAT
G3
G4
CBS-Q

0.66
2.13
6.62
4.08
8.29

0.49
1.61
5.10
3.23
6.27

-0.45
1.38
-4.68
-2.38
-2.06

2.71
5.71
17.51
13.04
26.78

(CF4 )
(C2 F6 )
(C2 F6 )
(CF3 −CF2 )
(CCl4 )

diet-HEAT-network
G3-network
G4-network
CBS-Q-network

1.76
4.36
3.06
5.08

1.24
3.15
2.28
3.97

0.81
-1.91
-1.05
-0.44

5.33
12.71
8.25
14.00

(C2 F6 )
(C2 F6 )
(CF3 −CF2 )
(C2 F6 )

a

5.2.4

MAX

RMSD: root-mean-square deviation; MAD: mean absolute deviation; MSD:
mean signed deviation; MAX: maximum unsigned difference along with the
corresponding species in parentheses.

Comparison with literature values

In Table 5.8, the results for the diet-HEAT, diet-HEAT-F12 and diet-HEAT-F12network are shown, along with heats of formation extracted from the literature. A comprehensive collection of literature data and its thorough discussion can be found in our
previous works[42, 84, 95], therefore, data from the current version of the ATcT [40], and
JPL[36] databases are shown. Other accurate experimental determinations are listed only
if they recommend values different from those of JPL and/or ATcT.
5.2.4.1

Fluoroethyl radicals

Preceeding our previous work on the topic (see Chapter 3), the thermochemical
data had been fairly inaccurate for these species. The results of the present calculations
differ slightly from our previous data. As aforementioned, the discrepancies are due to the
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diet-HEAT-F12

diet-HEAT-F12 network

−73.96 ± 2.65
−58.30 ± 2.65
−59.80 ± 2.65
−59.72 ± 2.65
−298.28 ± 2.65
−282.45 ± 2.65
−282.95 ± 2.65
−282.82 ± 2.65
−248.29 ± 2.65
−238.56 ± 2.65
−248.14 ± 2.77
−528.05 ± 2.65
−699.87 ± 2.65
−899.07 ± 2.65

−74.06 ± 0.84

−70.3 ± 8

−74.1 ± 4.6[138]

−59.77 ± 0.85
−298.20 ± 0.79

−59.4 ± 8
−302.5 ± 8.4

−56.2 ± 5.8[196]
−300.2 ± 5.1[145]

−282.72 ± 0.80

−277

−280.9 ± 6.4[196]

−247.94 ± 0.85
−527.95 ± 0.91
−699.45 ± 1.07
−898.77 ± 0.97

−235.5
−517.1 ± 5
−690
−891 ± 5

−247.3 ± 5.4[196]
−523.1 ± 5.7[42, 147]
−691.1 ± 5.3[42, 137]
−892.9 ± 4.2[146]

−272.50 ± 3.20
−503.00 ± 3.20
−751.50 ± 3.20
−443.30 ± 3.20
−447.30 ± 3.20
−446.90 ± 3.40
−666.40 ± 3.20
−661.00 ± 3.20
−666.10 ± 3.40
−906.20 ± 3.20
−878.40 ± 3.20
−872.20 ± 3.20
−878.40 ± 3.80
−1110.60 ± 3.20
−1339.80 ± 3.20

−272.58 ± 2.83
−504.38 ± 2.83
−754.24 ± 2.83
−444.84 ± 2.83
−448.73 ± 2.83
−448.26 ± 2.96
−669.03 ± 2.83
−663.53 ± 2.83
−668.73 ± 3.00
−910.10 ± 2.83
−882.24 ± 2.83
−876.04 ± 2.83
−881.37 ± 3.32
−1115.62 ± 2.83
−1346.21 ± 2.83

−272.37 ± 0.80
−504.11 ± 0.76
−753.94 ± 0.89

−272.5 ± 3.2
−503 ± 3.2
−751.5 ± 3.2
−443.4 ± 3.2
−447.3 ± 3.2

−880.86 ± 1.05
−1114.81 ± 1.04
−1345.51 ± 1.00

−1110.6 ± 3.2
−1344.3 ± 3.4

−1342.8 ± 1.5

CF
247.00 ± 0.80
CF2
−193.20 ± 1.20
Continued on Next Page. . .

246.99 ± 1.41
−194.36 ± 1.73

247.08 ± 0.46
−194.06 ± 0.41

244.1 ± 10
−192.0 ± 3.3

246.71 ± 0.13
−193.51 ± 0.38
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CH2 F−CH3
CHF2 −CH3
CH3 −CF3
anti−CH2 F−CH2 F
gauche−CH2 F−CH2 F
CH2 F−CH2 F
anti−CHF2 −CH2 F
gauche−CHF2 −CH2 F
CHF2 −CH2 F
CF3 −CH2 F
anti−CHF2 −CHF2
gauche−CHF2 −CHF2
CHF2 −CHF2
CF3 −CF2 H
CF3 −CF3

JPL

ATcT

−447.97 ± 0.98

−272.16 ± 0.37
−502.81 ± 0.65

other source

−272.2[171]
−755.7 ± 1.0[108]

−447.94 ± 0.86
−666.4 ± 3.2
−661 ± 3.2

−668.37 ± 0.97
−909.70 ± 0.95

−906.2 ± 3.2
−878.4 ± 3.2
−872.2 ± 3.2

246.6 ± 0.6[14]
−194.1 ± 1.3[169]
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diet-HEAT
−74.50 ± 2.80
−58.70 ± 2.80
−59.90 ± 2.80
−59.70 ± 2.80
−297.60 ± 2.80
−281.70 ± 2.80
−282.10 ± 2.80
−281.90 ± 2.80
−248.00 ± 2.80
−238.30 ± 2.80
−247.90 ± 2.90
−526.00 ± 2.80
−695.10 ± 3.80
−894.40 ± 2.80

CH3 −CHF
CH2 F−CH2 (Cs )
CH2 F−CH2 (C1 )
CH2 F−CH2
CH3 −CF2
CHF2 −CH2 (Cs )
CHF2 −CH2 (C1 )
CHF2 −CH2
CH2 F−CHF(sc)
CH2 F−CHF(ap)
CH2 F−CHF
CF3 −CH2
CF3 −CHF
CF3 −CF2
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◦ results for the species studied. If the most reliable estimate is provided by this study it is typeset
Table 5.8: Summary of the ∆f H298
in boldface. All values are in kJ/mol.

diet-HEAT

diet-HEAT-F12

JPL

ATcT

CF3
CF4
CHF
CHF2
CHF3
CH2 F
CH2 F2
CH3 F

−467.60 ± 1.60
−933.80 ± 2.00
149.00 ± 1.20
−243.00 ± 3.60
−694.90 ± 2.00
−31.20 ± 1.60
−450.50 ± 2.00
−236.90 ± 2.00

−469.41 ± 2.00
−936.19 ± 2.24
148.64 ± 1.73
−243.81 ± 2.00
−698.22 ± 2.24
−30.43 ± 2.00
−451.54 ± 2.24
−235.66 ± 2.24

−469.06 ± 0.52
−933.48 ± 1.76a
148.76 ± 0.49
−243.45 ± 0.51
−697.45 ± 0.65
−30.39 ± 0.50
−451.66 ± 0.68a
−235.55 ± 0.70

−465.7 ± 2.1
−933.20 ± 0.75
149.8 ± 2.1
−239 ± 4
−692.9 ± 2.1
−32.8 ± 8
−452.7 ± 0.8
−238.9 ± 0.8

−467.94 ± 0.49
−933.39 ± 0.25
148.54 ± 0.44

−469.0 ± 1.7[169]

−695.87 ± 0.43

−697.1 ± 3.3[197]
−28.0 ± 4.2[198]

CCl
CCl2
CCl3
CCl4
CHCl
CHCl2
CHCl3
CH2 Cl
CH2 Cl2
CH3 Cl

433.70 ± 1.10
230.10 ± 1.90
73.10 ± 4.90
−91.00 ± 6.40
320.30 ± 2.30
88.80 ± 5.80
−99.70 ± 5.30
116.00 ± 2.70
−93.70 ± 4.20
−82.60 ± 3.10

434.17 ± 2.24
228.79 ± 3.00
71.25 ± 3.61
−95.45 ± 4.12
319.99 ± 2.45
88.67 ± 3.16
−102.09 ± 3.74
115.71 ± 2.65
−95.37 ± 3.32
−83.16 ± 2.83

434.59 ± 0.76
229.43 ± 1.03
71.86 ± 1.60a
−95.47 ± 4.11a
320.41 ± 0.76
89.33 ± 0.85
−102.74 ± 1.30a
116.36 ± 0.80
−95.09 ± 0.40
−81.96 ± 1.11a

433.7 ± 1.1
229.4 ± 0.8
71.1 ± 2.5
−95.6 ± 2.5
319.4 ± 0.8
89.0 ± 3.0
−102.9 ± 2.5
117.3 ± 3.1
−95.1 ± 2.5
−81.9 ± 0.6

CHFCl
CH2 FCl
CFCl
CF2 Cl
CFCl2
CHFCl2
CHF2 Cl
CFCl3
CF2 Cl2
CF3 Cl

−67.80 ± 4.70
−263.90 ± 3.10
32.00 ± 2.30
−274.40 ± 2.70
−93.30 ± 3.80
−283.10 ± 4.20
−482.20 ± 3.10
−286.00 ± 5.30
−492.10 ± 4.20
−708.60 ± 3.10

−68.46 ± 2.65
−265.33 ± 2.83
30.51 ± 2.45
−276.36 ± 2.65
−95.15 ± 3.16
−285.87 ± 3.32
−484.68 ± 2.83
−290.02 ± 3.74
−496.15 ± 3.32
−712.29 ± 2.83

−67.77 ± 0.78
−264.48 ± 0.98
31.04 ± 0.78
−275.90 ± 0.87
−94.33 ± 1.02
−284.76 ± 1.20
−483.57 ± 0.96
−289.32 ± 1.84a
−494.90 ± 0.96
−712.08 ± 1.17

−61 ± 10
−263.9 ± 3.1
31 ± 13
−274.4 ± 2.7
−93.3 ± 3.8
−283.1 ± 4.2
−482.6 ± 3.2
−285.3
−494.1
−709.2 ± 2.9

−284.2 ± 1.2
−482.6 ± 1.2
−290.1 ± 1.2
−495.46 ± 0.97
−710.08 ± 0.72

CH2 CHF
CH2 CF2
CF2 CF2

−142.23 ± 2.40
−349.54 ± 2.40
−671.02 ± 2.40

−143.19 ± 2.45
−351.33 ± 2.45
−674.75 ± 2.45

−142.93 ± 0.84
−351.07 ± 0.84
−674.30 ± 0.78

−138.8 ± 1.7
−335 ± 4.5
−658.9 ± 4.9

−142.51 ± 0.47
−350.78 ± 0.85
−674.93 ± 0.57

a

diet-HEAT-F12 network

Uncertainty raised according to the DFBETA values (see text for details).

−450.73 ± 0.36
−235.8 ± 0.23

other source

−236.4 ± 4.2[198]
435.1 ± 1.7[199]

−96.44 ± 0.64

−103.39 ± 0.64
−94.71 ± 0.59
−82.18 ± 0.25

−263.6 ± 1.3

−285.8 ± 1.7[185]
−494.7 ± 2.6[185]
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BSSE and to the not fully converged CCSD(T) contributions. Because these issues were
resolved by the diet-HEAT-F12 model chemistry, the diet-HEAT-F12-network results are
considered to be the most reliable for these species.
5.2.4.2

Fluoroethanes

The JPL version at the time promoted most of our previous, diet-HEAT results[84].
The ATcT website listed only CH3 −CH2 F, CH3 −CHF2 , CH2 F−CH2 F, and C2 F6 among
the fluoroethanes. According to the available information provided by the website, the
ATcT results for these species are dominated by our diet-HEAT values as well as by
low-level model chemistries (G3X, G4, CBS-n). Therefore, for species with fewer than 3
fluorine atoms, the differences among the ATcT, JPL, and our present results is less than
2 kJ/mol. For larger species the discrepancy between our recommended diet-HEAT-F12network results and those of JPL and ATcT can be explained by the difference between
the conventional diet-HEAT and diet-HEAT-F12 protocols. As pointed out above, the
latter protocol is more reliable, therefore, the results presented here are superior to the
previous data.
5.2.4.3

Fluoromethanes

Our heat of formation result for CF, CF2 , and CF3 yielded by the diet-HEATF12-network is in line with the previous data. The ATcT results were based on our
previous diet-HEAT data and on other high-level calculations, which leads to a 1.1 kJ/mol
difference between the two network results for CF3 .
As discussed above, for CF4 there is an experimental data obtained by Greenberg
and Hubbard[180], −933.2 ± 0.75 kJ/mol, which is also supported by Domalski[182],
and various high-level calculations[200] including our diet-HEAT result. However, our
diet-HEAT-F12 protocol gives a lower value, −936.19 ± 2.24 kJ/mol. Including these
experimental and calculated data in our diet-HEAT-F12-network −933.53 ± 0.46 kJ/mol
can be obtained. Nevertheless, the DFBETA values show that the latter result might
be biased and further investigation is needed for a well-established result. The ATcT
data is dominated by the aforementioned experiment of Greenberg and Hubbard[180]
and high-level calculations. The main difference between our TN and ATcT is probably
how the HF · nH2 O reaction energies were used. The formation enthalpy of hydrated
HF (HF · nH2 O) is a key value in fluorine bomb calorimetry measurements. Before the
experiments of Johnson and associates[174], it was derived from the heat of vaporization
and solution of HF. However, the enthalpy of vaporization of HF is subject to error,
because HF(g) is far from being an ideal gas, and corrections are needed. To overcome this
problem, in ref 174 HF(l) was used as a reference state and later its heat of formation was
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determined by the direct combination of the elements in a fluorine-bomb calorimeter [201].
These results were also corroborated by several complex Hess cycles of fluorine containing
species, therefore, we used their data in our network. In the ATcT the problematic heat of
vaporizations seem to be over-represented[202, 203], and ATcT also contains the results of
King and Armstrong[204], who made similar experiments to those conducted by Johnson
and coworkers, but the corrosion of the used monel was experienced. However the effect
of corrosion was considered their result is still subject to bias[174]. Nonetheless, for the
differences between the various aqueous states, ATcT utilizes both Parker’s data[205] and
that of Johnson and associates[174].
Nevertheless, when considering the contributions listed on the ATcT website, one
◦
can see the most influential data for ∆f H298
(HF · nH2 O) is the result of Cox[191] (reaction
50), closely followed by the questionable heats of vaporization[202, 203] and the results of
King and Armstrong[204]. It can be also seen, that the ATcT heat of formation of CF4 is
determined from reaction 17 and 24 along with high-level calculations. However the latter
calculations are affected by the BSSE. If the above results[191, 202–204] were used in our
◦
(CF4 ) shifts the heat of formation
TN it was observed that the seemingly accurate ∆f H298
of aqueous HF through reaction 50, resulting false agreement with the corrupted heats of
vaporization of HF.
◦
However, there is a 1.1 kJ/mol overall difference between the ∆f H298
(HF · nH2 O)
value of the ATcT and that of Johnson and associates and the error bars does not overlap.
Furthermore, our findings indicate that the currently accepted heat of formation of CF4
may be less reliable than it is considered. Thus, the agreement between our and the
◦
ATcT ∆f H298
(CF4 ) value seems to be fortuitous.
◦
(CH2 F2 ), the currently accepted result, −452.7 ± 0.8 kJ/mol,
In the case of ∆f H298
is reported by Rodgers[178] on the basis of bomb calorimetry experiments[187], reaction 23. Our diet-HEAT and diet-HEAT-F12 calculation led to slightly higher values,
and the diet-HEAT-F12-network yielded −451.66 ± 0.68 kJ/mol. ATcT using high-level
calculations[28, 169, 171] and this experimental data give −450.73 ± 0.36 kJ/mol. The
reason for the non-negligible difference is probably that ATcT relies on different values
for the heats of formation of HF · nH2 O. Also several computational results in the ATcT
are affected by the BSSE (diet-HEAT[95], W4[171], G3-variants). This problem is partly
compensated by the inclusion of data of Klopper[28], who used a similar explicitly correlated protocol to diet-HEAT-F12, but this cannot completely vanish the bias of other
calculations.
Other species are in line with experimental data. The ATcT values for CHF, CHF3 ,
and CH3 F are mostly based on our previous diet-HEAT and the explicitly correlated
calculations of Klopper[28]. The considerable difference for CHF3 , 1.58 kJ/mol, between
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the diet-HEAT-F12-network and ATcT can be connected to the issue of CF4 and CH2 F2 ,
viz. the reactions with these species are listed as largest contributors in the ATcT.
5.2.4.4

Chloromethanes

In the cases of CCl, CCl2 , CHCl, and CH2 Cl, there was neither accurate experimental data nor ATcT value available. Our diet-HEAT-F12-network values could be
regarded as the most reliable data. For the heat of formation of CCl3 our 71.86 ± 1.60
kJ/mol agrees well with the value of 71.1 ± 2.5 kJ/mol provided by Hudgens[206] using
◦
the CCl3 + Br2 −−→ CCl3 Br + Br reaction energy. For ∆f H298
(CCl4 ), the diet-HEATF12-network result, −95.47 ± 4.11 kJ/mol, supports the combustion calorimetry data
of Hu and Sinke[189], 95.6 ± 0.6 kJ/mol. However, the regression diagnostics of dietHEAT-F12-network showed that further corroboration is needed for this value. ATcT
lists −96.44 ± 0.64 kJ/mol, which is almost lower by 1 kJ/mol. This is mostly based on
the same reactions and several low-level, G3X, G4, and W1, calculations. ATcT used
the bromination reactions of Mendenhall et al.[207] (Br2 + CCl4 −−→ BrCl + CCl3 Br and
Br2 +CHCl3 −−→ HBr+CCl3 Br), but they were not included in our network, because our
◦
(CCl4 )
focus was on HFCs and related radical species. However, their value for ∆f H298
is −93.7 ± 1.7 kJ/mol, which also shows that the real value of the heat of formation for
CCl4 may be higher than the currently accepted one.
◦
For ∆f H298
(CHCl2 ), the JPL adopts the value of Seetula[208], 89 ± 3 kJ/mol, which
is in line with our result of 89.33±0.85 kJ/mol. To obtain the heat of formation of CHCl3 ,
Hu and Sinke[189] set up a bomb calorimetry experiment, and got −102.9 ± 0.8 kJ/mol.
Later, this was recommended by the authors of the JPL. Our network also contains the
data of Hu and Sinke, reaction 36, and it agrees reasonably well with both the diet-HEATF12, −102.09 ± 3.74 kJ/mol, and the diet-HEAT-F12-network result, −102.74 ± 1.30
kJ/mol. ATcT lists a similar value, −103.39 ± 0.64 kJ/mol, based on the Hu and Sinke
reaction and the bromination reactions of Mendenhall, as well as on diet-HEAT, G3 and
G3X calculations. The case of CH2 Cl2 is similar to that of CHCl3 . The measurements
of Hu and Sinke[189], reaction 28, led to −95.1 ± 0.8 kJ/mol for the heat of formation
of CH2 Cl2 and both our diet-HEAT-F12, −95.37 ± 3.32 kJ/mol, and diet-HEAT-F12network data, −95.09 ± 0.40 kJ/mol, agree well with this value. The ATcT value is
also based on reaction 28[189] as well as on the hydrogenation reaction of Lacher[186],
reaction 22. In our TN, reaction 22 is weighted down due to the agreement between the
diet-HEAT-F12 calculations and the result of Hu and Sinke. Please note that the ATcT
◦
data is also influenced by the diet-HEAT, G3, and G3X calculations. For ∆f H298
(CH3 Cl),
our network provides −81.96 ± 1.11 kJ/mol, which is essentially the same as the value
reported by Fletcher[185], −81.9 ± 0.6 kJ/mol utilizing reaction 21. The ATcT data is
predominated by the bomb calorimetry reaction of Fletcher along with several reactions
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with bromine-containing species and G3, G3X, and G4 calculations. Our diet-HEAT-F12
result is −83.16 ± 2.83 kJ/mol, which is between the value of Fletcher and the excluded
results of Lacher and associates[193, 194].
5.2.4.5

Chlorofluoromethanes

For the heats of formation of CHFCl and CFCl, there is no reliable experimental
data available. For other chlorofluoromethanes, if not mentioned otherwise, JPL listed
our previous diet-HEAT results, while the ATcT results are based on our diet-HEAT
calculations combined with low-level G3 and G3X results mostly. The JPL value for
◦
(CFCl3 ), −285.3 kJ/mol, is based on the reaction CF3 Cl + 2CCl4 −−→ 3CCl3 F
∆f H298
by Petersen and Pitzer[188], reaction 25. Our network result, −289.32 ± 1.84 kJ/mol, is
lower by almost 4 kJ/mol and supported by the diet-HEAT-F12 value of −290.02 ± 3.74
kJ/mol. Petersen and Pitzer[188] examined the reaction of 2CF3 Cl + CCl4 −−→ 3CF2 Cl2 ,
◦
(CF2 Cl2 )= −494.1 kJ/mol. This is in line with the
reaction 26, which led to ∆f H298
◦
result of our network, −494.90 ± 0.96 kJ/mol. For ∆f H298
(CF3 Cl), JPL adopts the
result of Ruscic[209], −709.2 ± 2.9 kJ/mol. Our network data, −712.08 ± 1.17 kJ/mol,
is slightly lower, but it is closer to the current ATcT value of −710.08 ± 0.72 kJ/mol.
As discussed earlier, for these species further investigation is needed according to the
regression diagnostics of our network.
5.2.4.6

Fluoroethenes

◦
(CH2 CHF), which
JPL lists the value of Pedley[210], −138.8±1.7 kJ/mol, for ∆f H298
is based on the bomb calorimetry result of Kolesov[211], reaction 18. This value is higher
than ours, −142.93 ± 0.84 kJ/mol, and that of ATcT, −142.51 ± 0.47 kJ/mol, which is
◦
based on high level W4 calculations by Martin and associates[171]. For ∆f H298
(CH2 CF2 ),
JPL also takes the value from the review of Pedley[210]. However, Pedley’s data, −335 ±
4.5 kJ/mol, is higher by about 15 kJ/mol than ours, −351.07 ± 0.84 kJ/mol, or the ATcT
value of −350.78 ± 0.85 kJ/mol. The ATcT value emerges from the results of Feller[168]
and G3, G3X, and CBS-n calculations. The currently accepted JPL heat of formation
value of CF2 CF2 is −658.9 ± 4.9 kJ/mol. This also differs by almost 15 kJ/mol from our
diet-HEAT-F12-network value of −674.30 ± 0.78 kJ/mol. ATcT gives a similar result,
−674.93 ± 0.57 kJ/mol, based on several data including our previous computations[95]
and that of Feller[168]; several ionization reaction energies and low-level and G3, G3X,
and G4 values are also included.
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Conclusions

These calculations provide accurate benchmark quality heat of formation values
for 50 atmospherically relevant species including various chlorocarbons, CFCs, HFCs,
HCFCs, and PFCs. In 28 out of the 50 cases, the diet-HEAT-F12-network presents the
most reliable estimates for the heats of formation. For the other species, the results agree
well with the most accurate data, ATcT or JPL, except CF3 −CF3 , CF3 , CHF3 , and
CH2 F2 , where small discrepancies occur, i.e., the error bars do not overlap. The largest
◦
non-overlapping region, 0.5 kJ/mol, appears for ∆f H298
(CHF3 ).
To analyze the results of the TN, well-known statistical metrics were used, namely
the DFBETA and SDFBETA values, and the residual. According to these metrics a few
additional species, CF4 , CH3 Cl, CHCl3 , CCl4 , CFCl3 , CF2 Cl2 , exist in the diet-HEATF12-network, for which further investigation is needed to collect more established heats
of formation.
This work also shows that conventional CCSD(T) calculations, even with the 5Z
basis sets, can suffer from BSSE, while explicitly correlated methods are hardly affected by
this error. Therefore, the usage of the model chemistry diet-HEAT-F12 is recommended
over diet-HEAT.
Furthermore, the present work highlights the importance of the quality and reliability of the data provided by the theoretical model and supplied into the TN, because,
as it was observed, low-quality theoretical results undermine the benefits of the TNA.
Obviously, the most vulnerable cases are those where there is no accurate experimental
data available to challenge/control the influence of the inaccurate calculations.
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Chapter 6
Thermochemistry of uracil, thymine,
cytosine, and adenine
This chapter is based on the paper “Thermochemistry of Uracil, Thymine, Cytosine,
and Adenine” by Ádám Ganyecz, Mihály Kállay, and József Csontos[45].
The goal of this work was to give reliable and accurate thermochemical data for
uracil, thymine, cytosine, and adenine. First, the gas-phase heats of formation were determined with the diet-HEAT-F12 protocol, then, to derive heats of formation in the
gas and solid phases as well as sublimation enthalpies, the thermochemical network approach was utilized. Thus, the available literature data were collected, reviewed, and
combined with our theoretical calculations. Solvation free energies were also determined
with various methods and compared to experimental data.
This Chapter is organized as follows, a brief introduction is given about the chemical
relevance of nucleobases. Then, the methods used for the determination of gas-phase
enthalpy and solvation free energy are presented. This is followed by the treatment of
literature data for the TN. Finally, the diet-HEAT-F12, the TN, and the solvation free
energy results are discussed and compared to the literature.

6.1

Introduction to nucleobases

Unquestionably, nucleobases, the purine bases adenine and guanine and the pyrimidine bases thymine and cytosine play essential roles in many biological processes. They are
the building blocks of nucleic acids, encoding the information of protein sequences needed
for the living organism. In the DNA, the Watson–Crick base pairs, guanine-cytosine and
adenine-thymine, stabilize the double helix structure through hydrogen bonding. The
derivatives of adenine, ATP, NAD, and FAD, also have important role in cellular respiration. Because of their biological significance, it is also important to know how nucleobases
formed before living organisms appeared on Earth[212–214].
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To have accurate energetics of the processes involving nucleobases, and to improve
our understanding of structure-property relationships, high-quality thermochemical data
are crucial. Despite of these needs, the available experimental data are in disarray, especially the sublimation enthalpies. For example, in the case of adenine the sublimation
enthalpy values are scattered in a 30 kJ/mol range[215]. Nevertheless, high-level ab initio calculations in the gas phase can help sorting out these discrepancies, if the heat
of formation values are well-established in the solid phase. However, there is also some
uncertainty surrounding the combustion enthalpy values, which have been used to derive
the heat of formation of the nucleobases.
On the one hand, from a practical, thermochemical point of view, the main issue is
the low vapor pressure of the nucleobases, which makes the measurement of the heat of
sublimation difficult. On the other hand, the temperature correction to the sublimation
enthalpy can also be problematic. The currently utilized method is based on the empirical
correction of Chickos and Acree[216, 217]. However, well-established heat capacities can
be easily computed nowadays with quantum chemical methods.
A decade ago, to obtain reliable enthalpies for the nucleobases, the available thermochemical data were revised by Dorofeeva and Vogt[218]; the results were also supported by
Gaussian-3X (G3X) calculations[219]. Recently, Emel’yanenko and associates[215, 220]
measured the heat of combustion and sublimation of uracil, thymine, cytosine, and adenine. Gaussian-n[3] (G3 and G4) calculations were also performed to corroborate their
results. Although their results seem to be consistent, the more sophisticated and more
reliable Weizmann protocols[13, 221], namely W1-F12 and W2-F12[30], yield results that
lie outside of their error bars reported.
Let me also highlight the fact that larger species can have various thermodynamically relevant tautomers. Therefore, if accurate data is needed one should account for
possible isomers. Hobza and his coworkers extensively studied the tautomers of nucleobases in the gas phase[222–225] and found that uracil, thymine, and adenine have no
other relevant form but the canonical structure. However, cytosine has five low-energy
tautomers, and not even the canonical form is the most stable.
Nevertheless, biological processes take place almost exclusively in aqueous phase,
thus additional thermochemical data, such as solvation free energy, is also needed to
properly describe and understand these phenomena. The effect of solvation can be treated
in numerous ways, i.e., by implicit and explicit solvent models at various theoretical levels
using molecular dynamics (MD) and hybrid quantum mechanics/molecular mechanics
(QM/MM) approaches. Nonetheless, the accurate calculation of absolute solvation free
energies is still challenging for biologically important molecules.
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Figure 6.1: The species studied in this work

6.2
6.2.1

Methods
Quantum chemical calculations

To determine the gas-phase heat of formation of the studied nucleobases (Fig. 6.1)
the diet-HEAT-F12[43] protocol was utilized (see Chapter 4). However, the cost of the
∆ECCSDT and ∆ECCSDT(Q) calculations were prohibitive, therefore the MP2 frozen natural
orbital (NO) approach was utilized[226], i.e., the virtual orbitals were transformed to MP2
NOs, and a threshold of 0.95 was employed for the cumulative occupation number of the
NOs.
The thymine molecule has a large-amplitude low-frequency motion corresponding to
the rotation of the −CH3 group, which phenomenon calls for the correction of the RRHO
approximation. To alleviate the errors of the HO model for this internal coordinate
the one-dimensional hindered rotor model was applied (see section 2.1.10). The reduced
moment of inertia and the potential obtained from CCSD(T)/cc-pVTZ calculations, respectively. The geometries for the single-point CCSD(T) calculations were provided by
systematically changing the C−CH3 torsional angle from 0 to 360◦ by 15◦ increments; the
resulting structures were partially optimized keeping only the torsional angle fixed and
utilizing the MP2/cc-pVTZ level of theory.[42, 84] Ir was calculated at the equilibrium
geometries using Pitzer’s approximation[78, 79].
The heats of formation were calculated using the elemental reaction approach (2.2.1),
and, since cytosine have several thermodynamically relevant tautomers, averaged properties are also given according to the Boltzmann distribution (see 2.2.1).
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Treatment of available thermochemical data

◦
In the literature, firsthand experimental gas-phase heats of formation, ∆f H298
(g),
are not available, they are derived from combustion enthalpies of the crystalline com◦
pound, ∆c H298
(cr), with the help of sublimation enthalpies, ∆gcr H.
◦
◦
(cr), using
(cr) values have been converted to heats of formation, ∆f H298
The ∆c H298
◦
◦
auxiliary data, ∆f H298 (H2 O, l) = −285.83±0.04 kJ/mol and ∆f H298 (CO2 ) = −393.522±
◦
◦
0.005 kJ/mol from NIST-JANAF[37]; ∆f H298
(O2 ) and ∆f H298
(N2 ) are zero by definition.
If it is not stated otherwise, the sublimation enthalpy data were taken from the
compilation of Acree and Chickos[217]. To adjust the values to 298.15 K, temperature
corrections are needed. Instead of the empirical formula of Chickos[216], the differences of
◦
◦
molar heat capacities, ∆gcr H298 − ∆gcr HT = [Cp,m
(g) − Cp,m
(cr)] · (298.15 K − T ), have been
g
◦
used, where ∆cr HT is the sublimation enthalpy at temperature T , and Cp,m
(g) stands for
◦
(cr)
the gas-phase heat capacity obtained from quantum chemical calculations, while Cp,m
is the solid phase heat capacity taken from literature. Furthermore, where the individual
p-T data points were provided, the sublimation enthalpies were recalculated according to
the following equations[227]:
 
b
T
g
R · ln p = a + + ∆cr Cp,m · ln
(6.2.1)
T
T0

∆gcr HT = −b + ∆gcr Cp,m · T,

(6.2.2)

where a and b are fitting parameters, ∆gcr Cp,m is the difference of molar heat capacities,
◦
and T0 is an arbitrary reference temperature, taken to be 298.15 K. The following Cp,m
(cr)
data were used in this work: 131.8[228], 163.0[228], 130.9[215], and 145.5[215] J/mol·
◦
(g)
K for uracil, thymine, cytosine, and adenine, respectively. The corresponding Cp,m
values, 108.4, 133.1, 114.1, and 129.2 J/mol· K, were derived from our calculations using
statistical thermodynamics.
The uncertainties of the sublimation enthalpies are mostly represented by the standard error of b, or the standard error of the slope of the fitted linear equation to ln(p)-1/T
data. However, in the field of thermodynamics, according to IUPAC recommendations[229],
the reported uncertainty should represent the 95% confidence interval. Therefore, assum◦
ing normal distribution, all the original error bars reported for the ∆gcr H298
values have
been doubled in this study.
To provide well-established and consistent formation and sublimation enthalpies for
each species, the available and revised literature data were combined with diet-HEAT-F12
◦
results in a TN. Three types of enthalpy differences can be found in the TN, ∆c H298
(cr),
◦
◦
∆f H298
(g) from our calculations, and ∆gcr H298
which connects the two regression variables,
◦
◦
namely the ∆f H298 (g) and ∆f H298 (cr) values. Full details of the TN, i.e., list of reactions
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with reaction heats, and original references can be found in the Supporting Information
of ref 45.

6.2.3

Solvation free energy

Solvation free energy, ∆G◦sol , is defined as the energy required to move the solute
from gas (1 M) to aqueous solution (1 M). Solvation free energies can be directly measured but, as detailed below, can also be estimated from experimental vapor pressure
and solubility values or determined by various theoretical methods. In our theoretical
calculations the CCSD(T)/cc-pVTZ(-f) geometries were used if otherwise not specified.
6.2.3.1

Vapor pressure and solubility

∆G◦sol can be derived if solubility, csol , and vapor pressure, p, are known[230]:
p
∆G◦sol = RT ln ◦ − RT ln csol ,
(6.2.3)
p
where p◦ denotes the pressure of an ideal gas at 1 M concentration, 24.45 atm. The
solubility data were taken from ref 231, while the vapor pressures at 298 K were calculated
from the available p − T data of sublimation enthalpy measurements (see later).
6.2.3.2

Implicit solvation models

From the family of the implicit solvation models, the Polarizable Continuum Model
(PCM)[232], the Solvation Model based on Density (SMD)[233], and the Direct Conductorlike Screening Model for Realistic Solvation (DCOSMO-RS)[234–236] were considered.
Furthermore, the conductor-like PCM (CPCM) solvation model was used with the B3LYP/
6-31G(d,p) method, while in the SMD calculations the recommended M06-2X/6-31G(d)
method was applied. The SMD and CPCM calculations were obtained with the Gaussian
09 program[119] using the default settings. The DCOSMO-RS results were determined
at the BP86/TZVP level of theory using the default settings in TURBOMOLE 7.1 with
a relative permittivity of 80.
6.2.3.3

Molecular dynamics

The simulations were performed with the GROMACS 2018 software package[237,
238]. Molecular dynamics were used to determine the solvation free energy with alchemical free energy calculations using explicit solvent. The second version of the general Amber force field (GAFF2)[239] and Austin-model 1-bond charge correction (AM1BCC)[240, 241] charges were used in the simulations in a dodecahedron with at least 1.2
nm from the solute to the nearest box edge using the TIP3P[242] model of water.
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After energy minimization, the whole system was equilibrated in the NPT ensemble
at 298.15 K and 1 bar. During the 5 ns simulations 2 fs steps were used in combination with stochastic dynamics[243], τ = 1 ps, and the Parrinello–Rahman pressure
coupling[244],τp = 1 ps, algorithm using the compressibility of water. The electrostatic
interactions were calculated with the Particle-Mesh-Ewald (PME) method[245]. The
PME-order was 6 with a cut-off radius of 1.2 nm, and a spacing of 0.1 nm. The van der
Waals interactions were scaled to zero between 1.0 and 1.2 nm. The neighbor list was
updated every 10 steps with the Verlet cutoff-scheme where the cut-off was set to 1.2 nm.
All bonds were constrained with the Linear Constraint Solver (LINCS) algorithm[246] of
order 12. The Gibbs free energy of hydration was then calculated from the equilibrated
solvated systems with alchemical molecular dynamics simulations, as described above,
where the intermolecular interactions between each solute and the solvent were switched
off through a λ parameter using soft core potentials with values of σ = 0.3 and α = 0.5
and p = 1 originally proposed by Beutler et al.[247]. First the electrostatic interactions
were decoupled using the values of the λ parameter [0.00, 0.25, 0.50, 0.75, 1.00] followed
by the van-der-Waals interaction at values of [0.00, 0.05, 0.10, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45, 0.50, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 1.00]. The analysis of the
free energy simulations was performed with the implemented Bennett acceptance ratio
method[248].
6.2.3.4

Reference interaction site model (RISM)

3D-RISM is based on statistical mechanics and the Ornstein–Zernike type integral
equation theory of molecular liquids. About the theory and possible implementations the
reader is referred to the review of Ratkova et al.[249]. In the current work, 3D-RISM was
utilized with partial third order series of expansion of the hypernetted chain closure (PSE3)[250] bridging function and pressure correction (PC+) as described in refs 251 and 252.
The python script provided in ref 252 was utilized with the default options, except that
the GAFF2 force field was used instead of GAFF with the AmberTools 17 program[239].
The main advantages of RISM are that (i) the results are almost as accurate, for a fraction
of computational cost, as those provided by MD calculations[251], (ii) solvent distribution
data is also provided in contrast with the implicit models.
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Results

6.3.1

Heats of formation and sublimation enthalpies

6.3.1.1

Quantum chemical calculations

Table 6.1 lists the individual contributions of the diet-HEAT-F12 model chemistry to
CABS
∞
the heats of formation at 0 K. The most dominant contributions are ∆EHF
, δECCSD(T)
,
∞
harm
δEcore , and δEZPE . The magnitude of the rest of the individual contributions are smaller
than 10 kJ/mol. The δECCSDT and δECCSDT(Q) contributions are relatively small, except
for adenine, where they are 5.5 and -3.7 kJ/mol, respectively. The sign of these terms is
opposite for every species, and their sum falls between -0.5 and 1.8 kJ/mol. The relativistic correction, δErel , is in the range of 7-9 kJ/mol, while the δEDBOC term is practically
constant at -0.8 kJ/mol. In the case of cytosine, five tautomers were considered, and
the calculated contributions for them are fairly similar. Largest differences occur up to
the CCSDT level. We also note that the δECCSDT contribution has even an effect on the
stability order of the tautomers: without this term cytosine 2b would be more stable than
cytosine 1.
Thymine has a large amplitude motion due to the rotation of the -CH3 group,
which is treated with the one-dimensional hindered rotor model. The energy barrier of
the rotation is 6.2 kJ/mol at the MP2/cc-pVTZ level, which leads to an overall correction
of 0.2 kJ/mol to the heat of formation of thymine at 298 K.
6.3.1.2

Comparison with literature

Table 6.2 shows the available heats of combustion, sublimation enthalpies, gas-phase
heats of formation, and the computational results of various model chemistries. The
majority of the listed combustion and sublimation data along with our diet-HEAT-F12
result were used in a thermochemical network to provide consistent heats of formation
and sublimation for these species. Particular values were excluded from the TN because
of their large uncertainty or inconsistency with the other data. The results of de Barros
et al.[253] were consistently dismissed, because they are obvious outliers with unrealistic
uncertainties. The earlier values of Emel’yanenko[254] were only implicitly included in
the TNs, because the authors’ more recent work is built on their previous results[220].
All the dismissed data are indicated with italic in the corresponding columns in Table
6.2. In the following we separately analyze the thermochemical data for each compound.
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Species

Formula

anharm
harm
∞
∞
CABS
δEDBOC δERel
δEZPE
δEZPE
δECCSDT δECCSDT(Q) δEcore
δECCSD(T)
∆EHF

C4 H4 N2 O2 −2450.1

−810.9

1.2

−1.1

−23.5

151.2

−1.9

thymine

C5 H6 N2 O2 −3046.4 −1000.0

1.6

−2.1

−28.5

198.0

−2.8

−2239.2
−2242.0
C4 H5 N3 O −2239.0
−2228.4
−2236.4

−799.9
−800.9
−801.0
−801.5
−800.6

1.9
3.0
3.0
1.2
1.2

−1.5
−1.6
−1.6
−1.4
−1.3

−23.4
−22.9
−22.8
−23.5
−23.6

167.0
167.7
167.6
167.0
167.5

−2452.6 −1017.3

5.5

−3.7

−28.7

192.8

adenine

1
2a
2b
3a
3b

C5 H5 N5

b

∆f H0◦

−0.8

7.1 −282.4 ± 3.5

−0.8

8.3 −314.4 ± 3.9

−2.6
−2.6
−2.6
−2.3
−2.3

−0.8
−0.8
−0.8
−0.8
−0.8

7.2
7.1
7.1
7.2
7.2

−44.8 ± 3.6
−46.4 ± 3.6
−43.5 ± 3.6
−35.8 ± 3.6
−42.5 ± 3.6

−2.9

−0.9

8.9

259.3 ± 3.9

c

∞
∞
(adenine)−
= ∆ECCSD(T)
All values are in kJ/mol. δ denotes the difference of the differences, for instance, for adenine, δECCSD(T)
∞
∞
∞
(Cgas ) − 52 ∆ECCSD(T)
5∆ECCSD(T)
(H2 ) − 52 ∆ECCSD(T)
(N2 )
b
The spin-orbit contribution included.
c
Hindered rotor correction of 0.02 kJ/mol included, the contribution due to the harmonic frequency of 152.97 cm−1 was replaced.
a
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uracil
cytosine
cytosine
cytosine
cytosine
cytosine

a
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Table 6.1: Contributions to the calculated heats of formation at 0 K.

◦
∆c H298
(cr)

-1716.1±0.3
-1721.3±2.2
-1715.2±1.0
-1716.3±0.9

◦
∆f H298
(cr)

∆gcr HT b

◦ c
source
∆gcr H298

-456.1
-457.8
-462.9±0.8
-453.9±1.0
-465.8±1.0
-465.3±1.4

ref
ref
ref
ref
ref
ref

-429.6±0.3
-424.4±2.2
-430.5±1.0
-429.4±0.9

-465.6±0.7
Continued on Next Page. . .

264
265
255
267
254
220

this work

134.1±4.2 (298 K)
137±1 (461 K)
124.4±1.3 (403 K)
125.7±3.6 (411 K)
135.8±0.4 (330 K)
123.2±1.2 (419 K)
123.3±0.3 (441 K)

134.1±8.4
139.6±2.8 d
127.6±2.6
129.1±7.2
136.8±0.8
125.6±4.0 d
127.4±1.2d
127.4±0.9

ref 255
ref 266
ref 260
ref 268
ref 253
ref 254
ref 220
this work

◦
∆f H298
(g)

source

◦
∆f H298
(g) source

method

-303.1±2.3
-302.9±2.3
-301.5±2.5
-298.1±0.6

ref
ref
ref
ref

-303.6
-299.2
-299.5
-298.9
-299.4

G3X
G3
G4
W1-F12
W2-F12

255
210
218
220

ref
ref
ref
ref
ref

218
220
220
30
30

-299.1±2.0 this work -302.1±3.5 this work diet-HEAT-F12

-328.7±4.3
-328.7±4.2
-338.0±2.5
-337.6±0.9

ref
ref
ref
ref

255
210
218
220

-342.5
-338.1
-337.9
-336.7
-337.1

ref
ref
ref
ref
ref

218
220
220
30
30

G3X
G3
G4
W1-F12
W2-F12

-338.2±1.2 this work -339.3±3.9 this work diet-HEAT-F12
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-429.6±0.5

uracil
ref 255
120.5±5.2(426 K) 123.5±10.4 ref 256
122.9 (440 K)
126.2
ref 255
ref 257
ref 254
133.9±8.4 (523 K) 139.1±16.8 ref 258
ref 220
121.7 (425 K)
124.7
ref 259
120.5±1.3 (403 K) 123.0±2.6 ref 260
146.0±5.2 d
130.6±4.0 (520 K) 132.6±4.6d ref 261
134.7±15.6d
127.0±2.0 (441 K) 130.1±1.6d ref 262
130.2±4.9 (405 K)
131.1±10.4d ref 263
128.6±3.9 (405 K)
125.3±0.2 (425 K) 128.3±1.0 ref 253
128.7±0.7 (458 K) 132.4±1.8 d ref 254
128.7±0.5 (458 K) 132.4±1.4d ref 220
this work
130.5±1.9 this work

94
thymine
-2369.0
-2367.3
-2362.2±0.8
-2371.2±1.0
-2359.3±1.0
-2359.8±1.4

source

a
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Table 6.2: Summary of thermochemical data for the studied species.

◦
∆f H298
(cr)

source

cytosine
-2053.2±0.4
-2067.3±2.0
-2066.7±1.6
-2064.8±0.6

-235.5±0.4
-221.4±2.0
-222.0±1.6
-223.9±0.6

ref
ref
ref
ref

-223.6±1.0

this work
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adenine
-2777.1±0.9
94.9±0.9
-2779.0±1.3
96.8±1.3
[−2776.7, −2773.5] [−94 .5 , −91 .3 ]
[−2756.7, −2752.1] [−74 .5 , −69 .9 ]
-2764.9±1.3
82.7±1.3

94.9±3.2
a

269
257
271
215

ref 273
ref 275
ref 277
ref 215

this work

◦ c
source
∆gcr H298

∆gcr HT b

149.9±2.8 (457 K)
147±1 (507 K)
147.2±2.6 (453 K)
151.7±0.7 (515 K)
167.7±0.5 (365 K)
155.3±1.1 (422 K)
153.7±0.9 (513 K)

100 – 109
126.4±1.3 (418
127.2±3.8 (421
144.2±2.0 (422
137.7±2.2 (417
130.6±2.0 (330
139.4±0.7 (472
140.1±1.1 (359

K)
K)
K)
K)
K)
K)
K)

152.6±5.6 ref 270
149.5±4.2d ref 266
149.8±5.2 ref 268
155.4±11.6d ref 272
168.8±1.0 ref 253
157.4±2.4d
ref 215
157.3±2.4d
155.7±2.6 this work

ref
ref
ref
ref
ref
ref

274
276
278
279
279
253

◦
∆f H298
(g)

source

◦
∆f H298
(g) ref

-59.4±10.0
-45.3±10.0
-69.5±3.5
-66.9±2.1

ref
ref
ref
ref

-65.1
-71.5
-67.7
-68.2
-68.1

270
210
218
215

ref
ref
ref
ref
ref

method

271
218
215
30
30

G3B3MP2
G3X
G4
W1-F12
W2-F12

-67.8±2.7 this work -68.8±3.6

this work diet-HEAT-F12

205.7±8.5
225.7±3.5
225.8±2.3

ref
ref
ref
ref

ref 210
ref 218
ref 215

225.3
226.6
228.2
229.8

218
215
30
30

G3X
G4
W1-F12
W2-F12

128.7±2.8
129.2±1.9
146.2±4.2d
139.6±4.6d
130.6±4.0
142.3±1.8d
ref 215
141.1±2.2d
139.8±5.1 this work 234.7±5.9 this work 232.0±3.9 this work diet-HEAT-F12

All values are in kJ/mol. The values typesetted in italic are left out from the thermochemical network. Experimental and theoretical gas-phase heats
of formation are presented in the last two columns, respectively.
b
Originally reported values
c
Temperature correction to 298 K from experimental heat capacity for solid phase, Cp (cr), and theoretical for gas phase, Cp (g). Uncertainties were
doubled or recalculated to correspond to 95% confidence limit.

T
d
expression, where ∆gcr Cp = Cp (cr) − Cp (g).
Available data recalculated using the R · ln p = a + Tb + ∆gcr Cp · ln 298.15K
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◦
∆c H298
(cr)
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Uracil The combustion enthalpies reported are consistent with each other, except the
result of Wilson et al.[257], which differs by 5 kJ/mol from the other records.
The ∆gcr H(298) values are more scattered, but most of the data are in the 125-135
kJ/mol range. Bardi et al.[261], Brunetti et al.[262], Szterner et al.[263] and Emel’yanenko
et al.[220, 254] provided the raw p-T data, which were used to recalculate the sublimation
enthalpy at 298 K. Bardi studied the sublimation of uracil with torsion-effusion, thermogravimetry, and transpiration methods, but the results were inconsistent, therefore in
this work the data were evaluated separately. The torsion-effusion results of Bardi[261],
146.0±5.2 kJ/mol, and the value of Nowak et al.[258], 139.1±16.8 kJ/mol, were excluded
from the TN.
The reported gas-phase enthalpies of formation for uracil are in line with each
other and with the data provided by quantum chemical calculations. Nabavian and
associates[255] studied both the combustion and sublimation of the nucleobases and
◦
(g). This data hardly differs from that listed by
gave −303.1 ± 2.3 kJ/mol for ∆f H298
Pedley[210]. Dorofeeva and Vogt[218], with the help of G3X calculations and revised lit◦
(g) = −301.5 ± 2.5 kJ/mol. Emel’yanenko et al.[220] also
erature data, reported ∆f H298
conducted experiments to determine the heats of combustion and sublimation, and their
slightly higher sublimation enthalpy led them to −298.1 ± 0.6 kJ/mol for the enthalpy of
formation of gaseous uracil. Our diet-HEAT-F12 model suggests −302.1 ± 3.5 kJ/mol,
which is lower than the most recent value of Emel’yanenko, and also lower than the other
theoretical data.
◦
◦
◦
The TN yielded ∆f H298
(cr) = −429.6±0.5, ∆gcr H298
= 130.5±1.9, and ∆f H298
(g) =
−299.1 ± 2.0 kJ/mol. These results are all consistent with the available literature and
our diet-HEAT-F12 calculations.
Thymine
There are two preliminary data from 1904 for the heats of combustion
of thymine by Fischer and Wrede[264], and Lemoult[265], -2369.0 and -2367.3 kJ/mol,
respectively. The results of Nabavian et al.[255], Achrainer and coworkers[254] and
Emel’yanenko and his associates[220] are in a 3 kJ/mol wide interval [−2362.2, −2359.3]
kJ/mol), while the value of da Silva and coworkers[267] differs from these by 10 kJ/mol
(-2371.2 kJ/mol).
The ∆gcr H298 values are spread in an interval of 15 kJ/mol and can be grouped
into two disjoint sets: (i) the range of 125–130 kJ/mol contains the results of Teplitsky
et al.[260], Burkinshaw and Mortimer[268],and Emel’yanenko et al.[220, 254]; (ii) the
range of 134–140kJ/mol includes the data of Nabavian et al.[255], 134.1 kJ/mol, Ferro
et al.[266], 139.6 kJ/mol, and de Barros et al.[253], 136.8 kJ/mol. If ∆gcr H298 was in the
◦
◦
second range, then assuming ∆f H298
(cr) = −465 kJ/mol, ∆f H298
(g) would be higher than
−331 kJ/mol, which contradicts all theoretical calculations ([−342.5, −336.7] kJ/mol).
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Also the higher enthalpy of formation of solid thymine suggested by refs 264, 265, 267
would lead to higher enthalpy of formation in the gas phase.
The first enthalpy of formation of thymine in the gas phase is reported by Nabavian[255],
−328.7±4.3 kJ/mol and also listed by Pedley[210]. Dorofeeva and Vogt revised this value
and based on recent sublimation data got −338.0 ± 2.5 kJ/mol, which is similar to the
results of Emel’yanenko et al.[220] (−337.6 ± 0.9 kJ/mol). The diet-HEAT-F12 result
is −339.3 ± 3.9 kJ/mol, which is 1–2.5 kJ/mol lower than the values provided by other
model chemistries.
◦
(cr) result in line with the
Using only those data in the TN, which generate ∆f H298
◦
(cr) =
theoretical results, the solution of the TN provides the following values: ∆f H298
◦
◦
−465.6 ± 0.7, ∆gcr H298
= 127.4 ± 0.9, and ∆f H298
(g) = −338.2 ± 1.2 kJ/mol.
Cytosine Three out of the four available heat of combustion values are consistent with
each other being in the range of [−2067.3, −2064.8] kJ/mol, and the result of Sabbah et
al.[269], -2053.2 kJ/mol, considerably deviates from their average.
The available sublimation enthalpy data converted to 298 K are in the range of
[149.5, 157.4] kJ/mol, the only exception is the 168.8 kJ/mol value of de Barros et al.[253].
It is also worth noting that the originally reported uncertainty of Zielenkiewicz et al.[272]
was too optimistic compared to the 95% confidence interval obtained from their data
points. The most recent values of Emel’yanenko et al.[215] are slightly higher than the
rest of the sublimation enthalpies. Nevertheless, these values were obtained independently
by utilizing two different approaches and they support each other.
◦
The earliest ∆f H298
(g) data for uracil was determined to be −59.4±10 kJ/mol[270].
After reconsidering the available literature data Dorofeeva and Vogt[218] suggested a
−69.5±3.5 kJ/mol value. The result of Emel’yanenko[215] is somewhat higher, −66.9±2.1
because of their higher sublimation enthalpy value. Nonetheless, these are consistent with
the theoretical calculations, including our diet-HEAT-F12 result, −68.8 ± 3.6 kJ/mol.
◦
◦
The TN treatment of the available data gives ∆f H298
(cr) = −223.6±1.0, ∆gcr H298
=
◦
155.7 ± 2.6, and ∆f H298
(g) = −67.8 ± 2.7 kJ/mol.
◦
Adenine For ∆c H298
(cr) Stiehler and Huffman[273] measured −2777.1 kJ/mol, which
is similar to the value of Kirklin and Domalski[275], −2779.0 kJ/mol. The data of
Emel’yanenko et al.[215], −2764.9 kJ/mol, differs from these by more than 10 kJ/mol. It
is claimed in ref 215, that in the work of Stiehler and Huffman, during the combustion,
carbon had formed, and although this had been corrected in the original work, it still
could affect the reliability of the results of ref 273. Kirklin and Domalski used an aneroid
vacuum-jacketed microcombustion calorimeter, and the authors of ref 215 also speculated
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that some amount of unburned carbon formed and could have gone undetected. To corroborate their data, Emel’yanenko and associates used some of the results of Kilday[277],
◦
namely ∆c H298
(cr) = −2765.0 ± 4.6 kJ/mol. However, the results of Kilday can be separated into two groups, (i) three of them are in the range of [−2776.7, −2773.5] kJ/mol,
and fairly close to the results of Stiehler and Kirklin, (ii) the other three lie in the interval of [−2756.7, −2752.1] kJ/mol, and deviate by about 20 kJ/mol from the data in the
first group. One possible explanation to the difference can be the state of the crystalline
material. Stiehler and Huffman made two different preparations, one was apparently
adenine·3H2 O, and the other is anhydrous adenine. The hydrous adenine after drying
gave consistent results regardless of the type of drying, while the anhydrous crystals had
lower combustion enthalpy, and also showed mass loss with more drastic heating treatment. After a combination of various drying procedures the heat of combustion of the
anhydrous adenine provided consistent results with those of dried hydrous adenine. This
observation led the authors concluding that “it may be that on losing the water the ghosts
retains the shape of the hydrated crystals but are actually made up of submicroscopic
crystals” of anhydrous adenine. Kilday also experienced that different preparation of
adenine could lead to different thermochemical values. Based on the solvation enthalpy
measurements of recrystallized and vacuum sublimed samples, he found that the vacuum
sublimed samples had 4-5 kJ/mol lower solution enthalpy than the others, but this difference decreased with time if the sample had not been protected from atmospheric H2 O.
The microscopic images showed that these samples were a mixture of small and larger
particles, the latter ones being an agglomerate of the smaller particles, rather than solid
crystals. These results led him to conclude that sublimation either increases the amount
of tautomers or decreases the crystallinity of the adenine sample, and atmospheric H2 O
catalyzes the restoration of the adenine crystal. In a recent study, Stolar and coworkers
found a polymorph of adenine[280], but the lattice energy difference is only 3-4 kJ/mol,
which solely does not explain the outlying data of Emel’yanenko.
This uncertainty also occurs in sublimation enthalpies: the data are scattered from
128.7 to 146.2 kJ/mol at 298 K. The results of Yanson et al.[276], A. Zielenkiewicz
et al.[278], and de Barros et al.[253] are around 130 kJ/mol, while the data of W.
Zielenkiewicz[279] and Emel’yanenko et al.[215] are around 140 kJ/mol.
Dorofeeva and Vogt[218], and Emel’yanenko and coworkers[215] list 225.7 and 225.8
kJ/mol, respectively, as the heat of formation of adenine in the gas phase. The first value
is based on the combustion calorimetry results of Kirklin and Domalski combined with
the sublimation enthalpy of A. Zielenkiewicz et al., while the other is the original result
of ref 215. G3X and G4 calculations agree well with these values, yielding 225.3 and
226.6 kJ/mol, respectively. Nevertheless, more sophisticated calculations suggest higher
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◦
(g), [228.2, 232.0] kJ/mol. The difference between W2-F12 and dietvalues for ∆f H298
HEAT-F12 can be explained with the sum of the CCSDT and CCSDT(Q) contributions,
1.8 kJ/mol, which is neglected in the W2-F12 theory. Our diet-HEAT-F12 protocol gave
232.0 ± 3.9 kJ/mol, which considerably, by more than 6 kJ/mol differs from the results
of Emel’yanenko et al.
◦
(cr) = 94.9 ± 3.2,
The solution of the thermochemical network resulted in ∆f H298
◦
◦
∆gcr H298
= 139.8 ± 5.1, and ∆f H298
(g) = 234.7 ± 5.9 kJ/mol. These results are based
on the available experimental data and our diet-HEAT-F12 calculations, however, the
aforementioned uncertainty in the state of crystallinity of adenine questions the reliability
of the values and further investigations are needed.

6.3.2

Solvation free energies

Table 6.3 shows the solvation free energies obtained with various theoretical methods
and compares them with results derived from experimental vapor pressures and solubility.
At first glance it can be seen that the C-PCM results are consistently higher, while
DCOSMO-RS gives lower value for ∆G◦sol compared to experimental data. Also MD and
3D-RISM results are within 2 kJ/mol, with the exception of cytosine 2a and 2b. For
uracil the derived solvation free energy interval agrees well with the experimental result
of −69.4 ± 1.1 kJ/mol from the SAMPL2 challenge[281]. The MD and 3D-RISM results,
−68.8 and −71.0 kJ/mol, respectively, are closest to the reference ∆G◦sol , while SMD gives
a value of almost 15 kJ/mol higher. Similar tendency can be seen for thymine, where both
MD, −68.6, and 3D-RISM, −69.7 kJ/mol, data are close to the interval [−66.6, −67.2]
kJ/mol derived from experiments, whereas the SMD value, −51.3 kJ/mol, is higher by
more than 15 kJ/mol. However, for adenine the SMD result, −69.6 kJ/mol, is the closest
to the derived interval, [−74.0, −70.9] kJ/mol, followed by the 3D-RISM and MD values,
−67.4 and −64.5 kJ/mol, respectively.
For cytosine, one can see that the canonical (1) tautomer has the lowest solvation
free energy with every method, which indicates that this can be the most stable tautomer
in aqueous solution. The performance of SMD is similar to that of MD and 3D-RISM,
but each of them gives at least a 10 kJ/mol higher ∆G◦sol value than the derived interval,
[−93.6, −88.9] kJ/mol. The relative solvation free energies of the tautomers qualitatively
agree with the results of Hobza et al.[222].
For these species, among the methods investigated, MD and 3D-RISM give the most
reliable solvation free energies, and without direct experimental data these provide our
best estimates for thymine, cytosine, and adenine.
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Table 6.3: Solvation free energies obtained with various theoretical methods compared
to experimental values derived from vapor pressure and solubility. a
species

C-PCM SMD DCOSMO-RS MD 3D-RISM

rangeb

expc

p (atm)d

csol (mol/l)e

uracil

-38.3

-54.0

-89.8

-68.8

-71.0

[-75.8, -67.5] -69.4±1.1 [5.19E-14, 8.70E-13] [2.38E-2, 4.13E-2]

thymine

-36.3

-51.3

-112.4

-68.6

-69.7

[-67.2, -66.6]

-51.8
-30.4
-32.8
-39.5
-37.4

-79.0
-57.7
-60.4
-60.8
-57.3

-112.0
-72.9
-76.4
-99.8
-92.6

-77.5
-51.7
-50.9
-72.8
-65.4

-78.0
-57.9
-58.0
-71.9
-65.8

[-93.6, -88.9]

[6.95E-17, 4.15E-16] [6.50E-2, 7.20E-2]

-35.5

-69.6

-92.0

-64.5

-67.4

[-74.0, -70.9]

[2.28E-14, 5.08E-14] [5.48E-3, 8.69E-3]

cytosine
cytosine
cytosine
cytosine
cytosine
adenine

1
2a
2b
3a
3b

1.43E-12

[2.74E-2, 3.55E-2]

a

All values are in kJ/mol, unless otherwise noted.
Ranges of solvation free energies derived from the p and csol data
c Direct experimental value from ref 281
d Values are derived from the available p-T data and extrapolated to 298.15 K
e Experimental data from ref 231
b

6.4

Conclusions

This work provides reliable and consistent heats of formation and sublimation enthalpies for uracil, thymine, cytosine, and adenine. On the one hand, the diet-HEAT-F12
◦
(g) data, by taking into acprotocol was utilized to provide accurate theoretical ∆f H298
count the various tautomers of cytosine and the large amplitude motion for thymine.
Although this is commonly overlooked, for cytosine the results corroborate previous reports, i.e., in the gas phase the 2a tautomer is the most stable form.
On the other hand, the available combustion and sublimation data were revised and
recalculated using reliable theoretical heat capacities. In addition, the uncertainties of
sublimation enthalpy data were revised to correspond to the 95% confidence intervals.
Furthermore, these data and other experimental values were utilized in a TN along with
the diet-HEAT-F12 results, yielding our best estimates for the studied thermochemical
quantities. In case of uracil, thymine, and cytosine the results are in accord with the
reported values of Emel’yanenko[215, 220]. However, their error bars might be too optimistic because (i) their uncertainty considered for the sublimation enthalpy does not correspond to the 95% confidence interval, (ii) the supporting literature data of Kilday[277]
were not representative, and (iii) the utilized Gn calculations are not the most reliable
model chemistries. The available data for adenine contradict each other, which can be
attributed to the fact that different preparations of the sample lead to different degree of
crystallinity. However, this question requires further investigation, which is out of scope
of the present study. This uncertainty can also be seen in the network results, never◦
theless, the ∆f H298
(g) value obtained from the TN agrees well with the diet-HEAT-F12
result.
Solvation free energies were also investigated with various methods and compared
to the data derived from experiments. Overall, MD and 3D-RISM provided the best
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performances, which also supports that 3D-RISM can be seen as a cost-effective alternative to MD calculations to determine solvation free energies. For thymine, cytosine, and
adenine our study provides the best estimates for solvation free energies.
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In this dissertation, applications of HEAT-like thermochemical protocols are presented along with the development of a new member of the HEAT family called dietHEAT-F12. It is shown that, in general, they provide accurate thermochemical data for
atmospherically or biologically important species.
At first, fluoroethyl radicals were studied with the diet-HEAT model chemistry.
The rotational potential energy surfaces were also investigated around the C–C bond to
correct the deficiencies of RRHO model. In cases, where more relevant conformers exist,
Boltzmann averaged values are given. This study provided reliable heats of formation and
entropies. If discrepancies occurred between our results and previous literature values,
they could be resolved by the update of auxiliary data. Although the previously reported
stability order of the conformers, in general, were in line with our results, it was also
shown that one of the molecular structures of CH2 F−CHF, reported as a conformer, is
a minimum solely at a lower level of theory. In addition, it was pointed out that the
magnitude of the CCSDT(Q) and relativistic contributions could reach 5 kJ/mol each,
meaning they should be inevitable part of every model chemistry aiming for chemical
accuracy.
Then, the development of the diet-HEAT-F12 model chemistry is discussed. The
protocol itself builds on the explicitly correlated CCSD(T)(F12*) method, and it also
includes CC perturbative quadruples, corrections for the BO approximation and scalarrelativistic effects. It worth mentioning that neither experimental nor theoretical data sets
were used to determine scaling factors or extrapolation factors. For each contribution, the
price/performance ration of the level of theory was optimized and compared to benchmark
HEAT calculations. Based on the accuracy and the cost of the calculations, a through
analysis was conducted and the diet-HEAT-F12 model chemistry was assembled, along
with a recipe for calculating the size- and composition-dependent 95% CI interval for
the results. Against a set of 23 independent atomization energies, the diet-HEAT-F12
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protocol has the best error statistics compared to similar explicitly correlated model
chemistries, such as W3X, W3X-L, and W3-F12 protocols.
In the next step, this diet-HEAT-F12 protocol was applied to fluorinated and chlorinated methane and ethane derivatives. To further improve the reliability and consistency
of the heats of formation, the thermochemical network approach was also utilized. The
diet-HEAT-F12 network presented the most reliable data in 28 out of 50 cases. In other
cases, the data agreed well with the most accurate data, except for CF3 −CF3 , CF3 , CHF3 ,
and CH2 F2 . However, for the latter cases, when one considers the error bars reported, the
largest nonoverlapping region between our and previous results is fairly small 0.5 kJ/mol.
The analysis of the network, based on the DFBETA and SDFBETA statistical measures,
showed that for CF4 , CH3 Cl, CHCl3 , CCl4 , CFCl3 , and CF2 Cl2 further investigations
are needed to get more reliable heats of formation. The comparison of diet-HEAT and
diet-HEAT-F12 protocols revealed, that conventional CCSD(T) calculations even with
5Z basis sets can suffer from BSSE, while explicitly correlated methods are hardly affected. Nevertheless, the most important finding was that the inclusion of low-quality
theoretical results in the TN is not recommended, because it undermines the benefits of
TN approach.
The diet-HEAT-F12 model chemistry along with the TN approach were also applied
to uracil, thymine, cytosine, and adenine. The thermochemically relevant tautomers
of cytosine, and the large-amplitude motion of −CH3 of thymine were also taken into
consideration. To get reliable and consistent enthalpies, the available combustion and
sublimation enthalpy data were revised and collected into a TN with the diet-HEAT-F12
values. The solvation free energies were also studied with various methods and compared
to experimental data. It was corroborated that for cytosine the 2a tautomer is the most
stable form in gas phase. Although the heats of formation of uracil, thymine, and cytosine
were in accord with the values considered to be the most accurate, there are some concerns
regarding previously reported error bars. In case of adenine, the available literature
values are in contradiction to each other. This can possibly be explained with the fact
that different preparation can lead to different degrees of crystallinity. For solvation free
energies the MD and 3D-RISM approaches provided the best results, and, consequently,
in case of thymine, cytosine, and adenine this study delivered the best estimates for their
solvation free energies.
During this PhD work fifty-four molecules were investigated by various thermochemical protocols, as well as, in the framework of the TNA. For thirty-one species, my
results were proven to be most reliable, and for another sixteen species they were in line
with previous highly accurate data. However, in seven cases, further investigations are
still needed to produce decisive thermochemical values.
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