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Preface

Density functional theory (DFT) has revolutionized the role of theory by providing
accurate first principles predictions of critical properties for applications in
physics, chemistry, biology, and materials science. Despite dramatic successes,
there remain some serious deficiencies in describing, for example, weak interac-
tions (London dispersion) which are so important to the binding of drug molecules
to proteins, and reaction barrier heights which are so important to the under-
standing of chemical reactions. This book covers the most recent progress in this
area by presenting a new generation of DFT that dramatically improves the
accuracy for these properties by including the role of the virtual (unoccupied)
states. The underlying physics of this so-called doubly hybrid density functional
(DHDF) is explored and the performance in the description of thermochemistry,
thermochemical kinetics, and nonbonded interactions is demonstrated using some
well-established benchmarking data sets. Here we consider only finite systems
(atoms, molecules, etc.). The present book shall be of interest to college students
majoring in physical chemistry as well as to all computational chemists. The
authors are glad to receive any helpful suggestions and comments from the
readers.

We are deeply grateful to the group members and our family members for their
continuous supports. We acknowledge the financial supports from the National
Natural Science Foundation of China, the Ministry of Science and Technology of
China, and Fudan University.

Shanghai, April 15, 2013 Igor Ying Zhang
Xin Xu
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Chapter 1
An Overview of Modern Density
Functional Theory

Abstract Density functional theory (DFT) has become the leading method in
computing the electronic structures and properties from first principles. Its foun-
dation was laid on Hohenberg-Kohn theorems, which proved that there exists a
one-to-one correspondence between the ground state electron density py of a
many-body system and its total energy. In practice, DFT is most frequently applied
in the framework of Kohn—Sham (KS) scheme, where an approximate exchange-
correlation functional has to be chosen. Hence, the success of a DFT calculation
critically depends on the quality of the exchange-correlation functional. In this
chapter, we first briefly discuss the Hohenberg-Kohn theorems (Sect. 1.1). After
introducing the KS scheme, various approximations for the exchange-correlation
functionals are presented in Sect. 1.2. These functionals are grouped according to
Perdew’s classification of Jacob’s ladder. Finally, some general trends for the
functional performances along the Jacob’s ladder are outlined.

Keywords Density functional theory - Hohenberg-Kohn theorems - Kohn—Sham
scheme - Exchange-correlation - Jacob’s ladder

1.1 Foundation of Modern DFT
1.1.1 Wavefunction Versus Density as Basic Variables

The ultimate goal of most quantum chemical applications is to solve the time-
independent, non-relativistic Schrédinger equation: [1, 2].

I:ILI"(?lO'h...,?NO'N):E“P(?lal,...,?NGN) (11)

where H is the Hamilton operator for a molecular system consisting of N electrons

in the presence of an external potential vex(7)

L. Y. Zhang and X. Xu, A New-Generation Density Functional, 1
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-40421-4_1,
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~ 1 N N
H==33 Vit veu(fi) +
i—1 =1

= T + ‘A/ext + Vee

N
2T (12)

i=1j i|’

The first term on the right describes the kinetic operator T, where the Laplacian
operator Viz is defined as a sum of second-order differential operators (in Cartesian
coordinates)

*?

- (1.3)

i

The last term in Eq. 1.2 describes the electron—electron repulsion Vee that sums
over all distinct pairs of different electrons. The external potential vey (F) generally
comes from the electrostatic interaction between electrons and nuclei, where

{Z%, I_éa}indicate the nuclear charges and their spatial coordinates, respectively.

bext(F) = — Za (1.4)

R 7]

Y (7 01,...,Fyvoy) stands for the wavefunction of the system, which depends on
the 3N spatial coordinates {7}, and the N spin coordinates {o;} of the electrons.
The wavefunction ¥ contains all information that can possibly be known for the
quantum system that we are interested in. Nevertheless, as electrons are inter-
connected by Vee, it is very difficult to find a good approximation to the solution of
Eq. 1.1 for N > 1 [1-4].

The electron density p(¥) is given by [1-4]

p(7) :N/.../|‘I’(?al,...,?NGN)|2d?2...d7Ndal...daN (1.5)

It determines the probability of finding any of the N electrons within the volume
element d7 but with arbitrary spin while the other N — 1 electrons have arbitrary
positions and spins in the state represented by . As ¥ is normalized, it is clear,
from Eq. 1.5, one has

/ p(F)dF = N (1.6)

Unlike the wavefunction, electron density always depends on only three spatial
coordinates, and it is an observable that may be measured experimentally via, e.g.,
X-ray diffraction. If, instead of the complicated N-electron wavefunction ¥, the
electron density p could be used as the basic variable, such an approach would be
physically more appealing and computationally more efficient.
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1.1.2 Hohenberg-Kohn Theorems

Hohenberg-Kohn theorems put the modern density functional theory (DFT) onto a
firm physical foundation [2—6]. The first Hohenberg-Kohn theorem is often quoted
as “proof of existence” [5], which stated that “the external potential vey (7) is (to
within a constant) a unique functional of p(7); since, in turn vey (¥) fixes H we see
that the full many particle ground state is a unique functional of p(7)” [5]. The
existence of a one-to-one correspondence between the ground state electron
density p, of a many-body system and its Hamiltonian H equivalently proved that
there exists an energy functional in terms of density, that is E[p].

At this point, it is instructive to separate the energy expression of E[p] into its
components, as the external potential energy Vex|[p], in terms of electrons-nuclei
attractions, is readily expressed as a functional of p.

E[p] = FHK[p] + Vext[p]

(1.7)
— Fuclpl + [ p(F)en(P7
Fuk[p] is the so-called Hohenberg-Kohn functional, which shall consist of the
kinetic energy functional T[p] for electron and the electron—electron repulsion
energy functional Ve[p].

Fuk[p] = Tp] + Vee[p] (1.8)

As the classic Coulomb energy J[p] among electrons is the major contributor of
Veelp], and its expression as a functional of p is known, it is also instructive to
separate J[p] from its non-classic counterpart Enc[p] = Vee[p] — J[p].

//| o LG LGP (1.9)

Hence the energy expression for Fyk[p] now reads as

Fuk[p] = Tp] + J[p] + Enap] (1.10)

As every electron is identical, Fuk[p] is a universal functional, whose form is
independent of a particular molecular system (i.e., independent of charges and
positions of the nuclei).

The second Hohenberg-Kohn theorem is the variational principle in terms of
density [5]. It tells us that functional E[p] attains its minimum value with respect to
all allowed densities (i.e., Eq. 1.6 is fulfilled), if and only if the input density is the
true ground state density.

Elpo] = min E[p] (1.11)

This constrained variation on density is equivalent to solving the Euler
Equation 1.13 [2-6].



4 1 An Overview of Modern Density Functional Theory

5[15[,;] —,u/p(?)d?} =0 (1.12)

OFuk [p]
op(F)

Hence the electronic chemical potential appears as a Lagrange multiplier u in
DFT.

The Hohenberg-Kohn theorems are the bedrocks of modern DFT, which prove
the unique mapping between the ground state density p,(7) and the ground state
energy E[p,]. They, however, do not provide any guidance on how Fyx[p] should
be constructed for practical use. In fact, T[p] is a major contributor of Fyk[p]. Even
the 1 % error in the kinetic energy will prevent DFT from being used as a
quantitative predictive tool [3, 7, 8].

§ = Ve (7) + (1.13)

1.1.3 Kohn—-Sham Scheme

The Kohn—Sham (KS) scheme [2—4, 9] provides an avenue that the large part of
the kinetic energy can be approached to good accuracy. This was, however,
achieved by utilizing an orbital representation. It is assumed that, for any real
(interacting) system, there exists a local single particle potential vy(¥) corre-
sponding to a fictitious (non-interacting fermion) system, whose ground state
density p(7) equals the exact ground state density p, (7). Such a system is defined
by the Hamiltonian

S 124

which has an exact wavefunction solution that is the single Slater determinant
constructed from the N lowest orbitals of the one-electron equations

(=57 + 0 ) ) = ) (1.15)

For this system the kinetic energy and electron density are given by

nlol = =53 [ $OV0r (1.16)

N
LGEDGI (1.17)
i=1

and its total energy is given by



1.1 Foundation of Modern DFT 5

Ell =Tl + [ 0PI (1.18)
The corresponding Euler-Lagrange equation is thus

STy [p]

u=us(F) + G

(1.19)

The quantity T5[p], although not the exact kinetic energy T[p], is well-defined
using orbitals {¢;}. It is a density functional, because the KS orbitals are implicit
functionals of density. 7 is the major contributor of T[p]. Its proper description is
the key to the success of KS-DFT. Nevertheless, one has to notice that, by rein-
troducing the wavefunction, the full potential of DFT in having only three vari-
ables independent of system size could no longer be realized.

Now Fyx|p] in Eq. 1.10 can be reformulated as

Fux|p] = Tslp] + J1p] + Excp] (1.20)

and the corresponding Euler-Lagrange (Eq. 1.13) becomes

oTs[p]  oJ]p] +5Exc[p]
op(F)  op(r)  op(7)

Here Ex.[p] is the so-called exchange-correlation (xc) functional, which covers
the residual part of the true kinetic energy (7, = T — T;) and the non-classic
electrostatic interaction of electrons (Ency = Vee — J).

Exclp] = (Tlp] = T[p]) + (Veelp] — J[p]) (1.22)

The exact xc functional Ey[p] is unknown, whose construction should be a
relatively “easy” job as compared to the direct construction of Fyk[p], as the
former is a minor, while the latter is a major, contributor to the total energy
functional E[p].

Recall that the KS scheme starts by assuming the existence of vy(¥), which
remains to be determined. By requiring the chemical potential of the non-inter-
acting system (Eq. 1.19) to be equal to that of the real system (Eq. 1.21), v,(¥) can
then be obtained as

U=V (F) + (1.21)

03(F) = Ve (F) + 03 (F) + ye (7) (1.23)

where the external potential is given in Eq. 1.4, and the Coulomb as well as the xc
potentials are given by

[
vy (F) = 50 / = ?d (1.24)
e (7) = OExcl?] (1.25)

op(7)
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Note that v,(¥) depends on p, via Egs. (1.23)—(1.25), the KS Equation (1.15)
must be solved iteratively. Furthermore, the exact xc functional is unknown, such
that the exact xc potential, defined in Eq. 1.25, is unknown. Certain approximated
E[p] has to be used in practice. Thus, pursuing more and more accurate and
reliable approximate xc functionals is the key issue in the development of density
functional theory.

1.2 Approximations for the Commonly
Used Exchange-Correlation Functionals

1.2.1 The Jacob’s Ladder

From the above section, we see that the Kohn—Sham scheme allows us to separate
out Exc[p] from Fyk[p]. This leaves finding an accurate form for Ex.[p] the last
barrier to the finding of the ground state density and the ground state energy.

Various density functional approximations (DFAs) to the xc energy have been
developed in recent decades [9-56]. They are proposed with different philoso-
phies. Functionals may be categorized into non-empirical and empirical. The
former are formulated only by satisfying some physical rules, (e.g. [9-16, 21-23,
31, 32]) while the later are made by fitting to the known results of atomic or
molecular properties (e.g. [25, 26, 33, 38, 39, 45-48]). In practice, the most
popular functionals seem to be those developed by a combination of these two
approaches, i.e., a physically motivated form with a few parameters being opti-
mized for better numerical performance (e.g. [19, 20, 28, 29, 34, 35, 43, 50, 54]).

Perdew proposed a useful scheme to categorize the existing functionals, which
also points out the direction for future functional development. This scheme is
known as the Jacob’s ladder (See Fig. 1.1), where functionals are grouped
according to their complexity on rungs of the ladder, starting from the Hartree
approximation on “earth” to the “heaven of chemical accuracy” [57, 58].

We will now briefly discuss the first four rungs of this ladder to introduce some
of the most widely used xc functionals in the past and present. The focus of the
present book is to introduce, from the next chapter, a new generation of functionals
on the fifth rung.

1.2.2 The First Rung Functionals

Local density approximation (LDA [9-16]) is the foundation of most DFAs,
representing the first rung of the Jacob’s ladder. In this approach, the real inho-
mogeneous system is divided into infinitesimal volumes. In each of the volumes,
the electron density is taken to be constant. The xc energy for the density within
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iy, sy,

Fig. 1.1 Jacob’s ladder of
?

approximate DFT methods
Hybrid

mGGA

GGA

LDA

Earth
Hartree Theory

each volume is then assumed to be the xc energy obtained from the uniform
electron gas for that density. Thus, the total xc energy of the system can be written
(1.26)

v ([p); 7)dF

B = [o(r):

as
is the xc energy per particle.

It is usual to decompose Ex.[p] into its exchange E,[p] and correlation E.[p]

(1.27)

where ¢-DA
Exc|p] = Ex[p] + Ec[p]

components:
For LDA, the analytical expression for the exchange energy is known by Bloch
(1.28)

—

)

and Dirac [11, 12].
ELDA[ ) —
(1.29)

("""

and
1/3
aoa_ 3 (3)/

x 4 \n
Slater proposed the X, method which was once widely used in the solid state
physics [13]. Although it actually differs from Eq. 1.28 for the prefactor, the name

Slater is often used as a synonym for the LDA exchange energy, ES, involving the

electron density raised to the 4/3 power.
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In the literature, Eq. 1.29 is also often expressed in terms of the Wigner—Seitz
radius ry [59], which corresponds to the radius of the effective volume containing

one electron:
3 . (1.30)
rg=— .
) 4mp

3/3\*1

The correlation energy is more complicated. It has been derived in the high and
low density limits [60-63]. For the intermediate densities, the correlation energy
has been determined to a high precision by quantum Monte Carlo (QMC) methods
[64]. In order to use these results in DFT calculations, it is desirable to have a
suitable analytic interpolation formula. Several such formulas have been con-
structed and all are considered as accurate fits [14—-16]. The common LDA cor-
relation functionals are Vosko, Wilk, and Nusair (VWN) [14], and Perdew-Zunger
(PL) [15], and Perdew—Wang [16].

Below, we will discuss more on the VWN parameterization, which is given in
Eq. 1.32 [14].

Thus

P/F __ y2 % o Q
e/t =A [InY o) + Q tan —Zy 5
byo (y=20)*  2(b+2y) , 0O
- I
Y(y0) ( Y0) o " b

where y = r‘g/z, Y(y) =y*+by+c,Q = (4c — bz)l/2 and P/F stands for the para/
ferro magnetic case, respectively. For the paramagnetic case, the parameters
fitted to QMC data are A = 0.0310907 (a.u.), yo = — 0.10498, b = 3.72744,
¢ = 12.9352; while for the ferromagnetic case, the corresponding parameters are
2A = 0.0310907 (a.u.), yo = —0.32500, b = 7.06042, ¢ = 18.0578. In the origi-
nal VWN paper [14], parameters were also fitted to the Random Phase Approxi-
mation (RPA), where y, = —0.409286, b = 13.0720, ¢ = 42.7198 for the
paramagnetic case, and yy = —0.743294, b = 20.1231, ¢ = 101.578 for the fer-
romagnetic case (with the same setting for A as in QMC). Note that different
implementations have used different parameterizations which produce different
numerical results and have caused some confusion. For example, Gaussian suite of
program [65] uses the synonym VWN for the RPA parameterization and VWNS5
for the QMC parameterization.

The extension of density functionals to spin-polarized systems is straightfor-
ward for exchange, where the exact spin-scaling is known as [66]:

(1.32)
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1

E:[p,, p/f} =3 (Ex2p,] + E: [21)11’}) (1.33)

and

Pyt pp=p (1.34)

But for correlation further approximations must be employed. The spin-
dependence of the correlation energy density, ¢.(ry, ), is approached by intro-
ducing the relative spin-polarization [14]:

py(F) — P/f(F)
p(7)

where { = 0 corresponds to the paramagnetic spin-unpolarized situation &’ (r;) =
ec(rs, ¢ =0) with p, = pp> Whereas { = +1 corresponds to the ferromagnetic

= (1.35)

situation & (ry) = &.(ry;, { = £1) where one spin density vanishes. The (-depen-
dent correlation energy density &.(rs, {) is then constructed to interpolate these
extreme values. Again, different interpolation formulas may be employed. For
example, the Gaussian implementation [65] of VWN uses the formula suggested
by von Barth and Hedin [10], while its VWNS implementation uses a slightly more
complicated form where a quality called spin stiffness, o.(ry), was also fitted
against Eq. 1.32 [14].

Thus we now have some commonly used acronyms for the LDA exchange-
correlation functionals, namely SVWN, SVWNS5, SPL as in Gaussian.

1.2.3 The Second Rung Functionals

LDA is best suited in describing extended systems, such as metals, where the
approximation of the uniform electron gas is most valid. To account for the rapidly
varying electron densities of many other systems like atoms and molecules,
improvements over LDA have to make the xc energies dependent not only on the
electron density but also on derivatives of the density.

The second rung functionals are based on the so-called generalized gradient
approximation (GGA) [17-20], where the first derivative of the density is also
included as a variable.

ES9A[p] = / p(P)S (o, |V plJ; )7 (1.36)

Similarly, a GGA xc functional is also assumed to be separable, and the GGA
exchange functional takes the general form as

&9 (p,|Vp|) = &Pt - F(s) (1.37)
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where F(s) is an enhancement factor and s (or similarly x = (24712)%@) is the
dimensionless reduced gradient defined as

Vel
(24n2)%p%

S =

(1.38)

There are now many exchange functionals of the GGA type (e.g. [17-29]).
They differ from each other in the form of the enhancement factor F(s). One of the
most popular GGA exchange functionals was proposed by Becke, denoted as B or
B88, whose F(s) takes the form as [19]

_l—i—s-al-sinh’l(s-az)—i—ays2

FB88 s
() 1+s-a1~sinh’1(s~a2)

(1.39)

Another popular exchange functional is called PW91 (Perdew—Wang 1991)
[21].

1+s-a;- sinh“(s “ap) + <a3 +ay- e*‘°°S2>s2

FPWol(s) = 1.40
(s) 14s-a;-sinh'(s-a) +as-s? ( )
2
1/3 1 a 10
Here A, = f% (%) / Jay = (487%),a; = 6-a,a3 = 721/7321% <Boag = TEE as,
6

—a? x 10~
—2° _—  and d =4. B88 contains one fitting parameter f. Becke
obtained = 0.0042 from fitting to Hartree—-Fock (HF) exchange energies for the
noble gas atoms [19]. PW91 adopted the B88 form by adding a4 and as to satisfy
some physical constraints. PW91 is considered as non-empirical as it is an analytic
fit to a numerical GGA obtained by real-space cutoff of the spurious long-range
parts of the second-order gradient expansion of the exchange-correlation hole
[21, 22].

PBE (Perdew-Burke-Ernzerhof) [23] can be considered as a refinement of
PWO1. In PBE, the enhancement factor of the exchange functional is given by

FPE() =1 +x — (1.41)

K
(1+55)
where k¥ = 0.804 is set to the maximum value allowed by the local Lieb-Oxford
bound [23, 67] on E,. and u = 0.21951 is set to recover the linear response of the
uniform gas such that the effective gradient coefficient for exchange cancels that
for correlation.

Note that the GGA functional form is usually too restrict to fulfill some
important conditions simultaneously. For example, it is known that as r approaches
infinity, p(¥) approaches exp(—aF) so that [19, 68]

lim ¢, = _rl) (1.42)

r—00 2r
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Levy and Perdew showed that some scaling properties can be satisfied if the
asymptotic form of the functional for large sis s~“, where a > 1/2 (Condition 2) [69]

§—00

1 1
lim F(s) = — (a > 5) (Condition 2) (1.43)
s
while the global version of the Lieb-Oxford bound requires that [23, 67]
4
E.>E,.> —1.679 / p(¥)*d7 (Condition 3) (1.44)

Figure 1.2 depicts the F(s) functions. B88 fulfills Condition 1 by construction
[19], but violates Conditions 2 and 3. PW91 does not obey Condition 1, but fulfills
the other two conditions by adding a4 and as [22]. PBE meets only Condition 3. It
was chosen to sacrifice Condition 2 to avoid the F(s) turnover of PW91, as it was
suspected that this turnover would cause spurious wiggles in the exchange
potential for large s [23]. While all three functionals recover the LDA limit as
s — 0, the large s behavior cannot be uniquely determined (see Fig. 1.2). As the
density is typically low and varies rapidly in the nonbonded region, proper large
s behavior is important for the description of the nonbonded interactions [43].

There are similarly various GGA functionals being proposed for the correlation
energy (e.g. [20, 22, 23]). The GGA correlation functional is usually expressed as:

EZ [pys pg) = / p(F) [P (ry, ) + H(r, (1)) dF (1.45)

v
where ¢t = Vol

is another scaled density gradient, g = 3 {(1 + C)%—i—(l - C)ﬂ isa

8Ks P 1
spin-scaling factor and k; = (%)2 is the Thomas—Fermi screening wave vector

with kp = (37r2p)% being the local Fermi wave vector.

Fig. 1.2 Enhancement 4.0
factors for a set of GGA —B88
exchange functionals 35 - -PWOI
3.0 = - =PBE
LDA
2.9
=220
= P
1S 5
1.0 T
0.5
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In the Perdew—Wang-91 correlation functional (EXW°!), H is expanded as [22]

H"Y! = Hy + H, (1.46)

2 24+ Al
o 7+ Af } (1.47)

3 B
Ho=¢g ﬁln[l M ey
2
H, = (§> (37’ [CC(rS) — C(0) — ﬁ} g exp [—100g4t2 (k—z)] (1.48)
n 7 ki
o 1
LDA ’
B exp{ 20l : 2(&,()} .
&P
Rasolt and Geldart constants (C, [70]) and the Sham coefficient (C, [71]). s];DA is
the Perdew—Wang’s parameterization -V [16].

In the well-established PBE correlation functional, only the first term in the
PWO1 correlation functional is kept [21-23]. This was derived to ensure that the
PBE correlation functional reduces to the correct second-order gradient expansion
in the slowly varying limit, and under uniform scaling of the density
[p,(F) = 7’ p(yF)] the PBE correlation energy correctly scales to a constant in the
limit y — oo. In addition PBE uses o = 0.0716 instead of the o = 0.09 used in
PWO1. Note that the PBE form has been revised [27, 28] and the parameters have
been optimized [28, 29].

Another popular GGA correlation functional is called LYP (Lee—Yang—Parr)

[20].
4 pacpﬁ =
LYP _
Ec [Pw P/j} - a/lerp—l/S p dr

= 11/3 8/3 , 8/3 47
—ab/wdr{pxpﬁ{Z /Cp<p“/ + Py )+<18 18 )|V &

with parameters A = o = 0.09, = 0.066725, the

. 1/ , (1.49)
o B
—(5—1—5> (|Vpo¢| +[Vpyl )_—9 ( Vo[ +=E |v/’ﬂ| )}
2
3p 2| Vpl+ S Vsl + p — 0 ) IVp, [
e—cp ~1/3 3 X dp—1/3

. _ - —ep B _2F

with  parameters (p) = I +dp*1/3p B, d(p)=cp T+ dp /7

a = 0.04918, b = 0.132, ¢ = 0.2533, d = 0.349, and Cr = (3/10) (377:2)2/3.
LYP does not use the electron gas as the reference system, but considers instead
short-range effects in the two-particle density matrix. It is a simplification of the
Colle-Salvetti correlation functional which explicitly depends on the single-par-
ticle orbitals [72]. LYP contains four semiempirical parameters {a, b, ¢, d}, all
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from the underlying Colle-Salvetti functional and obtained from a fit to the He
atom. Note that LYP is self-interaction free for any one-electron system, but its
correlation energy erroneously vanishes for any ferromagnetic situation.

The LYP correlation functional is often combined with the B88 exchange
functional, while the PBE correlation functional is meant to be combined with its
own exchange functional to ensure a good behavior of the whole xc functional.
Thus we now have three commonly used acronyms for the GGA exchange-cor-
relation functionals, namely BLYP, BPWO91, and PBE.

1.2.4 The Third Rung Functionals

The third rung functionals are the so-called meta-GGAs [30-33], which logically
extend the GGA functionals by allowing the xc functionals to depend further on
Laplacian V?p(r), the second order derivative of the electron density.

Epere-GoA ] = / p(F)ens=0%4 ([, |Vp|,V2p,7];F)dF  (150)

More frequently, meta-GGAs include 7 as the additional ingredient, which is
the orbital kinetic energy density defined by

oce

W) =3 > V() (151)

Here o stands for either o or § spin and © = ) 1,, while occ refers to occupied
orbitals. The orbital kinetic energy density and the Laplacian of the density
essentially carry the same information, since they are related via the orbitals and
the effective potential of the KS equation [73, 74].

oce l

T,(F) = Z tia| b1 () * = 05 (F)p, (F) + 1 VPe(7) (1.52)

This may also be seen from the gradient expansion for slowly varying densities
[31].

1 1
T:rTF+§TW+8V2p+O(V4p) (1.53)
with ™F =3 (3n2)2/ p5/3 12, 3, 13] the2 Thomas—Fermi kinetic energy density
\Y%
from uniform electron gas and ™V = ﬂ [31, 73-75] the von Weizsicker kinetic
0

energy density. As the representative meta-GGAs, we will introduce VSXC (van
Voorhis-Scuseria) and TPSS (Tao-Perdew-Staroverov-Scuseria). While the former
contains 21 parameters which are fitted to experimental data [30], the latter is a
non-empirical version that improves over the PBE functional [32].
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In VSXC, the exchange functional is expressed as [30]

B o] = 3 [0z (1.5

Vo, |

4f
Poﬁ
This form was based on a density-matrix expansion, which was then modified
through the introduction of 7 fit parameters {a, b, c, d, e, f, a} [30].

Here x, and z, are defined as x, =

and z, = 2(% — CF), respectively.
p(f

a bxi + ¢z dxi + exizl7 + fzi

f(Xe, 26) =+ = = (1.55)

/(xm ZO’) YV (xm ZO‘) Yy (xm ZO‘)

with y(xg, o) = 1+ a(x2 + z4).
The correlation functional was constructed as

E*¢ —Ef +E* +Elf (1.56)
E” = / ePA T (i 7)dF (1.57)
EJ = /si,‘DA"WDgf(x{,, 7, )d7 (1.58)

where x> = x2 + xﬁ and z = z, + 2. &, A is the Perdew—Wang’s parameterization

"W with the spin components as deﬁned by Stoll et al. [76]. The enhancement
factor f(xs, z,) takes the same form as in the exchange functional. The fit
parameters are listed in Table 1.1 [30].

Note that D, is a dimensionless factor given by

LD.

)C2

Dy=1——7»1—""—— 1.59
4(20- + 2CF) ( )
It is designed to be zero for any system with only one orbital, which guarantees
that the correlation energy is zero for any one-electron system to be self-interac-
tion error free.
In TPSS, the exchange functional is defined as [32]

EPSlo) = [oMeN (s F™ . 2)a7 (1.60)

The enhancement factor FIPS5(p, z) is given by

K

FTPSS 7'* =1 _ _
p,2) +K —(1+%)

(1.61)

where pus® in FPBE (Eq. 1.41) is replaced by a function .
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} 10 7 146~2 3. 1/3\* 1
X=( | +c p+ ~2059\/7 (52) T3P

81 (14722 20257 7 205 5 2
(1.62)

10 3\? _

+- <81> 2\/_ ( > +eup }(1+\/Ep) g

T— ’L'W
with z=1"/1, « =-—=— p=+" the square of the reduced gradient, and
T

Q= %ﬁﬁ% Here 1= 0.21951, x = 0.804, ¢ = 1.59096 and e =

1.537 were fixed from some physical arguments [32], while » was chosen to be
0.40 [71]. Note that we have used symbols X and 7 here, rather than symbols x and
z used in the original paper [32], as the latter have already been used in defining
the VSXC functional [30].

In TPSS, the correlation functional is given by [32]

EZPSS[P] — /p(?)SZeVPKZB [1 + dZBEI;eVPKZB] d7 (163)
with
ePKIB — PBE(1 4 C((, )] - [1+ C(L, &)z Zp : (1.64)
C(0,0) + 0.87¢% 4+ 0.508* + 2.26(°
C(.¢) = (©.9 — ; (1.65)
I
{1 + Lm)” tao" )4/*”

&7 = max{e.""(p,, 0, Vp,, 0), &% (p,, pg, Vo, Vp)} (1.66)

| o vy
where ( is the relative spin polarization (Eq. 1.35), & = — 5 C(0,0) and

2(3n2p) "

d were chosen to be 0.53 and 2.8 au™', respectively [77]. Note that some
parameters in TPSS has been optimized or revised [78].

1.2.5 The Fourth Rung Functionals

As in Egs. 1.26, 1.36, and 1.50, the xc functional is defined as an integral over 7 of
a function of 7 which we call an energy density. An LDA corresponds to a ‘local
functional of the density’ where the energy density at 7 is determined only by the
electron density at 7. An GGA is a ‘semilocal functional of the density’ in the
sense that the energy density at 7 is determined by the electron density in an
infinitesimal neighborhood of 7. As energy density at 7 which employs kinetic
energy density 7 is computed from the density and the orbitals in an infinitesimal
neighborhood of 7, an meta-GGA:s is also ‘semilocal functionals of the density and
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the orbitals.” Such (semi)locality gives rise to much of the computational conve-
nience of DFT. However, these functionals are best suited for the description of
slow varying density. For a better description of a finite system, there is a demand
for certain nonlocal component.

With the KS orbitals at hand, the exchange energy can be explicitly written as

1 j //(b}‘(?”)(b? (7)¢; (F) i ()

ETF =~ 7 d7d7 (1.67)

2
The superscript HF recognizes the fact that it shares the same form as in the
Hartree—Fock (HF) theory, which however uses the HF orbitals. EEF is nonlocal
which depends on two spatial variables (r, /).
It would be reasonable to expect that good results were obtainable if the

approximate (semi)local exchange functionals were replaced with this exact
equation for exchange energy:

EDFA = pHF 4 pDFA (1.68)

Regretfully, this form only gave acceptable results for one-center systems
(atoms and ions) [4, 34, 35, 79], and was not very successful in describing
chemical bonds in molecules [4, 34, 35, 80]. It is difficult to develop a (semi)local
EPFA that can match well with the nonlocal E!F.

It should be emphasized that J[p] as in Eq. 1.9 includes electron self-interaction
explicitly. An approximated EXDCFA is unable to remove this self-interaction error
completely, which has been related to many deficiencies of common DFAs [81-
85]. This is the major advantage to use E''F, which is one-electron self-interaction
error free. On the other hand, as opposed to EEF, the local or semilocal exchange
functional EPA was shown to incorporate an mimic of ‘static correlation’
(E}?FA =E"F ¢ Ef‘a), while the corresponding approximation for correlation
energy models ‘dynamic correlation’ (EPF* ~ EPY") [26, 86].

EDFA = EDA + EPPA &~ EMF 4 ES@ 4+ EDY (1.69)

Hence, a correct choice that compromises the needs between elimination of self-
interaction and inclusion of nondynamic correlation is to hybrid the right-hand sides
of Egs. 1.68 and 1.69. The simplest choice is a linear combination, giving rise to a
new class of xc functionals denoted as the hybrid xc functionals [34, 35, 37].

EM® = agEMF 4 (1 — ag) EP™ + EP™A (1.70)

This was first introduced by Becke in 1993 [34], who used a different theo-
retical rationale, namely the adiabatic connection path (see Sects. 2.2 and 2.4)
[34, 35, 37, 50, 87-89]. Ideally, it would be desirable to optimize ay for each
system and property, but Perdew, based on the accuracy of the fourth order per-
turbation theory for most molecules, suggests ap = 0.25 as the best single choice.
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This has led to the PBEO hybrid functional where EP¥ is the PBE GGA functional
[37, 40, 41].

One of the most popular functionals is based on Becke’s three-parameter
scheme (B3) [35].

EB® — o EMF 4 (1 — ag) EXP 4 @, AESOM 4 EIPA 4 g AESSA  (1.71)

The parameters {ay = 0.20, a, = 0.78, a. = 0.81} were obtained by fitting to
56 atomization energies, 42 ionization energies, 8 proton affinities, and 10 first row
atomic energies. During his fit, Becke has originally chosen ESSA = EBPWOL [35],
This hybrid functional is then called B3PWO91. Later it appeared [36] that a
combination of the B3 scheme with the BLYP xc functional [19, 20] gave better
results. This has brought about the most widely used functional in chemistry
B3LYP. Although LYP was not separable as PWI91 (i.e., Eq. 1.45 vs 1.49) by
construction, it was assumed AELYP = ELYP — ELDA [90], where ELPA can be the
VWNS parameterization in some implementations, or the VWN RPA parameter-
ization in some other implementations such as in Gaussian [65]. This is often a
source of confusion.

The success, as well as the failure, of B3LYP has initiated the development of
many new hybrid functionals (e.g. [38-56]). A recent important development in
DFT is the M06 family of functionals (M06, M06-2X and M06-HF, and M06-L)
[33, 48], which currently provides the highest accuracy with a broad applicability
for chemistry. The exchange for the M06 family consists of a linear combination
of two terms: one term comes from the PBE exchange functional [23] multiplied
by a kinetic-energy—density enhancement factor [33], and the other term is the
VSXC exchange functional [30]. The correlation for the M06 family also involves
two terms: one term is similar to the correlation functional in BMK [45] modified
by Becke’s self-interaction correction factor [91], the other term comes from the
VSXC correlation functional [30]. M06, M06-2X, M06-HF are hybrid methods
with increasing amount of HF exchange (0.27, 0.54, 1.00, respectively) while
MO6-L is a pure DFT, with around 40 parameters fitted against different data sets
to emphasize different applications. Thus M06 is of general purpose, M06-2X is
recommended for chemistry of the main group elements, MO6-HF is for charge-
transfer states in electronic spectroscopy, and M06-L for transition metal chem-
istry [33, 48].

1.2.6 General Trends for the Functional Performances
Along the Jacob’s Ladder

Table 1.2 gives a first glance for the performance of some traditional DFT
methods as compared with some traditional wavefunction methods [44, 90]. These
methods are still widely used ever since their constructions more than 20 years ago
[92]. More complete assessment will be provided in Chap. 3.
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Table 1.2 Performance for some properties obtained by some traditional DFT methods. Results
of some wavefunction methods are also listed for comparison

G2-1° He, (H,0),
BDE(R,)® Dipole® Harm. AE(R,)° D.(Ro._ o)
Freqd
Wavefunction methods
HF 82.0(0.022) 0.29 144 Unbound 1.73(—0.100)
MP2 23.7(0.014) 0.28 99 0.009(—0.02) 0.35(0.045)8
CCSD(T) 11.5(0.005) 0.10 31 0.002(—0.03) 0.42(0.036)"
DFT methods
SVWN 43.5(0.017) 0.25 75 —0.229(0.593) —3.58(0.238)
BPWI1 6.0(0.014) 0.11 69 Unbound 1.84(0.002)
BLYP 9.6(0.013) 0.25 73 Unbound 1.27(—0.004)
B3PWOI 4.8(0.008) 0.08 45 Unbound 1.40(0.025)
B3LYP 3.3(0.004) 0.09 32 Unbound 0.87(0.022)

# Mean absolute deviations (MADs) obtained by different methods [44, 90, 93, 94] for the 32
molecules belonging to the reduced G2 set [95]. ® MAD:s for bond dissociation energies (BDEs)
and bond distances in kcal/mol and A, respectively. ¢ MADs for dipole moments in Debye.
4 MADs for harmonic frequencies in em™' . © Errors (Ref—Calc.) for binding energy and
equilibrium distance in kcal/mol and A, respectively. MP2 and CCSD(T) values at aug-cc-pV5Z
are taken from Ref. [96]. Others are taken from Ref. [44]. The reference data, 0.022 kcal/mol and
2.970 A, are taken from Ref. [97]. | Errors (Ref.—Calc.) for binding energy and equilibrium
distance in kcal/mol and A, respectively. The reference data, 5.44 kcal/mol and 2.948 A, are
taken from Ref. [44, 98, 99]. ¢ From Ref. [100]." From Ref. [101]

As shown by the data in Table 1.2, the LDA (SVWN) method gives good
molecular structures and vibrational frequencies in the strongly bound systems as in
the G2-1 set. The mean absolute deviations (MADs) associated with SVWN are
0.017 A and 75 cm™", respectively, which is a significant improvement over HF
(0.022 A and 144 cm_l) and is comparable to those of MP2 (0.014 A and 99 cm_l),
while the latter is much more time-consuming and computational resource
demanding. LDA does not work for hydrogen bonded (HB) systems as well as for
van der Waals interactions. Besides, its errors for bond dissociation energies (BDEs)
of covalent molecules (43.5 kcal/mol for the G2-1 set) are too big to be useful.

GGAs, as exemplified by data of BPW91 and BLYP in Table 1.2, improve over
LDA dramatically on BDE calculations. MADs for the G2-1 set are of order
6-10 kcal/mol. They give increasingly satisfied molecular structures, especially for
the HB systems, with MADs around 0.003 A. However, GGAs apparently fail for
van der Waals interactions.

The general trends for the improvement along LDA — GGA — Hybrid GGA
are clearly seen in the description of covalently bound molecules of main group
elements. For the G2-1 set, B3LYP only possesses an MAD of 0.004 A for
geometry predictions, being comparable to those obtained by the CCSD(T) method
using basis set at the triple-zeta quality. B3ALYP’s error for BDEs is halved as
compared to those of GGAs. However, along with GGAs, hybrid GGAs do not
work for van der Waals interactions. All these functionals leave much room for
further improvement.
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Chapter 2
A New Generation of Doubly Hybrid
Density Functionals (DHDFs)

Abstract Doubly hybrid density functionals (DHDFs) present a new generation
of density functionals, which not only enfold a nonlocal orbital-dependent com-
ponent (i.e., the Hartree-Fock-like exchange) in the exchange part, but also
incorporate the information of unoccupied orbitals (i.e., the second-order pertur-
bative correlation) in the correlation part. Different types of DHDFs have been
proposed according to different philosophies. They could be empirical as multi-
coefficient methods to allow the mixing of wavefunction-based methods with the
hybrid density functional methods in order to achieve a good compromise of
accuracy, cost, and ease of use for practical calculations, or they have their roots in
multideterminant extension of the Kohn-Sham scheme or Gorling-Levy’s cou-
pling-constant perturbative theory. In this chapter, we first introduce a classifica-
tion of the current DHDFs (Sect. 2.1). We then, in Sect. 2.2, discuss the Levy
constrained search approach and adiabatic connection formalism, which provide a
formal route that the exchange-correlation functional can be pursued. Finally, the
underlying physics for the B2PLYP-type DHDFs and the XYG3-type DHDFs is
explored in Sects. 2.3 and 2.4, respectively.

Keywords Levy constrained search approach - Adiabatic connection formalism -
Gorling-Levy’s coupling-constant perturbative theory - MP2 - Multi-coefficient
method - Doubly hybrid density functional

2.1 Classification of Current DHDFs

While the fourth rung functionals introduce nonlocality into the exchange func-
tional by using a HF(Hartree-Fock)-like exchange EMF (see Eq. 1.67), a simple
combination of E'F with a local or semilocal correlation functional EPFA was
unsuccessful (Eq. 1.68). There is a need to introduce nonlocality into the corre-
lation functional so as to make a good match within Ey.. This calls for the fifth
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rung functionals that include also the information of unoccupied orbitals [1, 2].
There are several ways that the fifth rung functionals can be constructed (e.g.
[3-15]). Here, we focus on the so-called doubly hybrid density functionals
(DHDFs).

2.1.1 The MC3BB Type

Truhlar and co-workers coined, for the first time, the word ‘doubly hybrid’ and
proposed the MC3BB method [12], where the conventional HF total energy and a
scaled MP2 (second-order Mgller-Plesset) correlation energy are mixed with the
DFT (density functional theory) total energy as in Eq. 2.1.

EMCSBB (EHF + €]EICVIP2) + (1 )EBBX (21)

tot tot tot

Here the DFT part, BBX, uses Becke88 [16] as its exchange and Becke95 [17]
as its correlation, while X stands for the percentage of the HF-like exchange [18,
19]. The BBX functional adopts a form of one-mixing-parameter hybrid as in
Eq. 1.70. The MP2 correlation energy is calculated using the HF orbitals { dbi’a}

with eigenvalues {si_a},

EMPZ - f - ‘<¢ ('Zs ‘ ’('Zs“qsb ’ (22)
¢ 41'j b81+8]_80_8h
where the subscripts (i, j) and (a, b) denote the occupied and virtual (unoccupied)

HF orbitals, respectively. (¢;0;(|p,;) = (dij|daby) — (Didj|dp¢,) is an an-
tisymmetrized combination of the regular two-electron repulsion integrals

(i | Badhy) / / G117 (P2)ris bl by (7o) T 7 (2.3)

The parameters {ej,es, X} = {1.332,0.205,0.39} were obtained by fitting
against a set of 109 atomization energies and 42 barrier heights. These parameters
are basis set specific. In particular, the MP2 correlation energy and the HF total
energy in Eq. 2.1 should be evaluated at the basis set level of 6—31 4+ G(d,p)
within the frozen core approximation as originally designed [12]. The recom-
mended basis set for the BBX calculations is an augmented polarized triple-zeta
basis set MG3S, which is the same as 6-311 4+ G(3d2f,2df,2p) for H-Si but
improved for P-Ar and no diffuse functions on hydrogens [20, 21].

It has to be noted that while the DFT part in Eq. 2.1 uses the KS (Kohn-Sham)
orbitals based on the xc functional of EBPX, the MP2 part uses the HF orbitals.
Therefore, there are two sets of densities associated with Eq. 2.1, which goes
beyond the frame work of KS DFT [22]. By assuming that the HF density and
orbitals are the same as those from DFT, one may view the multicoefficient method
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MC3BB in terms of exchange-correlation functional, i.e., change the expression for
total energy as in Eq. 2.1 to that for exchange-correlation functional [23]

E%C3BB [p} :flEfF + (1 —fl)Ef +f2AEf + (1 - EZ)EE% + €1€2E?/1P2 (24)

where fi = ey + (1 — ;)X = 0.515, and f> = (1 — f;) = 0.485. From Eq. 2.4, it
can be seen that, in addition to the hybridization in the exchange part
(EMF ES,AEB), the correlation part is also a hybrid between E5% and EMP2, i.e.,
doubly hybrid.

The name MC3 suggests that this is a multicoefficient method that contains
three parameters. It is empirical with the purpose to generalize the originally
wavefunction based multicoefficient methods to allow the mixing with the hybrid
density functional methods in order to achieve a good compromise of accuracy,
cost, and ease of use for practical calculations [12].

2.1.2 The B2PLYP Type

Grimme proposed a widely recognized DHDF B2PLYP [13]. It employs two
parameters: one is to hybridize the HF exchange with the Becke88 exchange
functional, while the other is to hybridize the MP2-like correlation with the LYP
correlation functional [24].

EPPPUYP — q BT 4 (1 — a,) (E} + AE®) + a EXF + (1 — a.) EM™? (2.5)

The parameters {a,,a.} = {0.53,0.73} [13] were determined by a parame-
terization against heats of formation (HOFs) of the G2/97 set [25, 26].

Note that the orbitals and orbital eigenvalues used to evaluate each term,
including EMP?, in Eq. 2.5 are from the self-consistent-filed (SCF) calculation
based on the ansatz of the DFT part alone in B2PLYP. Therefore, Eq. 2.5 can be
reformulated as

B = Escr + (1 - a0 B (2.6)

The mere purpose of the generalized KS type of calculation with EPF&., similar
to the HF calculation in the standard MP2 theory, is to provide a reference state for
the followed perturbation calculation. Unlike the HF ansatz, the DFT part, EXDC%*CF,
used to generate the orbitals has already contained an a. portion of the LYP
correlation. Hence the MP2-like correlation in B2PLYP is scaled by a factor of
(1 — a;). There is no intension with these orbitals to give a mimic of the ground
state density of the real system. This again goes beyond the KS frame work. The
theoretical foundation of the B2PLYP-type DHDFs was later provided by Savin
and co-workers based on the multideterminant extension of the Kohn-Sham
scheme (see Sect. 2.3.1) [15].
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2.1.3 The XYG3 Type

Based on the adiabatic connection formalism [3, 18, 27-29], (see Sect. 2.2.2) and
Gorling-Levy coupling-constant perturbation expansion to the second order ESL?
[30] (see Sect. 2.4.2), a new type of DHDF, namely XYG3, was proposed, which
takes the form as [14]:

EXYS o] = diEMF + (1 — d))ES + dhAE® + (1 — &3)ER? + EMP2 (2.7)

The parameters {d;,d»,d3} = {0.8033,0.2107,0.3211} [14] were determined
by a parameterization against HOFs of the G3/99 set [25, 26, 31].

XYG3 distinguishes itself from the other DHDFs by using B3LYP orbitals and
orbital eigenvalues to evaluate each term in Eq. 2.7. In such a way, XYG3 also
shares with B3LYP the kinetic energy Ti[p], the Coulomb energy J[p], and the
external potential energy Vex[p] in the construction of its total energy. As B3LYP is
one of the most successful DFAs, it would be reasonable to expect that B3LYP
gives good density that approximates well the true ground state density. This, we
believe, holds the key to the success of the XYG3-type DH functionals [14, 32-42].

We may therefore classify the DHDFs currently available into three groups
according to which orbitals are used to evaluate the perturbative correlation
energy. In Truhlar’s MC3BB [12], HF orbitals are used to compute the MP2
correlation energy, which is then mixed with total energy from a conventional
hybrid meta-GGA as defined in Eq. 2.1. In the B2PLYP family of functionals [13],
a truncated DFA method is used to generate orbitals and density, whose total
energy is then augmented with a scaled MP2 term, evaluated by the as produced
orbitals, to normalize with the DFT correlation. XYG3 uses B3LYP to generate
density and orbitals, which provide a good approximation to the real density [14].
While the MC3BB type of functionals is purely empirical as a generalization of the
multicoefficient method [12], the B2PLYP and the XYG3 types of functionals have
their own theoretical bases [14, 15, 30, 37], respectively, which we will discuss in
the following sections.

2.2 Fundamental Ideas Behind DHDFs
2.2.1 Levy Constrained Search Approach

We start by introducing the “constrained search” approach of Levy [43], which
provides a constructive view of Hohenberg-Kohn Theorems and Kohn-Sham
scheme [22, 44].

Solving the Schrodinger equation (Eq. 1.1) for ground state energy is equivalent
to minimizing (\W|H|¥) over all normalized, antisymmetric N-particle wave-
functions [43]:
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E = min (\V|H|¥ 2.8
min (¥[f1]%) 28)
This can be achieved in a two-step fashion:

E= g2{$i2<T|H\P>} (2.9)

In the first step, we consider all wavefunctions which yield a given density p,
and in the second step, we consider all allowed densities. The minimizing density
is then the ground state density p,, which is just what has already been stated in
Eq. 1.11 as the Hohenberg-Kohn theorems. Comparing Eqgs. 2.9 and 1.11, one
arrives at a definition of functional E[p]:

Elp] = min(*¥|H|¥¥)
o (2.10)
= pin(W|T + Vee|¥) + /p(?)vexn(f)d?

The last term in Eq. 2.10 has used the fact that ¥ giving the same p also gives
the same <‘~I"’\A/ext“}’>. Equation 2.10, in turn, as compared to Eq. 1.7, defines the
Hohenberg-Kohn functional Fyk|[p]:

Fux|[p] :\E‘nir;<T‘T+Vee“P> (2.11)

For the Kohn-Sham system of noninteracting electrons, Vee vanishes so that
Fuk|[p] reduces to

T,[p] = Wirz<\y|T|\P> = gpi2<®|Ty®> (2.12)

where the N-particle wave function ¥ is reduced to @ which corresponds to the
single Slater determinant constructed from one-electron orbitals {¢;} (c.f. Eq. 1.16).

2.2.2 Adiabatic Connection Formalism

The Hohenberg-Kohn theorems merely prove the existence of Fuk[p], which gives
no direct guidance to the construction of the functional. The Kohn-Sham scheme
pulls out the large part of the kinetic energy via T;[p], but still leaves the exact xc
functional Ey.[p] unknown. The adiabatic connection formalism [3, 18, 27-29]
provides a possible route that Ey.[p] can be pursued.

Let us define a Hamiltonian H; that represents a set of systems in which the
electron—electron interaction is scaled [3, 18, 27-29]
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Hy =T+ Ve +V; (2.13)

The one-electron potential V; = " v;([p]; %) is also scaled simultaneously
so that a prescribed density p is fixed independent of A. This sets up the so-called
adiabatic connection path along A. Then H =0 = T+ Vs is for the Kohn-Sham
system, and I:I;;l =T+ Vee + Vext is for the real system. This suggests:

VA:O = Vs and Vi:l = Vext (214)

For any allowed V¥, we have
E, = \rﬁin(?[ﬁgy‘ﬂ = (V)|H,|¥) (2.15)

—p

Here we use ‘I—'ﬁ’ to indicate a variational solution of Eq. 2.15 that yields density
p. Clearly, W is also the wavefunction that minimizes the expectation value of

(T + WVee):
Filp] = 2112<W|T + WVee| W) = (WOIT + AV | %) (2.16)

which defines a generalized HK functional F{y [p].
Hellman-Feynman theorem tells us [3, 45, 46]

dE;
% = \P
d. <

Inserting Eq. (2.13) into Eq. (2.17) and integrating it from A = Oto 4 = 1, we

aHi
04

‘I“’> (2.17)

have
dE; ! T + AVe) ov;
| g N —RELrA L TR V) ‘P” LI’p . (2.1
/O(d))di“ﬂ eV [ (wwr)as @
Hence,

1
(Ej)—y — E / (W Vee|¥)di + (Viz1 — Vo) (2.19)
0

In getting the second term on the right-hand side of Eq. 2.19, we have taken
advantage of the assumption that the electron density is held fixed along the
adiabatic path from 4 = 0to 2 = 1. Inserting Egs. 1.7, 1.18, 1.20, and 2.14 into
Eq. 2.19, we have

1 A
EXC[,D] = /0 <T§|V€€’T§>d’l - J[p] (2-20)
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This actually defines the exchange-correlation energy in terms of the coupling-
constant integration [3, 27-29, 47-49]

Exlpl = [ Wilpldi (221)
0

where
Wilp] = (5| Vee| W) — 1] (2.22)

From Eq. 2.22, it is immediate to see that W[p] is nothing but the exchange
energy of the KS determinant

WO[p] = <(I)P“A/ee}q)p> - J[p] = E)Ic-IF (223)

2.3 Rationale of DHDFs of the B2PLYP Type

2.3.1 Multideterminant Extension of the Kohn-Sham
Scheme

We start by reformulating the total energy E, for the physical system, given in
Eq. 1.7, in terms of the generalized HK functional

E[p] = Flylp] + Vextlp] + Eb[0] (2.24)

Efi.[p] = Fux[p] — Fixlp) is the complement HK functional [43, 50, 51],
which can be further developed in related to the KS system:

Eilp] = (Fuxlp] = Tilp]) = (Filo) = T[p)) (2.25)
where the first term in the right-hand side is J[p] + Exc[p] (see Eq. 1.20), while the
second term is given by (Ffglp] — Ti[p]) = (W4|T + AVee|¥4) — (@°|T|0").
Hence [43, 50, 51]

Efuelo] = (1 = DJ[p] + (1 = DEp] + (Eclp] — El[p])  (2:26)
Here E*[p] is defined as [43, 46]
El[p] = (WI|T + IVee|¥]) — (O[T + iVee|*) (2.27)

which corresponds to the correlation energy of a partial interacting system. Under
uniform scaling of the density [p, (¥) = y*p(yF)],y = 1/4 [46, 52-55],

b

El[p] = Z’E. {pl /;J (2.28)
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El[p] ~ 2’E.[p] (2:29)

Equation 2.29 is an approximation where density scaling is neglected
E. [p 1 i} ~ E.[p] [15]. E},..[p] is also called the complement /-dependent Hartree-

exchange-correlation density functional [15].
Equation 2.24 requires to carry out minimization over all allowed ¥, which is,

however, impractical, due to the existence of Vee that leads to ¥ of a general
multideterminant character [15, 43]:

Eq = $i2<wyf + WVee|¥) + Vew[p] + Efiye[1) (2.30)

A density-scaled one-parameter hybrid (DS1H) approximation [15] is then
defined by restricting the minimization in Eq. 2.30 to single-determinant wave-
function ®:

EPS™ — min(®|7 + iVeo|®) + Vexpa) + Efie ol (2.31)

This is equivalent to solving the HF problem. The single-particle equations are:

[—1V2 + vexe(F) + vy (F) + WHE(F) + (1 — Doy (7)

2.32
fue() — S5 977) = st ) (232)

If Eq. 2.29 is adopted, Eq. 2.32 is simplified as
[~ 492+ () + 00 (7) + () + (1 = 2)us(7) 033)

+(1 = 2)0e(P)] 97 (7) = & b (7)

which corresponds to the so-called 1H approximation without considering density
scaling [15]. The final DS1H and 1H energies are then given, respectively, by

BRI = - —z | @060 Vealpw] + 9w + 2 ]
+ (1= DE:[par] + Ec[por] — EZ[por]
B = / ) V07 Vel )+ low] + B (o]

+ (1 — DE[pg] + (1 = 2)Ec[pgy]

Equation 2.35 has a similar form for its Ey. as that in the standard one-
parameter hybrid functionals (c.f. Eq. 1.70) such as BILYP or PBEO [28, 56]. One

salient difference, however, is that the correlation energy is weighted by (1 — 12)
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while in the standard one-parameter hybrid functionals it is weighted by a factor
of 1. Due to the scaled interaction AV, only partial correlation energy is contained
in Egs. 2.34 and 2.35. The missing part can be repaired by a nonlinear Rayleigh-
Schrddinger perturbation theory [57] staring from the DS1H or 1H reference. Just
like in standard Moller-Plesset perturbation theory, the final energy up to second
order is given by [15]:

EDPSIDH.. _ ESDgéH,i + J2EMP? (2.36)

E'PHA — gl | j2pwP2 (2.37)

This provides a rationale for DHDFs of the B2PLYP type. One has to note that,
just like the HF theory whose density is by definition not the ground state density
of the real system, pg: by construction is not meant to be the ground state density
of the real system. From Eq. 2.30 to 2.31, one starts from the adiabatic connection
formulism, but eventually departs from the adiabatic connection path by replacing
the general multideterminant ¥ with a single-determinant wavefunction ® with no
constraint on the density p.

2.3.2 Development of DHDFs of the B2PLYP Type

B2PLYP was proposed before DSIDH and 1DH. The later explored the theoretical
foundation of the B2PLYP-type DHDFs in terms of multideterminant extension of
the Kohn-Sham scheme. On the other hand, as Eq. 2.29 is just an approximation,
the scaling factor before E,.[p] needs not to be /2. Hence {ay,a.} in B2PLYP can
be optimized independently. In fact, B2PLYP was originally understood as an
interpolation approach between pure GGA-DFT and MP2, respectively [13].
As seen from Eq. 2.5, if {a,,a.} ={1.0,0.0}, MP2 is recovered, while if
{ay,a.} = {0.0,1.0}, B2PLYP is reduced to BLYP. Furthermore, if {a,,a.} =
{0.0,0.0} (i.e., B-MP2), an exchange-only SCF calculation may be first per-
formed, whose orbitals and orbital eigenvalues are then used to get the MP2
energy. If {a,,a.} = {1.0,1.0} (i.e., HF-LYP), the full portion of nonlocal HF
exchange is in company with the semilocal LYP correlation energy.

As typical DFT correlation functionals are superior to MP2 in the description of
short-range correlation, and MP2 is very well suited for the description of long-
range correlation, it was therefore expected that the doubly hybrid functionals that
combine the two should handle both types of correlation better than either con-
ventional DFTs and MP2 [13]. On the other hand, there are areas characterized by
some physically inappropriate combination of {ay,a.} which leads to, e.g.,
unbalanced treatment of dynamical and static correlation effects [13, 58]. Hence,
{ax,a.} should be optimized.

Along this line, several new functionals of the B2PLYP type (e.g., B2T-PLYP
[59], B2K-PLYP [58, 59], B2GP-PLYP [58], B2n-PLYP [23], ROB2-PLYP [60],
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UB2-PLYP [60], ®wB97X-2 [61] etc.) have been developed. While {ay, a.} in B2T-
PLYP are optimized against some thermodynamic data, those in B2K-PLYP are
optimized against some kinetic data [59]. For a chemical reaction, the forward and
backward reaction barrier heights are connected through the reaction thermody-
namics. Hence, there is a need for some functionals to be of general purpose (e.g.,
B2GP-PLYP) [58]. The B2n-PLYP functional was optimized specially for -
conjugated systems [23]. ROB2-PLYP and UB2PLYP recognize the importance to
distinguish a restricted and an unrestricted calculation for open shell systems [60].
The wB97X-2 [61] functional can also be put into the B2PLYP class where the
truncated DFT is a long-range corrected hybrid of the B97 [62] type.

Figure 2.1 illustrates the area of {ay,a.} where the B2PLYP family of func-
tionals based on BLYP work best for certain properties. More recently, other GGA
and meta-GGA functionals have come into play [13, 59, 64]. Not only the mixing
parameters, but also the parameters within GGAs and meta-GGAs are refitted to
optimize the final performance of DHDFs [64]. These GGAs or meta-GGAs
cannot be used alone, as their mere purpose is to provide a reference state where
the scaled MP2 correction can be evaluated. Furthermore, as the MP2 term con-
tains the same-spin and opposite spin components, spin-component scaled DHDFs
have been introduced [65, 66].

Conventional DFAs miss the R~® decay behavior in the long-range correlation
[67], and hence fail badly for dispersion-dominant nonbonded interactions. The
delocalized EMP? captures the correct long-range behavior by construction.
However, a global fraction (~30 %) of the MP2 correlation is incomplete to
describe the full correlation effect in the long range [68]. It was therefore sug-
gested to add the functionals a posterior force field (FF) like dispersion correction
(-D or -D3) [69-71] to impose the correct long-range R~ interatomic dependence.
More recently, the DFT-D or DFT-D3 method was made an integrated method
where the parameters in the corresponding DFA (i.e., electronic) part were

Fig. 2.1 The B2PLYP a. (LYP)
family of functionals based A
on BLYP [76]
BLYP HF-LYP
1.0 -

g (5). (1) B2PLYP (0.53,0.73)
N e ‘3)\\ (2) B2n-PLYP (0.602, 0.795)
‘( S IO (3) ROB2-PLYP ((0.59,0.72)
. (g) e > | (4)UB2-PLYP (0.62,0.65)
ANV ¢ (5) B2T-PLYP (0.60,0.69)
AN (6) B2GP-PLYP (0.65,0.64)
(7) B2K-PLYP (0.72,0.58)
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optimized in conjunction with the optimization of the parameters in the FF-like
dispersion correction terms, in a hope that the medium- to long-range correlations
were completely took over by the classic FF terms, and not mimicked by the DFA
part to avoid double-counting [64, 66]. While such DFT-D or -D3 scheme can be
implemented efficiently without additional computational cost, it includes many
empirical parameters, and suffers from some inherent limitations [69, 72]. Espe-
cially, the many-body correlation effects and anisotropy effects in the long-range
dispersive interactions, as well as the orbital-dependence in the medium range
[72, 73], are more subtle, which are difficult to be approximated in the pair-wise
additive FF models.

Detailed benchmark calculations of the B2PLYP-type functionals can be found
in the literature [64]. Some of the key findings are represented in Chap. 3.

2.4 Rationale of DHDFs of the XYG3 Type
2.4.1 Becke’s Hybrid-DFT Methods

In Sect. 1.2.5, we have tried to motivate Becke’s hybrid-DFT methods from a view
for a balanced treatment of static and dynamic correlations [74]. In fact, adiabatic
connection formalism [3, 18, 27-29] provides a better way to comprehend these
methods [18, 19, 75].

It is true that the main problem or challenge of the adiabatic connection
approach for functional construction by using Eq. 2.21 is that the exact integrand
W;[p] is unknown. The optimistic picture is that while ¥ (¥ g1,...,Pyoy) to be
solved in the Schrodinger equation is of 4 N dimension, the divine xc functional
E.[p] characterized by p is only 3-dimensional. Hence, the problem is simplified.
Within the adiabatic connection approach, one can then focus on the 4 space of
1-dimension to approximate W,[p] by a model function of 1. This may seem to be
an even ‘easier’ task. In fact, this scenario has been explored for functional
construction by several researchers [18, 19, 28, 29].

Becke assumed a linear model for W,[p] [18]:

Wilp] = alp] + b[p]4 (2.38)
Integrating Eq. 2.21 by using Eq. 2.38 leads to an energy expression
1
Ei[p] =a+ Eb (2.39)

From Eq. 2.38, it is obvious that

a = Wolpl; b = Wi[p] — Wolp] (2.40)
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While Wy[p] is just the HF exchange (Eq. 2.23), W;[p] corresponds to the
potential energy contribution to the xc energy of the fully interacting system,
which is yet unknown. Originally, Becke used a LDA to approximate W,[p] [18]:

Wilp] = WLPA = ELDA 4 wlPA (2.41)

Nevertheless, it is quite common to approximate W-P* with EPA or 2 wiPA
with ESSA such as ELYP, leading to

1 1
BB o] = 2 (X 4 BS) + 2 ELP (242)
1
E?QI—IandHLYP o] = 3 ( E)IC{F + Ef) + ETC~YP (2.43)

Equation 2.42 corresponds to the so-called BHandH functional, while Eq. 2.43
stands for the so-called BHandHLYP functional as implemented in Gaussian suite
of program [76]. Mixing in some portion of the HF exchange results in a signif-
icant improvement in functional performance for covalent bonded systems over
(semi)local functionals. The take-home message from Eq. 2.43 is that the source
of errors shall be traced back to the improper behavior of (semi) local exchange
functionals at the 2 — O limit [18]. Within this linear model, half of the (semi)-
local exchange should be replaced by half of the HF exchange.

For greater accuracy, Becke introduced the well-established three-parameter
scheme (B3, Eq. 1.71) [19], which is a more empirical model by relaxing the linear
approximation. Heavily parameterized functionals (e.g., the M06 family of func-
tionals [77, 78]) have appeared recently, which have push limits of the hybrid
functionals, providing very high accuracy for a broad range of complex systems.

2.4.2 Coupling-Constant Expansion

Let us start by reformulating the Hamiltonian H; (Eq. 2.13) of the partially

interacting system with respect to the Hamiltonian H (1.14) of the noninteracting
KS system

(2.44)

In writing Eq. 2.44, we have emphasized the fact that density is fixed to be p for
any H, of varying .. Equation 2.44 defines the perturbation
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N
Z 0i(7) — vs(7)] (2.45)

MH

According to the standard perturbation theory [30, 54], the ground state energy
associated with H , can be written down as:

E; = E0 + 2EV + 2E® 4 PE® + 024 (2.46)

where E? corresponds to the ground state energy associated with H;, and E®refers
to the kth-order energy correction to EY. Here, we have assumed that H; has a

nondegenerate ground state (I)? = @’ with other eigenstates @' of eigenvalues
E"(m # 0). Hence,

= (0| A,|0?) (2.47)

EW = (a0 |A'|?) (2.48)
Z| \PO|HI|\Pm>} (2.49)
m#0

This provides a tool that correlation energy with scaled density may be esti-
mated [30, 43, 46]:

[Pl/z] )12 E*[p] =% [<\I’p T+ iVee ‘Pf)> — (0T + Wee|d>‘3>}
= L (wl ) — (ot fof) — oty of)] 250
= EP +70(2)

In order to keep the density p constant for all values of the coupling constant
= 0 — 1, it is required that the chemical potential u should be constant for this
family of partially interacting N-electron systems. As the generalized HK func-
tional is given by
FI){K[p] - FHK[P] - EI/-Ixc[p}

. . (2.51)
= Ty[p] + AJ[p] + JE.[p] + 2’E. {PWJ

the corresponding Euler-Lagrange equation (c.f. Egs. 1.13 and 1.21) becomes

_ OFklp]
op(7)

oT;[p]
op(F)

+ U)v(f’) =

+ u,(P) (2.52)

giving
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7) — (7 2o )+ () 4 7 ] 2.53
(a(7) — vs(7)) = =2 vy (Fi) + ve(7) + “W (2.53)
Hence H’ in Eq. 2.45 can be simplified for 4 — 0 as [30]:
. R N
A=TimH =Vee — Y [0,(7) + v:(F)] (2.54)

=0 =1

Inserting Eq. 2.54 into Eq. 2.50, we arrive at a perturbation description of
E. [pl /J:
i | =@
lim E. py ;] = E (2.55)

where as a weak perturbation, Eq. 2.49 is simplified as

I

m#0

(atpion)t s

E® is widely recognized as the Gorling-Levy theory of coupling-constant
perturbation expansion to the second order, which may be explicitly written in
terms of KS orbitals as [30]

. 2
o2 _ SRR ¢>|vx— 0 S5y~ (91 [ @ad)
K Z - 422};8,-4-8]'—8(1_817 (2.57)

Equation 2.57 should be compared with Eq. 2.2 for MP2. In addition to the
difference in the meaning of orbitals, i.e., HF orbitals in MP2 and KS orbitals in
GL2, there is an additional term from singles’ contributions [30].

2.4.3 Development of DHDFs of the XYG3 Type

Based on the adiabatic connection formalism [3, 18, 27-29] and Gorling-Levy
coupling-constant perturbation expansion [30] to the second order, we proposed
XYG3 [14].

For a partially interacting system, the xc functional may be defined as

El[p] = (W) T + iVee | W) — (07 |T]@*

Y — 2J[p] (2.58)

which can be reformulated as
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El o) = ZE (o] + 22 pyy
= IET[p] + Z2E® + 0(7) (2.59)

y;
= / Wylpld2
0
Hence, for weak perturbation, we have
W;[p] = EMF[p] + 22ES2 4+ 0(2?) (2.60)

This demonstrates that ES-? defines the initial slope of the xc potential energy:

ow;
W= 5 = 2ECH (2.61)

A=0

Equation 2.60 provides a formula with which W;[p] can be approximated. As
compared with Eq. 2.38 for the linear model (Fig. 2.2), it is clear, instead of
choosing the initial point and the ending point of {Wy, W;} but approximating
W ~ WLPA a5 Becke did in his half and half functional [18], parameters {a, b} in
Eq. 2.39 can be rigorously fixed using {Wy, W} [14]:

a=E"; b =2£" (2.62)

This provides an exact functional in terms of KS orbitals, if the linear depen-
dence of W,[p] on 4 is faithfully fulfilled.

E}(igearAC — EEF + E?Lz (263)

Equation 2.63 may look similar to the standard MP2 theory where the HF
exchange is augmented with the MP2 correlation. It has to be emphasized that the
MP2 method is just the lowest level correlated wavefunction method for many
electron systems, whereas Eq. 2.63 is exact for any system with linear
A-dependence.

Fig. 2.2 Linear (a) or
nonlinear (b) model for
adiabatic connection path
[79]
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To go beyond the linear model, we proposed to choose b as in Eq. 2.64, where
{b1,b2} are empirical parameters introduced here to optimize the functional
performance [14]:

b = b ES" + by (EXFT — EITF) (2.64)

Assuming that EP™ ~ (EDFA — EMF) contains a complete description of cor-
relation effects, the second term of Eq. 2.64 may also be viewed as a way to
extrapolate the second-order perturbation to infinite order to account for the higher
order, O(4*) in Eq. 2.60 dependence of W; on .

In analogy to the B3 scheme shown in Eq. 1.71, we proposed a new type of
DHDFs which read as [14, 37]

EPp] = aoEM + (1 ag) EXPA + a, AES

2.65
FarES2 4 (1 — ay)EYA 4 g AESSA (2.65)

Here ESGA[p] = ELPA + AESGA EGCGA[p] = ELPA + AESCA. Of course, the
GGA functional can be replaced by a meta-GGA functional. Equation 2.65 sug-
gests that not only some portion of the (semi) local exchange functional be
substituted by the HF exchange, but also some portion of the (semi) local corre-
lation functional be substituted by the GL2 correlation. While it is important to
properly describe the initial value of W, with E'F, it is also essential to accurately
describe the initial slope of W, with ESL2.

In setting up the first xXDH functional XYG3 (Eq. 2.7), we have adopted
LDA = SVWN [80, 81] and GGA = BLYP [16, 24]. As the LYP functional does
not reduce to the correct limit for a uniform electron gas by construction, we have
constrained (1 — a1) = a., which practically eliminated one fitting parameter.

Note that single-excitation contribution is also not explicitly calculated in
XYG3, such that the GL2 term [30] is actually approximated by the MP2-like PT2
term. We have argued that the singles contribution can be absorbed into EPF* and
the fitting parameters against the experimental data [14].

Unlike in LDAs and GGAs, where the xc energy is represented by an explicit
functional of the density, DHDFs are formally orbital-dependent functionals which
are implicit functionals of the electron density [12, 14]. The so-called optimized
effective potential (OEP) method [82-86] should be invoked where the variational
optimization of the energy associated with DHDFs should be carried out under the
additional constraint of a local xc potential. It is interesting to note that the kinetic
energy of the KS system has already been represented by an orbital-dependent
functional, while the HF exchange is another evident orbital-dependent functional.
Here, we again make a detour to avoid OEP by using the well-established B3LYP
to provide the orbital information required for the construction of energy terms in
XYG3. We believe that other fully functionalized DFAs (i.e., nontruncated) can
play a similar role as B3ALYP does in XYG3. In particular, pure GGAs with local
multiplicative potentials are in better accordance with Gorling—Levy coupling-
constant perturbation expansion theory [30].
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Chapter 3

Benchmarking the Performance
of DHDFs for the Main Group Chemistry

Abstract On one hand, chemistry is very rich. On the other hand, density
functionals are all approximate and mostly contain empirical parameters, such that
not every functional is equally applicable to every chemical problem. This has
made benchmarking of the functional performance inevitable. Our focus here is to
examine the performance of some fifth rung functionals, while selected results of
the lower rung functionals are presented for comparison. We have examined the
DHDFs’ performance in the prediction of heats of formation (HOFs, Sect. 3.1),
ionization potentials (IPs, Sect. 3.2), electron affinities (EAs, Sect. 3.2), bond
dissociation energies (BDEs, Sect. 3.3), reaction barrier heights (RBHs, Sect. 3.4),
and noncovalent interactions (NClIs, Sect. 3.5) using some well-established
benchmarking data sets.

Keywords Heats of formation - Ionization potential - Electron affinity - Bond
dissociation energy - Reaction barrier height - Noncovalent interaction

3.1 Heats of Formation Against the G3 Set

Heats of formation, AH]‘?, are among the most important chemical data, with which
energy associated with a chemical reaction can be assessed. For stable molecules,
experimental AHJ? may be found from some handbooks and/or from some web-
sites.[e.g., 1-4] They are typically obtained from calorimetric measurements [5]
using chemicals of very high purity. However, data for many other molecules still
remain missing. This is especially true for reactive intermediates such as free
radicals. Furthermore, the experimental data are frequently subject to substantial
uncertainties [6]. Hence accurate computational chemistry methods are highly
desirable such that a reliable prediction of thermochemical data can be made
possible.
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3.1.1 Performances of Various Rungs of the DFT Methods

The Gn paradigm was originally developed by Pople and co-workers for
extrapolating levels of wavefunction based methods, as well as adjusting the
empirical constants in the Gn methods to achieve increasingly accurate thermo-
chemistry [7-9]. It has become a valuable dataset for developing density func-
tionals to describe covalent bonding in the main group molecules. In particular, we
use the G3 set of 223 molecules collected in 1999 (the G3/99 set) [9].

Table 3.1 summarizes the statistic data for the predicted AHJ? of the G3/99 set

from various rungs of the DFT methods [10]. The calculations are based on the
theoretical atomization enthalpy of a molecule corrected by the experimental
atomization enthalpies of the constituent elements in their standard states at
298 K [9].

The mean absolute deviation (MAD) for the lowest rung LDA (e.g., SVWNS5
[11,12])is 120.83 kcal/mol. This implies that LDA is not useful for thermochemistry.

GGAs on the second rung greatly reduce the errors. BPW91 [13, 14] leads to
MAD of 8.78 kcal/mol, being one of the best GGAs up-to-date for molecules. The
PBE functional [15] is less satisfactory for thermochemistry of molecules with
MAD of 22.76 kcal/mol. There exists a large tendency of overbinding with
maximum positive deviation (Max+) of 80.28 kcal/mol occurring at azulene.

The meta-GGA functionals on the third rung display further improvement.
TPSS [16] gives MAD = 6.36 kcal/mol, being substantially better than its prec-
edent PBE, while M06-L [17] and VSXC [18] lead to MAD of 5.82 and 3.51 kcal/
mol, respectively.

Table 3.1 demonstrates that the hybrid functionals give an overall improvement
for thermochemistry as compared to either pure GGAs or meta-GGAs. Thus the
performance is significantly improved on going from pure BPWO91 to three-
parameter hybrid B3PW91 [13, 14, 19] (MAD = 3.85 kcal/mol). The popular
functional, B3LYP [13, 19-21], is actually inferior (MAD = 4.74 kcal/mol). The
best performer in this rung is wB97X-D [22], whose MAD is 2.40 kcal/mol.

A recent important development in DFT is the M06 family of functionals (MO06,
and MO06-2X) [23]. For the G3/99 set, these methods lead to MAD of 4.17 for
MO06, and 2.93 for M06-2X.

XYG3 [24] with the 6-311 + G(3df,2p) basis set [25-27] leads to MAD of
1.81 kcal/mol, being substantially better than the lower rung functionals
(Table 3.1). While MC3BB [28] gives MAD = 3.81 kcal/mol, B2PLYP [29, 30]
yields MAD of 2.74 kcal/mol. The latter was achieved by using a very large
CQZV3P basis set including core-polarization [31], which was the way that
B2PLYP was optimized [29].

We recall that B2PLYP employs its DFT portion for the SCF calculation to
generate the orbitals from which the PT2 correction is computed. This is much like
MP2 which uses HF for the SCF calculation [32]. Using just the DFT portion of
B2PLYP with 6-311 4+ G(3df, 2p) leads to MAD = 174.20 kcal/mol for the
G3/99 set, while HF gives MAD of 211.48 kcal/mol. The latter is ~ 40 kcal/mol
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Table 3.1 Theoretical errors ® for heats of formation ° (HOFs, kcal/mol) at 298 K for the G3/99
set ¢

MAD ¢ Max + © Max— '
G2-1 G2-2 G33 G3

Ist Rung SVWN 39.36 120.02 213.09 131.40 378.82 (azulene) —0.30 (Lip)
SVWNS5 36.03 110.76 195.51 120.83 345.45 (azulene) —0.47 (Lip)
SPL 38.46 115.85 204.12 126.45 360.68 (azulene) —0.16 (Liy)

2nd Rung BLYP 499 8.76 13.75 9.51 28.44 (NO,) —41.77 (n-octane)
BPWO1 5.18 9.31 10.82 8.78 31.89 (NO,) —24.10 (Si(CH3),)
PBE 8.37 22.62 3348 22776 80.28 (azulene) —9.90 (Si,Hg)
BP86 9.82 25.14 3699 2528 71.10 (azulene) —8.18 (SiFy)

3rd Rung MO6-L 372 572 750 582  27.13 (C,Cly) —14.75 (PFs)
TPSS 470 746 622 636 25.04 (CIF;) —13.64 (SiF,)
VSXC 224 3.04 5.05 3.51 10.24(CS,) —12.75 (n-octane)

4th Rung BHHLYP 2.16 346 820 474 8.03 (BeH) —19.22 (SF¢)
B3PWOI1 253 374 498 3.85 15.21(naphthalene) —23.87 (SiF,)
B3LYP 2.16 346 820 474 8.03 (BeH) —19.22 (SF¢)
PBEO 2.85 643 1048 691 35.69 (naphthalene) —19.89 (SiF,)
BMK 224 329 3.30 3.03 12.52 (pyrimidine) —13.32 (O3)
TPSSh 424 413 3.48 3.94 17.10 (SixHe) —23.90 (SiFy)
wB97X 227 269 229 245 13.82 (C,F,) —8.32 (Sip)
wB97X-D 2.19 259 233 2.40 12.41 (CEy) —12.27 (SiFy)
MO06-2X 190 320 336 293 17.39 (Py) —20.77 (03)
MO06 292 446 474 417 25.89 (C,Fg) —11.25 (03)

S5th Rung XYG3 1.53  1.78 2.06 1.81 6.28 (BCl3) —16.67 (SF¢)
MC3BB 228 3.81 4.94 3.81 18.92 (naphthalene) —10.38 (CN)
B2PLYP ¢ 136 200 4.68 2.74  6.60 (BeH) —13.60 (Si(CH3),)
B2PLYP 1.85 3.67 7.84  4.63 8.01 (CyFy) —20.37 (n-octane)
B2PLYP-D 1.71 2383 4.80 3.22 8.74 (C,F,) —13.18 (Si(CH3),)
B2GP-PLYP 2.62 4.46 8.69 543 6.14 (CF,) —20.32 (n-octane)

Ab Initio HF 74.61 191.57 336.54 211.48 0.46 (BeH) —582.72 (n-octane)
UMP2 734 11.12 1333 1093 48.34 (C,Fe) —29.21 (Si(CHa)4)
QCISD(T) " 6.09 1345 2409 1522 1.44 (Nay) —42.78(n-octane)
G2t 1.23 1.76  2.52 1.88 9.39 (C,Fe) —7.14 (SiFy)
G3i 096 091 1.28 1.05 4.95 (C,Fy) —7.07 (PFs)

a

Errors, (kcal/mol, Expt. — Theo.). The geometries were optimized using B3LYP with the 6-
311 4+ G(d, p) basis set. Analytical vibrational frequencies were calculated at the same level and
scaled by 0.9877 to estimate zero-point energies. Single point calculations are performed with the 6-
311 + G(3df, 2p) basis set [25-27].

b Experimental data are from Ref. [9].

¢ The G3/99 set are usually divided into three subsets, G2-1, G2-2 and G3-3, of increased molecular
size.

4 Mean absolute deviations.

¢ Maximum positive deviations.

f Maximum negative deviations.

¢ Data from Ref. [30].

h Data from Ref. [40].

' Calculated with the Gn theory [7-9]

worse. The complete B2PLYP method leads to MAD = 4.63 kcal/mol, while the
corresponding MAD associated with MP2 is 10.93 kcal/mol. Due to the approx-
imation adopted by restricting the minimization in Eq. 2.31 to single-determinant
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wavefunction @ [32], density in B2PLYP does not corresponds to the ground state
density by construction just as in the HF method. While B2PLYP density should
be an improvement over HF density, due to the partial correlation embedded in the

complement HK functional ELXC [p] (see Sect. 2.3). B2PLYP is certainly an
improvement over MP2 in terms of the G3 set for covalent bonds.

XYG3 is rooted within the adiabatic connection formulism [33-37] and the
Gorling-Levy theory [38] of coupling-constant perturbation expansion, we con-
sider it very important to have accurate KS orbitals to provide an accurate density
and the zero-order approximation for perturbation theory [24]. It has been shown
that B3LYP densities are similar to those from CCSD(T) ab initio wavefunctions
(for the molecules discussed in Ref. [39]). Hence, XYG3 adopts B3LYP densities,
as well as the large energy terms 7T'[p], J[p], and V,y[p], but only updates the small
energy term E,.[p].

From Table 3.1 it is clear that there is a general tendency for the improvement
of the DFA performance along the rungs upwards. MADs are gradually reduced
from 120.83 kcal/mol for SVWNS5 [11, 12] to 8.78 for BPWI1 [13, 14], to 3.51 for
VSXC [18], to 2.40 for ®B97X-D [22], and to 1.81 for XYG3 [24].

The G3 method leads to a MAD of only 1.05 kcal/mol, while that given by the
G2 method is 1.88 kcal/mol [8, 9]. Gn is a composite method, based on the
6-311G** or 6-31G(d) basis sets but with several basis set extensions [7-9,
25-27]. Electron correlation is treated by the MP perturbation theory and by
quadratic configuration interaction (QCISD(T)). Even though we have grouped the
Gn method under the title of ab initio, we must not overlook the fact that it
includes an empirical ‘high-level correction (HLC)’. Removing this HLC leads to
much poorer thermochemistry as shown by the QCISD(T) results listed in
Table 3.1 (MAD = 15.22 kcal/mol) [40]. Thus the current generation of DFT
functionals lead to HOFs significantly better than the standard ab initio methods
(e.g., QCISD(T) with basis sets of triple-zeta quality). There is no doubt, however,
that increasing the basis set size will significantly improve the QCISD(T) per-
formance. Coupled-cluster based method at sufficiently large basis set, although
much expensive, has set up the gold standard that DFAs are trying to approach to.

3.1.2 Basis Set Dependence

It has to be noted that the good behavior of XYG3 for HOFs as listed in Table 3.1 is
partly because that XYG3 was fitted against the G3/99 set with the 6-311 + G(3df,
2p) basis set. HOFs was found to be subject to a large basis set dependence [10, 41],
since all chemical bonds are broken during the atomization process. The basis set
dependence of XYG3, along with those of B3LYP and MP2, have been investigated
[10, 41]. The basis sets examined included [25-27] B1: 6-311 + G(d, p), B2:
6-311 + G(2d, p), B3: 6-311 + G(2d, 2p), B4: 6-311 + G(3d, 2p), BS:
6-311 + G(2df, p), B6: 6-311 + G(2df, 2p), B7: 6-311 + G(3df), B8: 6-311 +
G(3df, p), B9: 6-311 + G(3df, 2p), and B10: 6-311 ++G(3df, 3pd), where B9 is the
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Fig. 3.1 Mean absolute deviations (MADs): basis set dependence for heats of formation against
the G3/99 set. B1: 6-311 + G(d, p), B2: 6-311 + G(2d, p), B3: 6-311 + G(2d, 2p), B4: 6-
311 + G(3d, 2p), B5: 6-311 + G(2df, p), B6: 6-311 + G(2df, 2p), B7: 6-311 + G(3df), BS: 6-
311 + G(3df, p), B9: 6-311 + G(3df, 2p), and B10: 6-311 ++G(3df, 3pd)

designed basis set. This choice echoes the common wisdom in the molecular orbital
(MO) theory that a triple-zeta basis set is relatively complete for moderate accuracy
and the major source of errors in calculating chemical reaction energies such as
HOFs comes from the incompleteness of the polarization functions [42, 43].

Figure 3.1 depicts the MADs for HOFs against the G3/99 set with this set of
basis sets [10, 41]. B3LYP shows a mild basis set dependence. MAD associated
with B3LYP/B1 is 12.63 kcal/mol, which decreases to 4.74 with the B10 basis set.
This is expected as adding more polarization functions improves the description of
the molecules, reducing B3LYP’s tendency of underestimating the stability of the
molecules. Figure 3.1 clearly shows that MP2 is more basis set dependent than
B3LYP. MAD associated with MP2 spans a range of 13.30 kcal/mol from B1
(MAD = 31.35) to B10 (17.95 kcal/mol), as opposed to the B3LYP range of
7.89 kcal/mol. XYG3 has inherited the strong basis set sensitivity of MP2. MAD
for XYG3/B1 is as high as 18.93 kcal/mol. When augmented with suitable number
of polarization functions, XYGS3 starts to behave significantly better than B3LYP.
Overall, XYG3 presents an improvement over both B3ALYP and MP2 in HOF
predictions with B5, B6, B8, B9 and B10 basis sets [41].

3.1.3 Molecular Size Dependence of Representative DHDF's

The G3/99 set is usually divided into three subsets, G2-1, G2-2, and G3-3 [7-9].
While the G2-1 set consists of 55 molecules with the maximum number of non-
hydrogen atoms of 3, the G2-2 set and the G3-3 set are made of 93 and 75
molecules up to 6 and 10 nonhydrogen atoms, respectively. The averaged non-
hydrogen atoms are 1.6 (G2-1), 3.6 (G2-2), and 5.8 (G3-3), indicating an increased
size from G2-1 to G2-2 and G3-3.
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Figure 3.2 depicts the molecular size dependence against the G3/99 set for the
methods we are interested in. More data are presented in Table 3.1 [10]. B3LYP
leads to errors that increase dramatically with size [42, 43], with MAD = 2.12 kcal/
mol (G2-1), 3.69 (G2-2), and 8.97 (G3-3). B2PLYP (at the 6-311 + G(3df, 2p)
level) does not improve over B3LYP, leading to MADs of 1.85 (G2-1), 3.70 (G2-2),
and 7.83 kcal/mol (G3-3). Size dependence is mild for MC3BB [28], giving MADs
of 2.28 (G2-1), 3.81 (G2-2), and 4.97 kcal/mol (G3-3). For XYG3 [24], we obtain
MAD:s of 1.52 (G2-1), 1.79 (G2-2), and 2.06 kcal/mol (G3-3), which exhibits the
best description for larger molecules [10, 24].

3.2 Ionization Potentials, and Electron Affinities Against
the G2-1 Set

Ionization potential (IP) and electron affinity (EA) are essential molecular properties
[44—46]. They define many useful concepts such as electronegativity [47], chemical
potential [44], hardness and softness [45], as well as electrophilicity and nucleo-
philicity [46], etc. They can be used in assessing the electron donating and accepting
abilities of a system involved in any redox processes [48—50]. IP and EA have been
widely employed in understanding the electron transfer processes occurring in gas
phase or in condensed phase, and are of fundamental importance in setting up
structure—reactivity relationships to aid the design of new materials [51-54].

3.2.1 Error Statistics for Calculated lonization Potentials

Table 3.2 lists the error statistics for IPs of 38 molecules in the G2-1 set [8, 10,
55]. Generally, charged species are more inhomogeneous than the corresponding
neutral systems. Thus it is expected that LDA leads to the worst results for IP
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Table 3.2 Statistic theoretical errors*®® for calculated ionization potentials (IPs, eV) at 0 K for
the G2-1 Set (38 systems)

AD  MAD RMS Max + Max-
Ist Rung SVWN —0.663 0.663 0.698 NAE? —1.15 (F > F)
SVWNS5 —0.175 0.224 0.269 0.30 (Be — Be*) ~0.56 (0, —» 0,
SPL —0.190 0.232 0.279 0.58 (H —» H") ~0.73 (0, —» 0,
2nd Rung BLYP 0.078 0.200 0.240 0.43 (Cl, - Cl,") ~0.56 (0 — 0"
BPW91 0.064 0229 0377 1.71 (H,S — H,S* 2A;) —0.46 (O — OY)
PBE —0.004 0.161 0.200 0.34 (Cl, - Cl,") —0.46 (O — OY)
BPS6 —0.040 0.231 0.367 1.60 (H.S — H.S* 2A;) —0.63 (O - OY)
3rd Rung MO6-L 0.077 0.193 0.239 0.64 (Na — Na*) ~0.59 (0, - 0,%)
TPSS 0.037 0.173 0.205 0.31 (CoH, — C,H,")  —0.45 (B — B*)
VSXC 0.046 0.192 0.346 1.64 (H,S — H,S* 2A,) —0.33 (N > NY
4th Rung BHHLYP 0.076 0213 0.281 0.47 (CHy —» CGHyY)  —0.99 (0, — 0,%)
B3PW91 —0.056 0.159 0.208 0.32 (Be — Be") ~0.72 (0, —» 0,
B3LYP —0.087 0.162 0.226 0.20 (Be — Be*) —~0.79 (0, - 05"
PBEO —0.001 0.165 0.204 0.34 (Be — Be") —0.68 (0, —» 0,
BMK —0.034 0.161 0.236 0.52 (Be — Be") —0.81 (0, —» 0,
TPSSh 0.074 0214 0347 1.73 (H,S - H,S* 2A;) —0.53 (0, — 0,%)
»B97TX 0.007 0.135 0.187 0.46 (Be — Be") —0.63 (0, —» 0,
®B97X-D  —0.006 0.132 0.187 0.49 (Be — Be") —0.67 (0, —» 0,
MO06-2X —0.011 0.119 0.196 0.28 (SiH; — SiH,")  —0.82 (0, —» 0,")
MO06 0.027 0.159 0211 0.39 (Be — Be*) ~0.76 (0, — 0,
5th Rung XYG3 0.010 0.057 0.075 0.20 (N, - N,*2%,)  —0.16 (0, » 0,
MC3BB 0.070 0.120 0.150 0.42 (Be — Be") —0.40 (0, - 0,")
B2PLYP 0.049 0.109 0.130 0.31 (Be — Be*) ~031 (0, —» 0,
B2PLYP-D  0.054 0.110 0.131 0.31 (Be — Be") 031 (0, —» 0,
B2GP-PLYP  0.050 0.101 0.123 0.33 (Be — Be") —0.31 (0, > 0,
Ab initio HF 0.954 1.005 1.135 1.82 (Be — Be*) —0.84 (0, —» 0,
UMP2 0.077 0.163 0.218 0.50 (Be — Be") ~0.69 (CS — CS™)
MP4SDQ 0.116 0.150 0.173 0.33 (S - S*) —~0.38 (CS — CS")
QCISD(T) 0.106 0.111 0.125 0.27 (S - SY) —0.11 (CS — CSM)

# 1IPs are calculated as ground state energy differences between the neutral species and the
corresponding ionic species [8, 10, 55]. As in the G2 method [8], the geometries were optimized
using MP2(full) with the 6-31G(d) basis set. Analytical vibrational frequencies were calculated at
the level of HF/6-31G(d) and scaled by 0.8929 to estimate zero-point energies. Single point DFT
calculations were performed with the 6-311 + G(3df, 2p) basis set [25-27].

b Experimental data are from Refs. [8].

¢ AD: Averaged deviations (Expt. — Calc.), MAD: Mean absolute deviations, RMS: Root-mean-
square errors, Max + : Maximum positive deviations, Max-: Maximum negative deviations

calculations. This is indeed true for SVWN [11, 12] (MAD = 0.663 eV), but not
necessary so for SVWNS5 [11, 12] and SPL [11, 56] (MADs = 0.224 and
0.232 eV, respectively). This suggests that the correlation functionals play an
important role.

Starting from that of SVWN, one may see that the second rung functionals of
GGAs dramatically improve the prediction of IPs over LDA(SVWN). Actually,
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Fig. 3.3 Histogram of deviations (Expt. — Calc.) for 38 ionization potentials (IPs) in the G2-1 set

GGAs on average give an MAD of 0.20 eV, being close to that of SVWNS, while
PBE [15] gives an MAD of 0.161 eV, which is the best GGA for IP predictions.
From Table 3.2 it can be seen that meta-GGAs slightly outperform GGAs,
although TPSS [16] (MAD = 0.173 eV) is slightly worse than its precedent PBE.

As ionization may create or quench a singly occupied orbital, the IP error may
therefore be related to the self-interaction error [57] which differs on the amount
between the neutral and the corresponding charged species. Hence, one sees, from
Table 3.2, a steady improvement for IP prediction along the ladder up to hybrid
functionals, possibly due to the mitigation of the self-interaction error because of
the introducing of the HF exchange. The majority of the 4th rung functionals give
an MAD around 0.16 eV, while some hybrid functionals, (e.g., ®B97X and
wB97X-D [22]) give an MAD around 0.13 eV. M06-2X [23] is outstanding,
giving an MAD of only 0.119 eV for the G2-1 set.

As it should be expected, the Sth rung functionals should further improve the
accuracy because of the further improvement on the correlation part. Indeed, all
DHDFs give MADs below 0.12 eV. Significantly, XYG3 gives an MAD of only
0.057 eV for the G2-1 set [8, 10, 55].
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It is worthwhile to make a comparison to the IP performances of the wave-
function based methods. Clearly, HF (MAD = 1.005 eV) is useless for the IP
prediction, emphasizing again the importance of correlation effects. MP2 has
dramatically reduced MAD to 0.163 eV, which has been further reduced to
0.150 eV for MP4SDQ and to 0.111 eV for QCISD(T). It should be emphasized
that basis set requirement is generally higher for wavefunction based methods.
With larger basis set than 6-311 + G(3df, 2p) used here, we expect that QCISD(T)
will lead to more satisfactory results, albeit at higher expense.

Figure 3.3 shows the histogram of deviations (Expt. — Calc.) for selected
methods in the predictions of 38 IPs in the G2-1 set [55]. PBE errors scatter around
a range with more negative deviations, indicating that neutral species are sub-
stantially overbound relative to the ions. B3LYP behaves worse than PBE. Both
B2PLYP and XYG3 are outstanding for IP calculations. In particular, 25 out of 38
entries are within the 0.0-0.1 eV error range for XYG3, showing the predictive
power of this functional. We emphasize that ions were not included in the training
set for XYG3. The three mixing parameters in XYG3 were optimized by using
only heats of formation of the G3 set where all species are neutral.

3.2.2 Error Statistics for Calculated Electron Affinities

Table 3.3 lists the statistics for EA calculations of the total 25 systems in the G2-1
set [8, 10, 55]. The DFA performances may be compared with those of wave-
function methods such as MP2 and QCISD(T).

Similar to the IP calculations, SVWN [11, 12] also performs quite differently
from SVWNS5 [11, 12] and SPL [11, 56] for EA calculations. SVWN gives an
MAD = 0.750 eV, significantly worse than MADs of 0.289 and 0.311 eV for
SVWNS and SPL, respectively. Unlike situations in IP calculations, Table 3.3
clearly demonstrates that GGAs and meta-GGAs perform considerably better than
LDAs for EA calculations. The best GGA and meta-GGAs lead to MADs of 0.094
(BPWOI1 [13, 14]) and 0.104 eV (TPSS [16], VSXC [18]). Some hybrid func-
tionals (e.g., @B97X-D [22]) and DHDFs (e.g., XYG3 [24]) can still improve the
accuracy to some extent, giving MADs around 0.08 eV. Indeed, the error histo-
grams displayed in Fig. 3.4 suggest that XYG3 is the most satisfactory DFT for
EA predictions.

From theoretical point of view, there has been debate in the literature, con-
cerning whether conceptually DFT methods are suitable for calculating electron
affinities [58—60]. It has been argued that two artifacts that combine fortunately in
the right way for error cancelation. On one hand, the ‘self-interaction error’ causes
the Kohn—Sham orbital energies to shift upwards artificially, leading to a positive
(unstable) orbital energy for the highest occupied orbital of the anion. On the other
hand, an artificial stabilization is provided by employing a finite basis set with
functions localized at the anion. This debate continues [57].
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Table 3.3 Statistic theoretical errors *®° for electron affinities (EAs, eV) at 0 K for the G2-1 Set

(25 systems)

AD MAD RMS Max + Max-
Ist Rung SVWN —0.750 0.750 0.766 NA® —1.15 (F « F)
SVWNS5 —0.289 0289 0269 NAE —0.63 (F « F)
SPL —0.311 0311 0345 NA® —0.67 (F < F)
2nd Rung BLYP —0.026 0.105 0.135 0.19 (Si < Si) ~0.36 (Cl, « Cl3)
BPW9I1 —0.060 0.094 0.123 0.12 (S, < S3) 027 (C « C)
PBE —0.086 0.102 0.133 0.10 (S; < S3) —0.29 (C « C)
BPS6 —0211 0211 0232 NA® ~0.39 (Cl, « Cl)
3rd Rung MO6-L 0.118 0.160 0.186 037 (OH <« OH) —0.28 (Cl, « CL)
TPSS 0.015 0.104 0.122 0.19 (OH < OH) —0.27 (Cl, « CL)
VSXC —0.017 0.104 0.148 0.25 (O, « O3) —0.54 (Cl, « Cl3)
4th Rung BHHLYP 0.198 0.248 0285 0.58 (OH « OH) —0.29 (Cl, « Cl3)
B3PW91 ~0.030 0.103 0.126 0.17 (OH « OH) —0.29 (Cl, « CL)
B3LYP —~0.084 0.106 0.144 0.06 (OH « OH) —0.45 (Cl, « Cly)
PBEO 0.036 0.128 0.146 029 (OH « OH) —0.20 (Cl, « CL)
BMK 0.007 0.106 0.127 022 (F « F) ~0.32 (CN « CNY)
TPSSh 0.053 0.130 0.153 0.29 (OH « OH) —0.26 (Cl, « Cl)
®B9TX 0.009 0.083 0.106 0.17 (Si < Si) ~0.25 (CN < CNY)
®B97X-D  —0.013 0.079 0.100 0.15(OH « OH) —0.22 (Cl, « Cly)
MO06-2X 0.051 0.103 0.126 0.25 (F « F) —0.17 (CN « CN)
MO06 0.048 0.095 0.116 0.24 (SiH, < SiH;) —0.23 (NO « NO")
5th Rung XYG3 0.058 0.080 0.090 0.16 (CH; « CHz) —0.18 (Cl, « CL)
MC3BB 0.132 0.175 0.188 029 (NH « NH) —0.26 (CN « CN)
B2PLYP 0.056 0.090 0.102 0.17 (CH; « CH3;) —0.22 (Cl, « CL)
B2PLYP-D  0.056 0.091 0.104 0.17 (CH; « CH;) —0.23 (Cl, « Cl3)
B2GP-PLYP  0.083 0.114 0.124 021 (CH; « CH;) —0.19 (CN « CN")
Ab initio HF 1.148 1.148 1283 221 (F < F) NA
UMP2 0.079 0.166 0.224 0.37 (P « P) ~0.78 (CN « CN")
MP4SDQ 0.175 0.208 0229 0.36 (NH « NH)  —041 (CN « CN)
QCISD(T) 0.135 0.135 0.148 023 (NH « NH) NA

# EAs are calculated as ground state energy differences between the neutral species and the
corresponding ionic species [8, 10, 55]. As in the G2 method [8], the geometries were optimized
using MP2(full) with the 6-31G(d) basis set. Analytical vibrational frequencies were calculated at
the level of HF/6-31G(d) and scaled by 0.8929 to estimate zero-point energies. Single point DFT
calculations were performed with the 6-311 + G(3df, 2p) basis set [25-27]. b Experimental data
are from Refs [8]. © AD: Averaged deviations (Expt. — Calc.), MAD: Mean absolute deviations,
RMS: Root-mean-square errors, Max + : Maximum positive deviations, Max-: Maximum neg-
ative deviations, NA: Not applied

From practical point of view, it is encouraging to see from Table 3.3 that many
DFT methods outperform MP2 (MAD = 0.166 eV) and QCISD(T) (MAD =
0.135 eV) for EA calculations. With larger basis set than 6-311 + G(3df, 2p) used
here, there is no doubt that QCISD(T) will lead to more satisfactory results,
although its steep scaling will prevent its applications to larger systems.



3.3 Bond Dissociation Enthalpies Against the BDE/O7 Set 57

PBE B3LYP

Frequency
o o
Frequeney

(=] W
- —

070 —

| |
&Esss s coocoooe AT T W e coocoooo
e - ] il ] HT N PO S P Y (N P ]
g BcdcccocpcocopgocoOEe® = s=sssSs5s5s5585858¢8 883
A A A = = I oo geee? 2222222
: el = & = 2 = £ -
Pl g PO N R AT NS SoRosonCe=murnaa
15 15
12 | 12
= XYG3 = B2PLYP
29| ] g g |
o =
3 H
= o
g 6 | ] £l
= &
3 | 3 |
0 ol 0 5NN
tobbssboosecoeooe bbbbbbbonocoosese
B R A N A St BT P - R - N R Wi = = 2 Wk WO~ 0
- - - T~ T - - - - - - - - - S 85585858 ccococcgBE 8 o
bO65L850820 80088 LLOLLALSERTDRRET
R - R e u e kW —
15 15

Frequency
Frequency

[

==
W

il MP2, 9 QCISD(T)
6 I ‘ 6 |
il 1 I I

= =) e e oo

z 5 z z 588885883 5 5 3 z 55585883858
: H - E: i L
e n Wi b L WA DN il b Feelie PRI R NSO P R

Fig. 3.4 Histogram of deviations (Expt. — Calc.) for 25 electron affinities (EAs) in the G2-1 set

3.3 Bond Dissociation Enthalpies Against the BDE/07 Set

Covalent bond dissociation enthalpy (BDE) is defined as energy absorbed when a
bond is cleaved by homolysis. It is a fundamental concept in chemistry, being
widely used in pursuit of the understanding of a diversity of chemical processes
such as atmospheric and combustion reactions, or enzymatic catalysis, etc.
Nevertheless, the majority of experimental BDE data suffers from an uncertainty
of 1-2 kcal/mol [1-3, 6, 8], and some of them are contradictory to each other.
Theory provides a valuable alternative. In particular, it offers a way to provide
BDEs of unknown species or unstable species that are not amenable to any
experimental techniques. Hence, developing accurate theoretical methods for BDE
prediction is vitally important.
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3.3.1 Performances of Various Rungs of the DFT Methods

We calculated BDE of a single bond according to the enthalpy change of the
following reaction in the gas phase at 298 K and 1 atm:

X-Y(g) =X-(g) +Y(g)
BDE = ArHS()s = Ang%(X') + Angos(Y'> - AfHS%(X -Y) (3.1)

where we supplied the experimental or calculated HOF with the given method for
each species. When X or Y happened to be an atom, we used the experimental HOF
[7-9].

Twenty-seven radicals and seventy-six molecules contained in the G3/99 set
have been used to set up ninety-two bond dissociation reactions (the BDE92/07
set). Five radicals and thirty-nine molecules that go beyond the G3/99 set have
further been included to set up fifty additional bond dissociation reactions, leading
to the so-called BDE142/07 set. The bond types include C-H, X-H, C-C, C-0,
C-N, C-F, C-CI, C-S and X-Y (X, Y # C, H). The lowest BE is that for CH;—CO,
10.98 kcal/mol, while the highest BE is that for NC-CN, 136.50 kcal/mol. Heats
of formation span from —321.3 (C,Fe) to 135.1 (CCH) kcal/mol.

As HOFs are routinely calculated via atomization energies, which present a
harsh chemistry where every bond in the molecule is broken, it is generally
believed that errors associated with BDE calculations are smaller than HOF cal-
culations. Contrary to this general belief, Table 3.4 and Fig. 3.5 show that a good
prediction of HOFs does not necessarily guarantee a good performance for BDE
prediction [61-63].

As indicated in Eq. 3.1, if errors in HOFs for radicals and the parent molecules
are of the opposite sign, there will be an error accumulation in the prediction of
BDE. This is obviously the case for B3ALYP [13, 19-21] as shown in Fig. 3.5 for
the BDE142/07 set where MAD for HOFs is 3.96 which increases to 6.14 kcal/mol

7.0

® Bond dissociation enthalpies

=]
(=]

=

607 & Heats of formation
5.0

2

<40

o

2

03.01

Z, 3.0

| l [ l
0.0 1 l

XYG3 MC3BB B2PLYP-D B2PLYP B2GP-PLYP B3LYP PBEO

Fig. 3.5 Mean absolute deviation for the performance of some representative functionals in
calculating heats of formation and bond dissociation enthalpies
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Table 3.4 Statistic theoretical errors (in kcal/mol)a’h for bond dissociation enthalpies (BDEs) at
298 K (the BDE142/07 set) and the associated set of heats of formations (HOFs)

Method BDE HOF
AD MAD Max+ Max- AD MAD Max+ Max-
1st Rung SPL —16.79 16.81 1.02 —48.95 137.63 137.63 430.65 NA
SVWN —-17.79 17.79 0.30 —49.70 142.37 142.37 45275 NA
SVWNS5 —16.01 16.03 1.09 —46.80 130.71 130.71 412.44 NA
2nd Rung BLYP 7.39 8.15 2271 —13.22 —2.52 10.05 41.66 —43.41
PBE 1.92 4.74 1446 —21.40 24.21 24.48  89.89 -9.90
BPWI1 535 6.71 19.82 —16.44 6.23 1025 49.23 —22.75
BP86 3.13 5.15 16.78 —19.37 28.56 28.56  79.92 NA
3rd Rung MO6-L 3.45 4.56 1201 —10.58 1.69 4.97 21.02 —9.53
TPSS 5.96 6.78 19.05 -10.19 6.91 7.02 23.33 —-3.99
VSXC 4.86 5.36 12.18 —-7.29 0.92 3.28 1491 —8.81
4th Rung BHHLYP 7.53 8.12 2123 -9.01 —29.41 29.51 282 —90.79
B3PWI1 4.25 5.40 16.80 —12.76 2.79 3.85 18.48 —13.22
B3LYP 5.74 6.14 18.55 —.78 —2.11 3.96 8.50 —19.81
B3P86 1.41 2.20 13.01 —-9.68 29.93 2993 8951 NA
PBEO 291 3.87 1246 —8.94 5.82 6.46 40.99 —7.24
BMK 0.45 2.16 9.05 —-11.07 1.25 2.18 6.99 —5.93
TPSSh 6.18 6.61 18.17 —8.78 0.95 3.48 17.10 —8.68
MO06-2X —0.67 2.06 5.16 —12.07 0.37 2.31 15.80 —9.54
MO6 0.57 2.32 7.12 —8.94 1.99 3.51 25.89 —4.24
5th Rung XYG3 1.62 1.87 734 =335 0.01 1.45 6.87 —17.65
MC3BB —1.61 2.65 475  -21.46 1.93 333 22.36 —10.38
B2PLYP 2.97 3.44 9.26 —6.61 —3.37 4.47 10.24 —21.16
B2PLYP-D 2.14 2.60 625 —6.82 —2.70 3.48 8.94 —10.99
B2GP-PLYP 1.85 2.64 6.33 —10.77 —5.08 542 3.90 —20.38
Ab initio HF 32.04 3227 80.66 —6.63 —231.61 231.61 —24.33 —666.43
UMP2 —8.29 9.34 8.62 —57.10 —0.18 12.06 4834 —25.88
G2 ¢ —2.12 2.35 3.85 —8.88 0.44 1.76 9.39 —7.11
G3¢ —0.16 1.35 4.62 —6.56 0.17 0.80 3.60 —4.85

% B3LYP/6-311 + G(d,p) optimized geometries are adopted for all calculations. ZPEs are scaled with 0.9877. B3LYP/
6-311 + G(3df, 2p) is used for single point energy calculations [25-27]. Experimental data are from Refs. [8, 9].

° AD: Averaged deviations (Expt. — Calc.), MAD: Mean absolute deviations, RMS: Root-mean-square errors, Max + :
Maximum positive deviations, Max-: Maximum negative deviations, NA: Not applied

for BDEs. On the other hand, even though PBEO [15, 58, 64] leads to MAD of
6.46 kcal/mol for HOFs, the corresponding MAD for BDEs is reduced to
3.87 kcal/mol, benefiting from error cancelations between HOFs of molecules and
radicals. As shown in Table 3.4, such favorable error cancelations are most sig-
nificant for LDA(e.g., SPL [11, 55]), GGAC(e.g., PBE [15]), and the HF method.

As for DHDFs, we find that MAD associated with XYG3 is 1.45 kcal/mol for
HOFs, which is slightly increased to 1.87 kcal/mol for BDEs, being quite satis-
factory for both quantities. MADs for HOFs are 2.98 (B2PLYP-D [30]), 3.33
(MC3BB [28]), 4.47 (B2PLYP [29]), and 5.42 (B2GP-PLYP [65]), the corre-
sponding errors for BDEs are 2.65 (MC3BB), 2.51 (B2PLYP-D), 2.64 (B2GP-
PLYP), and 3.44 (B2PLYP). In comparison, G2 and G3 give MADs of 1.76, and
0.80 kcal/mol, respectively, for HOFs, and 2.35, and 1.35 kcal/mol, respectively,
for BDEs.
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3.3.2 Error Statistics for Different Bond Types

Statistical analyses are also performed according to bond types in the BDE142/
07 set (see Table 3.5). For 16 comparisons of C—H bonds, B3LYP leads to
MAD = 2.70 kcal/mol, which is one of the best results, on average, as compared
to its own performance against other bond types. XYG3 reduces B3ALYP MAD
to only 1.06 kcal/mol. M06-2X and B2PLYP-D give MADs of 1.49 and
1.98 kcal/mol, respectively, while all other DFAs lead to MADs higher than
2.0 kcal/mol. G3 is most satisfactory for C-H bonds, whose MAD is only
0.50 kcal/mol; while G2 is less satisfactory as compared to G3 with MAD being
1.53 kcal/mol.

For 12 comparisons of X-H bonds (X # C), XYG3 performance is degraded,
with MAD being 2.41 kcal/mol. The best DFA performer is M06, whose MAD
is 1.38 kcal/mol, while MC3BB is the second best (MAD = 1.66 kcal/mol).
Note that MAD is more than doubled for G3 to 1.35 kcal/mol, it is slightly
improved to 1.42 kcal/mol for G2, as compared to their own performance for
C-H bonds.

The C-C bond type presents the largest subset in our benchmarking set
(44 comparisons). It covers various chemical situations where a C-C bond is
embedded. MAD of B3LYP is significantly increased to 8.03 kcal/mol. The most
difficult cases are when the carbon is highly alkylated [66—68]. Both XYG3
(MAD = 1.69 kcal/mol) and M06-2X (MAD = 1.41 kcal/mol) present a signifi-
cant improvement, which are comparable to the G3 method (MAD = 1.23 kcal/
mol), while G2 is inferior, giving MAD of 2.51 kcal/mol. This suggests that both
XYG3 and M06-2X have taken good care of middle range correlations [68—70]. In
fact, long-range dispersive correlations are also believed to be taken into account
to some extent [24].

We have also included fifteen X-Y bonds, where X, and Y are neither C nor H
atoms [63]. Accurate description of these bonds is a great challenge as it may
involve subtle balance between hyperconjugative effect and steric repulsion of
lone pair electrons as in HO—OH and H,N-NH,. G3 gives MAD of 2.11 kcal/mol,
being one of the worst sets of its own according to the bond types. MC3BB, being
the best method for this bond type, leads to MAD of 1.45 kcal/mol, whereas
MADs of other DHDFs are within 3.0-3.6 kcal/mol.

B3LYP performance for C—X (X = O, N, S) in alcohols, ethers, thiols, sul-
fides, and amines is poor. For a total of 40 comparisons in three subsets, MAD is
as high as 7.4 kcal/mol. Increasing alkylation again leads to increasing errors.
PBEO is better, which nearly halves the errors. The M06 family is even better.
While M06 is good for C—O/C-N bonds, with MADs of 1.67/1.79 kcal/mol,
MO06-2X is good for C—S with MAD of 1.06 kcal/mol. XYG3 is fair, with MADs
around 2 kcal/mol. The best DHDF is MC3BB, whose MADs are 1.32, 1.98, and
1.04 kcal/mol for C—X (X = O, N, S, respectively). Even the Gn methods are not
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Table 3.5 Bond dissociation enthalpies (BDEs, kcal/mol) at 298 K (BDE142/07): Theoretical
errors * for various bond types
Method C-H X-H C-C C-O CN CF CC CS X-Y
(16) (12 @ (19 (12 G 10 9  J59
Ist Rung SPL 805 879 1503 19.79 18.03 30.32 21.78 17.57 24.74
SVWN 868 971 16.18 21.00 19.25 3091 21.09 18.97 26.18
SVWNS5  7.79 839 14.07 18.78 17.13 2854 22.09 16.34 23.87
2nd Rung BLYP 418 495 1097 10.17 1055 257 494 8.08 6.28

PBE 4.61 4.88 492 544 368 445 3.02 2776  6.58
BPW91 540  5.65 857 818 795 2.08 2.86 510 5.72
BP86 275 283 6.77 644 576 3.07 2.6l 3.66 5091
3rd Rung MO6-L 421 440 503 553 662 200 2.89 354 342
TPSS 327 391 972 821 9.62 238 285 5.61 4091

VSXC 345 378 650 698 7.66 203 213 459 5.11
4th Rung BHHLYP 296 475 8.02 944 847 942 7.69  9.66 13.55
B3PW91 444 3.64 7.16 6.06 628 189 3.06 497 4.15
B3LYP 270  3.04 803 725 787 264 474 713 551
B3P86 221 1.22 458 359 314 219 243 3.09 3.17
PBEO 4.15  4.09 465 410 379 136 235 3.17 3.17
BMK 144 1.99 271 244 115 164 1.72 1.30 2.87
TPSSh 3.06 348 9.08 795 9.18 391 441 590 4.65
MO06-2X 1.49 231 141 3.17 216 202 287 1.06 2.95
MO6 209 138 274 167 179 313 276 241 276
5th Rung  XYG3 1.06 241 1.69 210 244 1.62 0.78 1.52 3.09
MC3BB 2.18  1.66 4.11 132 198 4.05 4.06 1.04 145
B2PLYP 2.19  2.87 415 361 425 160 2.18 373 355
B2PLYP- 198 271 265 246 286 157 1.70 272 3.04

D
B2GP- 2.10 252 315 215 261 1.28 1.82 285 3.36
PLYP
Ab initio HF 2375 2685 31.23 3295 3091 4285 33.14 3249 44.75
UMP2 544 428 1428 747 9.8 1395 1250 373 524
G2 1.53 142 251 350 260 335 293 141 1.65
G3¢ 050 1.35 123 212 132 099 130 085 211

% Mean absolute deviation, (MAD, kcal/mol). BALYP/6-311 + G(d,p) optimized geometries are
adopted for all calculations. ZPEs are scaled with 0.9877. B3LYP/6-311 + G(3df, 2p) is used for
single point energy calculations [25-27]. Experimental data are from Refs. [8, 9].

® X-H: N-H, O-H, S-H, P-H, S-H.

¢ X-Y: 0-0, N-N, N-O, C-Si, Si-Si, CI-O, CI-N.

4" Data from Refs. [8, 9]. Calculated with the Gn theory [7-9]

satisfactory for C-O, with MADs of 3.50 and 2.12 kcal/mol, for G2 and G3,
respectively.

Fifteen C-halogen bonds have been included in Table 3.5 for comparisons. G2
is particularly erroneous for these sets, with MADs of 3.35 and 2.93 kcal/mol for
C-F and C-Cl, respectively. G3 improves over G2 by including the spin-orbital
corrections for atoms [9]. Such corrections can be conveniently included in the



62 3 Benchmarking the Performance of DHDFs for the Main Group Chemistry

BDE calculations with DFAs. For these C—halogen bonds, MADs are reduced
from B3LYP to B3PW91 to PBEOQ. These traditional hybrid functional perform
better than the M06 family. The 3rd rung functionals are similarly good as the 4th
rung functionals. With the exception of MC3BB, other DHDFs are good per-
formers. For example, XYG3 gives MADs of 1.62 and 0.78 kcal/mol for C-F and
C-Cl, respectively.

3.3.3 Basis Set Dependence of B3LYP, MP2 and XYG3

Figure 3.6 shows the basis set dependence for BDEs in the BDE92/07 set [10, 41].
For B3LYP, MAD from Bl = 6-311 + G(d, p) is 5.86 kcal/mol and that from
B10 = 6-311 ++G(3df, 3pd) is 5.18 kcal/mol. Hence the basis set dependence is
not evident. Basis set dependence for BDEs associated with MP2 is also signifi-
cantly attenuated as compared to that for the corresponding HOFs, while it is still
sizable as compared to that of BDEs associated with B3ALYP. MAD from UMP2/
B1 is 6.18 kcal/mol, which increases, rather than decreases, to 8.41 for UMP2/
B10. This reflects that higher order correlation effects have to be introduced.
XYG3 is particularly satisfying for BDE predictions. Even with XYG3/B1, MAD
for the BDE92/07 set is 3.29 kcal/mol, smaller than the best values of UMP2/B1
(6.18) and B3LYP/B10 (5.17). Improving basis set improves steadily the XYG3
performance, such that XYG3/B10 gives MAD = 1.46 kcal/mol.

10.0 Bond dissociation enthalpies
8.0+
S
= 60
2 oMP2
[a)
; 4.0 BB3LYP
55 mXYG3
0.0

Bl B2 B3 B4 Bs B6 B7 B8 B9 B10

Fig. 3.6 Mean absolute deviations (MADs): basis set dependence for bond dissociation energies
against the BDE92/07 set. B1: 6-311 + G(d, p), B2: 6-311 + G(2d, p), B3: 6-311 + G(2d, 2p),
B4: 6-311 + G(3d, 2p), B5: 6-311 4+ G(2df, p), B6: 6-311 + G(2df, 2p), B7: 6-311 + G(3df),
B8: 6-311 4 G(3df, p), B9: 6-311 + G(3df, 2p), and B10: 6-311 ++G(3df, 3pd)
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3.4 Reaction Barrier Heights Against the BH76
and PES(H-CH,) Sets

3.4.1 Error Statistics Against the BH76 Set for Various DFT
Methods

Zhao and Truhlar have compiled several benchmark sets for reaction barrier
heights in 2004 [17, 23, 71-73]. These sets are grouped together and dubbed the
name BH76/04. The functional performances summarized in Table 3.6 were based
on the calculations with the 6-311 + G(3df, 2p) basis set [25-27].

Common DFAs are usually problematic for the stretched partially broken bonds
due to the so-called self-interaction errors (SIE) [57]. This has led to a general
tendency for common DFT methods to underestimate the reaction barrier heights.
Table 3.6 shows that MAD is 15.18 kcal/mol for LDA(SPL), which is reduced to
9.04 and 8.22 kcal/mol for GGAs of PBE and BLYP, respectively, and is further

Table 3.6 Reaction barrier heights (RBHs, kcal/mol) for Truhlar’s BH76/04 set: * Theoretical
b
€errors.

Method UM10 NS16 HATI12 HT38 Total (76)
Ist Rung SPL 5.90 8.56 23.24 17.86 15.18
SVWN 5.86 8.59 23.20 18.01 15.25
SVWN5 6.01 8.46 23.44 17.78 15.16
2nd Rung BLYP 3.57 7.33 14.69 7.77 8.22
PBE 3.41 6.94 14.97 9.52 9.04
BPWI1 2.88 5.95 13.02 7.59 7.48
BP86 3.94 6.87 15.55 9.38 9.11
3rd Rung MO6-L 1.86 3.33 5.86 4.36 4.05
TPSS 4.08 7.84 14.67 7.93 8.47
VSXC 2.45 5.01 7.49 5.12 5.12
4th Rung BHHLYP 1.95 1.42 3.01 2.60 2.33
B3LYP 2.02 3.38 8.51 4.43 4.54
B3PWO1 1.96 2.18 722 4.25 3.98
B3P86 2.87 2.97 9.15 5.80 5.35
X3LYP 2.06 3.41 8.51 4.57 4.62
PBEO 223 1.99 6.66 4.44 3.99
B97-1 0.94 1.38 1.47 1.27 1.28
B97-D 3.14 6.02 9.72 7.32 6.87
wBI7X 2.36 1.24 2.27 2.17 2.01
wB97X-D 1.89 0.80 2.05 2.31 1.90
MO06-2X 0.94 1.38 1.47 1.27 1.28
MO6 1.68 1.62 3.41 223 222
5th Rung XYG3 0.98 1.42 1.38 0.75 1.02
MC3BB 1.50 0.72 2.39 0.82 1.13
B2PLYP 0.73 2.16 3.05 1.81 1.94

(continued)
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Table 3.6 (continued)

Method UMI10 NS16 HATI2 HT38 Total (76)
B2PLYP-D 0.81 251 3.29 221 2.26
B2GP-PLYP 0.98 0.90 1.86 0.73 0.97

Ab initio HF 3.82 6.69 16.86 13.41 11.28
UMP2 543 1.69 11.42 3.82 4.78
QCISD(T)* 0.53 1.08 1.21 1.24 1.10

4 BH76/04 set contains UM10, NS16, HAT12, and HT38 subsets, where HAT12 refers to the
forward and reverse barrier heights for 6 heavy-atom transfer reactions, NS16 refers to
the forward and reverse barrier heights for 8 nucleophilic substitution reactions, UM10 refers to
the forward and reverse barrier heights for 5 association and unimolecular reactions, and HT38
refers to the forward and reverse barrier heights for 19 hydrogen transfer reactions.

® Mean absolute deviation, (MAD, kcal/mol). The calculations were performed using geometries
from Truhlar database website [73]. W1 reference data are from Ref. [71].

¢ Data from Ref. [71]

reduced to 4.54 for the most widely used hybrid functional B3LYP. Hence, there is
an improvement along the rungs up. The improvement with the third rung is,
however, controversy. While M06-L gives MAD of 4.05 kcal/mol for this property,
TPSS leads to MAD of 8.47 kcal/mol, which is comparable to those of GGAs.

Large portion of HF exchange proves to be valuable here. Doubled portion of
HF exchange in M06-2X improves its performance over M06, with MAD of
1.28 kcal/mol for the former and 2.22 kcal/mol for the latter against the BH76 set.

Hybrid B97-1 functional [74] is also found to be very satisfactory in reaction
barrier height calculations, giving MAD of only 1.28 kcal/mol for the BH76 set.
Disturbingly, B97-D [75], which is a re-optimized version with the dispersion term
is very poor for BH76 set, whose MAD is as high as 6.87 kcal/mol.

DHDFs generally represent an important advance. B2PLYP, MC3BB, XYG3,
and B2GP-PLYP lead to MADs of 1.94, 1.13, 1.02 and 0.97 kcal/mol, respec-
tively. This accuracy is comparable to that of the QCISD(T) ab initio method with
the same basis set (MAD = 1.10 kcal/mol). We emphasize that barrier heights are
not included in the XYG3 training set, but are included in the M06 family,
MC3BB, and B2GP-PLYP training sets. Probably it is the presence of ~ 80 %
exact exchange in XYG3 that decreases the self-interaction errors (SIE) of local
DFT functionals.

3.4.2 Potential Energy Curves
for the H + CH; — H, + CHj Reaction

Accurate potential energy surfaces (PES) are essential for using theory to predict
chemical processes, but the accuracy depends critically on the level of the
theory. Because of its important roles in CH4/O, combustion chemistry, the
H + CH; — H, + CHj; reaction has long been the subject of both experimental
and theoretical interest [76].
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Figure 3.7 presents a point-to-point comparison among the results of various
methods along the reaction coordinate. It is expected that the CCSD(T)/
6-311 ++G(3df, 2pd) curve should be the most accurate, leading to a barrier of
15.03 kcal/mol. Remarkably XYG3 predicts the barrier of 15.08 kcal/mol, and is
within 0.44 kcal/mol of the CCSD(T) results for the entire reaction path.

B3LYP and MP2 are both inadequate for the potential energy surface calcu-
lations. B3LYP underestimates the barrier height by 5.40 kcal/mol, whereas MP2
overestimates the barrier height by 5.81 kcal/mol. B3LYP and MP2 are also poor
for reaction heats. While B3LYP underestimates it by 1.89 kcal/mol, MP2 over-
estimates the endothermicity of the reaction by 4.70 kcal/mol.

Figure 3.8 gives a comparison among other DHDFs and CCST(T) results.
MC3BB is less satisfactory for this reaction. The maximum error is as high as
2.85 kcal/mol, occurring at the product area. As comparing the MC3BB curve with
the MP2 curve, it is clear that MC3BB inherits some weakness of MP2. B2PLYP

Fig. 3.8 Comparison of the 180
calculated potential energy
curves for the 150 |

--MC3BB
-&-B2IPLYP
-%-B2GP-PLYP
- CCS5D(T)

H+CH4—>H2+CH3
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B2PLYP and B2GP-PLYP
[10]. The CCSD(T)/6-

311 ++G(3df, 2pd) data are
used as the Ref. [76].
Reaction coordinate is
defined as [R(CH)-R(HH)] - L.
(in A) S0 o -

Energy (kcal/mol)

-3.0 -2.0 -1.0 . 0.0 1.0 2.0 3.0
Reaction coordinate
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leads to very good reaction heat for this reaction (2.58 as compared to 2.59 kcal/
mol of CCSD(T)). However, B2PLYP underestimates the barrier height by
1.83 kcal/mol. It is shown that the B2GP-PLYP functional is quite satisfactory for
the description of this potential energy curve. The barrier height is 0.41 kcal/mol
lower and the product level is 0.61 kcal/mol higher than the corresponding
CCSD(T) values.

3.4.3 Basis Set Dependence for the Calculated Reaction
Barrier Heights

Figure 3.9 displays the results of basis set dependence against BH76 as comparing
the performance of B3LYP, MP2, and XYG3 with basis sets from Bl = 6-
311 + G(d, p) to B10 = 6311 ++G(3df, 3pd) [25-27]. The basis set dependence is
found to be quite mild for B3LYP. This is also true for MP2 and XYG3, showing
that triple-zeta basis set plus a minimum set of polarization functions is generally
good for barrier height predictions. B3LYP with various basis sets leads to MAD
around 4.6 kcal/mol. MAD from MP2/B1 is 5.82 kcal/mol, which is reduced to
4.44 kcal/mol with B10. XYG3 is obviously superior to B3LYP and MP2, leading
to MAD around 2.0 kcal/mol for B1, B3, B4, and B7 and around 1.0 kcal/mol for
other basis sets.

We have also studied the basis set dependence for the calculated potential
energy curves with XYG3. Figure 3.10 shows such a comparison. The B7 = 6-
311 + G(3df) results is not included as it contains no polarization function on
hydrogen atoms, which it is certainly unbalanced for this H-abstraction system.
The close agreement among the results of various basis sets is encouraging, which
once more demonstrates quite good basis set convergence for the XYG3
functional.

7.0

Reaction barrier heights
6.0
5.0
4.0 oMP2

3.0 aB3LYP

MAD (kecal/mol)

20 BXYG3

0.0

Bl B2 B3 B4 B3 B6 B7 B3 B9 BlO

Fig. 3.9 Mean absolute deviations (MADs): basis set dependence for reaction barrier heights
against the BH76/04 set
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Fig. 3.10 Basis set dependence for the calculated potential energy curves of the
H + CH4 — H, + CH; reaction [41]

3.5 Nonbonded Interactions Against the NCIE31
and PES(CH4-CgHg) Sets

3.5.1 Error Statistics Against the NCIE31 Set for Various
DFT Methods

Noncovalent interactions (NCIs) determine the structures of biomacromolecules
like DNA, RNA, and proteins [77-83]. To elucidate their geometric and electronic
structures, reliable calculations are mandatory [83—-87]. Zhao and Truhlar have
constructed a set, dubbed NCIE31/05, which has now been frequently used as a
training and/or testing set of NCIs for the development of DFAs [17, 23, 71-73].
This set covers various kinds of NClIs, consisting of 6 hydrogen bond (HB)
complexes, 7 charge-transfer (CT) complexes, 6 dipole interaction (DI) com-
plexes, 7 weak interaction (WI) complexes, and 5 7—n stacking (PPS) complexes.

The errors against NCIE31/05 for various DFT methods are summarized in
Table 3.7. The basis set used is generally 6-311 4+ G(3df, 2p). Basis set super-
position error corrections are not included, which may facilitates the NCI calcu-
lations of intramolecular interactions. Geometries and reference energies are taken
from the Truhlar database website without modifications [73].

LDA(SPL [11, 56]) leads to a relatively good performance for WI7
(MAD = 0.34 kcal/mol) and PPS5 (MAD = 0.68 kcal/mol), but is particularly
poor for HB6, CI7, and DI6, with MADs of 4.61, 6.83, and 3.13 kcal/mol, respec-
tively. The final MAD for the whole NCIE31/05 set is as high as 3.23 kcal/mol.
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Table 3.7 Noncovalent interaction energies (kcal/mol) for Truhlar’s NCIE31/05" set:theoretical
b
errors

Method HB6 CT7 DI6 WI7 PPS5 Total (31)
Ist Rung SPL 4.61 6.83 3.13 0.34 0.68 3.23
SVWN 4.85 7.03 3.27 0.36 0.76 3.36
SVWNS5 4.60 6.82 3.11 0.34 0.68 3.22
2nd Rung BLYP 1.20 1.71 0.85 0.41 3.58 1.45
PBE 0.41 3.01 0.56 0.16 1.84 1.20
BPW91 1.67 1.44 0.98 0.67 3.79 1.60
BP86 0.75 2.10 0.64 0.61 3.18 1.39
3rd Rung MO6-L 0.26 1.96 0.65 0.20 0.20 0.70
TPSS 0.43 2.24 0.50 0.20 2.48 1.13
VSXC 0.35 2.94 1.31 1.01 7.26 2.38
4th Rung B3LYP 0.63 0.76 0.61 0.27 293 0.95
B3PW9l1 1.06 0.67 0.77 0.49 3.16 1.13
B3P86 0.35 1.13 0.48 0.43 251 0.92
X3LYP 0.41 1.03 0.38 0.17 2.47 0.82
PBEO 0.40 1.13 0.36 0.13 1.79 0.72
B97-1 0.37 1.26 0.36 0.11 1.56 0.70
B97-D 0.37 1.91 0.42 0.18 0.20 0.66
wB97X 0.87 0.74 0.80 0.05 0.44 0.57
®wB97X-D 0.37 0.33 0.38 0.06 0.58 0.33
MO06-2X 0.39 0.43 0.29 0.20 0.22 0.31
MO6 0.22 1.12 0.45 0.23 0.18 0.46
5th Rung XYG3 0.38 0.64 0.19 0.12 0.26 0.32
MC3BB 0.64 0.27 0.59 0.24 1.06 0.52
B2PLYP 0.35 0.75 0.30 0.12 1.30 0.53
B2PLYP-D 0.62 1.17 0.48 0.13 0.28 0.55
B2GP-PLYP 0.35 0.70 0.23 0.09 0.77 0.41
Ab initio HF 2.25 3.61 2.17 0.29 3.32 2.27
UMP2 0.99 0.47 0.29 0.08 1.69 0.64
QCISD(T) ¢ 0.90 0.62 0.47 0.07 0.95 0.57

* NCIE31/05 set consists of 6 hydrogen bond (HB) complexes, 7 charge-transfer (CT) com-
plexes, 6 dipole interaction (DI) complexes, 7 weak interaction (WI) complexes, and 5 @7 — =
stacking (PPS) complexes. ® Mean absolute deviation, (MAD, kcal/mol). Our calculations used
the 6-311 + G(3df, 2p) basis sets with geometries from Truhlar database website [73]. Coun-
terpoise corrections [90] for possible basis set superposition errors were not included. W1 ref-
erence data are from Ref. [72]

GGAs such as BLYP [13, 21] and PBE [15] lead to MAD of 1.45 and 1.20 kcal/
mol for the same set, showing a good improvement in general. PBE is quite
satisfactory for HB6, DI6, and WI7 (MADs = 0.41, 0.56, and 0.16 kcal/mol,
respectively), but is pretty bad for CT7 and PPS5 (MADs = 3.01 and 1.84 kcal/
mol, respectively). TPSS [16] (MAD = 1.13 kcal/mol) improves over PBE
slightly, while M06-L [17] (MAD = 0.70 kcal/mol) displays a clear improvement.

The M06 family of functionals is indeed outstanding, giving MADs of 0.31, and
0.46 kcal/mol for M06-2X, and M06, respectively [23]. In particular, M06-2X and
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MO6 give MADs of 0.22 and 0.18 kcal/mol, respectively, for the PPS5 subset,
where the traditional hybrid functionals such as B3LYP [13, 19-21] (MAD =
2.93 kcal/mol) and PBEOQ [15, 58, 64] (MAD = 1.79 kcal/mol) find this dispersion
dominant subset extremely difficult.

It has been argued that it is due to an artifactual exchange effect that the
traditional functionals may give dispersion-like binding near minimum-energy
separations [88]. Nevertheless, dispersion is a dynamical correlation effect, arising
from instantaneous fluctuation of the electron density [88, 89]. Even though some
nonlocal information is introduced by including the kinetic-energy density, meta-
GGA:s still do not incorporate the physics of dispersion correlations [88].

Conventional DFAs miss the R™® decay behavior in the long-range correlation
[86]. The delocalized PT2 term in DHDFs, on the other hand, captures the correct long-
range behavior by construction. Hence, XYG3 leads to MAD of 0.32 kcal/mol for the
NCIE31/05 set, showing significant improvement over B3LYP on all its five subsets.

Note that these nonbonded interactions were not included in the XYG3 training
set, but were included in the MOG6 training set. The performances of other DHDFs are
comparable to that of XYG3 for other subsets with the exception of the PPS subset
(see Table 3.7). It has been argued that it is the type of the orbitals used to evaluate
the PT2 term that makes such difference among different DHDFs [10, 24]. Generally,
only ~ 30 % PT2 correlation is used to replace part of the DFT correlation. This
PT2 portion is too small to embrace the full pieces of long-range dispersion [91].

There are other empirical and nonempirical approaches to modeling dispersion
interactions within DFT methods [92-98]. Indeed, as shown in Table 3.7, B97-D and
B2PLYP-D significantly improve over B97-1 and B2PLYP for the description of the
PPS subset. These —D methods have imposed the correct long-range R~ interatomic
dependence by adding the functionals a posterior force field (FF) like dispersion
correction. While such DFT-D schemes can be implemented efficiently without
additional computational cost, it includes many empirical parameters, and suffers
from some inherent limitations [94, 95, 99]. Especially, the many-body correlation
effects and anisotropy effects in the long-range dispersive interactions, as well as the
orbital-dependence in the medium range [30, 69, 95, 96, 99, 100], are more subtle,
which are difficult to be approximated in the pair-wise additive FF models.

3.5.2 Intermolecular Potential Curves for the CH ;~CsH g
Complex

As steric constraints might prevent the ligand from adopting its optimum geom-
etry, proper description of the whole potential energy curve is very important for
describing the binding of ligands to biological systems. Figure 3.11 compares the
intermolecular potentials of the CH4-C¢Hg complex calculated by B3LYP, MP2,
and XYG3 [24]. The CCSD(T) results at the complete basis set (CBS) limit are
used as Ref. [101].
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Fig. 3.11 The 1.5 -
intermolecular potentials for
the CH4-CgHg complexes 1.0 A
from B3LYP, MP2, and
XYG3. R is defined as carbon 05 -
of CHy to the ring center of
CgHg (in A). Data in solid 0.0
blue are CCSD(T) at the 3.0
complete basis set limit from 05
Ref. [101]. A pruned (75,302)
grid is used for B3LYP and 1.0
XYG3 =-B3LYP
1.5 A ——-MP2
-4 XYG3
2.0
-o-CCSID(T)
2.5

As shown in Fig. 3.11, B3LYP displays a repulsive potential energy curve,
whereas MP2 leads to a potential energy curve which is too attractive. The XYG3
results compare very well with those of CCSD(T), where the deviations are
generally smaller than 0.1 kcal/mol. It should be emphasized that basis set
superposition error (BSSE [90]) corrections were not included in all these calcu-
lations. This omission, although may facilitate real applications, can deteriorate the
statistics for some functionals, as well as MP2, if their potential energy curve is
overbonded, or if they were developed when BSSE corrections were taken into
account. The BSSE effects of XYG3 have been checked by Sherrill and co-
workers [102]. The counterpoise-corrected XYG3 curve was found to be under-
bound, and it was suggested to use the uncorrected results for XYG3.

Figure 3.12 plots the intermolecular potentials for other DHDFs. It is an
obvious advancement that all these fifth rung functionals correctly lead to
appreciable attractive wells, showing the importance to include the delocalized
PT2 correlations. Quantitatively, however, all these DHDFs underestimate the
binding energies. B2PLYP gives only half of the binding energy, MC3BB and
B2GP-PLYP recover two-third of the binding energy as compared to the CCSD(T)
reference value. Errors become quite significant in the wall area. For example, at
R = 3.2 A, MC3BB, B2GP-PLYP, and B2PLYP are too repulsive by 0.78, 0.95,
and 1.64 kcal/mol, respectively, as compared to the CCSD(T)/CBS value.

It was found that meta-GGA functionals demand a very large integration grid to
avoid spurious oscillations on potential energy curves for dispersion-bound com-
plexes [88]. Wiggles are still detectible for MC3BB which uses B95 [103] meta-
GGA correlation functional, even though a fine unpruned (250,590) grid has
already been adopted in the calculations. Similar problems were encountered for
the M0O6 family of functionals.

All other DFA calculations listed in Figs. 3.11 and 3.12 used a cheaper pruned
(75,302) grid. In fact, meta-GGA -calculations with finer grid can be more
expensive than the PT2 calculations. For the CH4-CgHg complex with the



3.5 Nonbonded Interactions Against the NCIE31 and PES(CH4-C¢Hg) Sets 71

Fig. 3.12 The 1.5 1
intermolecular potentials for
the CH4-CgHg complexes 1.0 -

from MC3BB, B2PLYP and
B2GP-PLYP. R is defined as 0.5 A
carbon of CHy to the ring

center of CgHg (in A). Data in 0.0

solid blue are CCSD(T) at the 3.p
complete basis set limit from -0.5 A
Ref. [101]. An unpruned
(250,590) grid is used in -1.0 A —
calculations with MC3BB, B2PLYP
while a pruned (75,302) grid -1.5 0 A ——B2GP-PLYP
is used for other DHDFs --MC3BB
20 -
-e-CCSD(T)
-2.5 -

6-311 + G(3df,2p) basis set, it takes about 7 min to run a M0O6-L calculation using
the pruned (75,302) grid for one point on the potential curve with a dual processor
Intel Xeon 5345-3.33 GHz Clovertown computer. It increases to ~11
and ~40 min with (99,590) and (250,590) grids, respectively, while XYG3 takes
about 25 min job cpu time [10].

Basis set dependence of XYG3 on the calculated intermolecular potentials of
the CH4-CgHg complex has also been investigated [41]. The results are reproduced
in Fig. 3.13. The basis set dependence is not very significant for this system. All
basis sets from Bl = 6-311 + G(d, p) to B10 = 6-311 ++G(3df, 3pd) lead to
good results, correctly predicting the equilibrium geometry. The largest deviation
(0.44 kcal/mol) occurs at the wall area with basis set of B2 = 6-311 + G(2d, p).
XYG3/B1 seems to be of practical value for NClIs, partly benefiting from BSSE.

—x—B1=6-311+G(d.p)
~0—B2=6-311+G(2d.p)
—a—B3=6-311+G(2d.2p)
—o—B4=6-311+G(3d.2p)
—x—B5=6-311+G(2df.p)
——B6=6-311+G(2df.2p)
——B8=6-311+G(3df.p)
——B10=6-31 1++G(3df.3pd)
~e—CCSD(T)

Energy (kcal/mol)

Fig. 3.13 Basis set dependence for the calculated intermolecular potentials of the CH4-CeHg
complexes [41]. We omit the B7 results as it contains no polarization function on hydrogen
atoms, and hence is unbalanced. Results for B9 are also not shown here, as B9 is the default 6-
311 + G(3df, 2p) basis set used in this work
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Chapter 4
XYG3 Results for Some Selected
Applications

Abstract In this chapter, some selected applications of the XYG3 functionals are
described. In Sect. 4.1, a set of gas-phase reactions relevant to the Fischer—Tropsch
synthesis has been constructed. With this set, we have tested the validity of the widely
used PBE and B3LYP functionals, as well as XYG3. As gas-phase reactions and the
corresponding surface reactions are related through the Born—Haber cycle, we argued
that computational catalysis on surfaces will be less meaningful if gas-phase
behaviors cannot first be suitably determined. In Sect. 4.2, we predict the heat for-
mation of 5-chloromethylfurfural (CMF), which has been proposed as a central
intermediate in the conversion of carbohydrate-based material into useful organic
commodities. Using XYGS3, the conversion from CMF to 5-Hydroxymethylfurfural
(HMF) and levulinic acid (LA) in water, and that to biofuels 5-ethoxymethyl furfural
(EMF) or ethyllevulinate (EL) in alcohol have been studied. New reaction mecha-
nisms have been proposed, which complement the well-recognized Horvat’s mech-
anisms. In Sect. 4.3, we have reported the X YG3 results on the processes for b-glucose
pyrolysis to acrolein. It has been shown that the most feasible reaction pathway starts
from an isomerization from p-glucose to b-fructose, which then undergoes a cyclic
Grob fragmentation, followed by a concerted electrocyclic dehydration to yield
acrolein. This study provides the first mechanism based on theory that can account for
the known experimental results. In Sect. 4.4, a non-fitting protein—ligand interaction
scoring function has been introduced and applied to the screening of kinase inhibitors.
A good correlation has been found between the calculated scores and the experi-
mental inhibitor efficacies with the square of correlation coefficient R* of 0.88 when
XYG3isusedto calculate the relative binding enthalpies in the gas phase. Such a good
performance can only be achieved after proper treatment of the solvation effects, as
well as the entropic effects on the relative binding affinities. This represents the first
high-level theory based non-fitting scoring function.

Keywords XYG3 - Gas-phase thermodynamics - Catalysis + 5-Chloromethyl-
furfural - 5-Hydroxymethylfurfural - Levulinic acid - 5-ethoxymethyl furfural -
Ethyllevulinate - Pyrolysis of p-glucose - Non-fitting scoring function - Kinase
inhibitor
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4.1 Gas-Phase Thermodynamics as a Prevalidation
for Computational Catalysis on Surfaces

Understanding the mechanism of a catalytic process is a prerequisite for the
rational design of catalysts. Even with significant advances in in situ surface
chemistry techniques [1], the mechanism is still more a matter of opinion than a
matter of experimental fact. There is no doubt that DFT has become the main tool
in predicting the catalytic mechanisms [2]. Unfortunately, the utilization of an
approximate function may have artificially biased against or favored certain
mechanisms [3]. One shall be cautious about such errors and find a way to provide
an early warning before going into detailed calculations on surface reactions.

Due to the scarcity of clean and reliable experimental data on surfaces, the
theoretical methods used in studying heterogeneous catalytic mechanisms are
usually less well validated than those for the gas-phase reactions. It was argued
that gas-phase reactions and the corresponding surface reactions are related
through the Born—Haber cycle and computational catalysis on surfaces will be less
meaningful if gas-phase behaviors cannot first be suitably determined [4]. As
schematically shown in Fig. 4.1, if admitting an error of ~ 10 kcal/mol in the gas-
phase reaction energies, one will have to assume a similar amount, but with the
opposite sign, of the net error for the adsorption energies to ensure a good
description of the corresponding surface reactions. Such a coincidence would be
too good to be true.

There has been renewed interest in the Fischer—Tropsch synthesis (FTS) due to
volatile and diminishing oil supply. The mechanism of FTS is, however, a matter
of ongoing debate since its discovery in the 1920s [e.g., 6-9]. Based on the
available gas-phase experimental thermodynamics, [10—12] a set of gas-phase
reactions have been constructed [4], which are related to FTS (see Tables 4.1, 4.2,
4.3, 4.4, 4.5). It includes C-O direct and hydrogen-assisted dissociations, hydro-
genation and C—C bond couplings, as well as CH, and CO insertion reactions. This
FTS set has been used as a testing set to check the validity of the widely used
functionals (e.g., PBE and B3LYP) in their capability to explore FTS mechanisms

A B
O © AB(g) (g), Alg) + B(g — > AB(»)

AG) + B(s) —> AB(s)

A(s) AB(s) B(s)

Fig. 4.1 A schematic representation of the A + B — AB reaction according to the Langmuir—
Hinshelwood mechanism (left) and the Born—-Haber cycle (right) that relates the gas-phase
reaction to the surface reaction [4, 5]. Reprinted from Ref. [4]. Copyright 2012, with permission
from John Wiley & Sons Ltd
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[4]. Note that many of the reactions examined here are also important ingredients
in other processes including hydrocarbon synthesis and refining, [13] hydrocarbon
oxidation and combustion [13, 14] as well as CO, recycling [14, 15], etc.

FTS initiates through CO dissociation. However, whether it is a direct CO
dissociation or hydrogen-assisted CO dissociation remains the topic of much
debate [6-8]. As shown in Table 4.1, the free CO molecule possesses a strong C—O
bond of 255 kcal/mol. Its strength is reduced dramatically with successive
hydrogenation. Hence it can be expected that hydrogenation lowers the activation
barrier heights for C-O cleavage. However, Table 4.1 suggests that PBE overes-
timates C—O BDEs (i.e., negative errors), which infers that C-O dissociation
barriers may have been overestimated based on the Brgnsted—Evans—Polanyi
relationship [16]. In particular, barrier associated with HC-O dissociation may be
artificially too high (by ~6 kcal/mol) as compared to C-O direct dissociation.

It is very likely that CO can do insertion as is common in organometallic
chemistry [17]. The first two reactions listed in Table 4.2 may serve as prototypes
of CO insertion into metal-H and metal-alkyl bonds. The third one in Table 4.2
may be related to the mechanism of the so-called water—gas shift reaction [7]
concurrently occurs under most FTS conditions. From Table 4.2, it is clear that
PBE overestimates the exothermicity of CO insertion reactions in the gas phase by
various amounts (6—11 kcal/mol). If PBE can predict reliable adsorption energies,
it can be expected that the tendency of CO insertions on the surfaces should also be
overemphasized by PBE. As compared data in Table 4.1 and those in Table 4.2, it
is clear that a method (such as represented by PBE here) can lead to negative errors
for one type of reactions or positive errors for the other type of reactions, such that
the mechanism can be artificially (or falsely) biased by the chosen method.

Statistically, B3ALYP/XYG3 lead to MADs of 1.73/1.09 kcal/mol for C-O
dissociation, and 1.13/0.76 for CO insertion, being superior to PBE in terms of
gas-phase reaction energies [4].

Hydrogenation is involved in many steps during FTS. In the initial steps, it
helps CO activation or does hydrogenation of surface carbide to form active CH,
species. In the chain growth steps, it transforms unsaturated surface hydrocarbons
to surface alkyls, facilitates a-olefin readsorption on the surface, or does reduction
of the acyl group to the alkyl group. In the chain termination steps, it releases

Table 4.1 C-O dissociation energies (kcal/mol): experimental data® and theoretical errors

Expt PBE B3LYP XYG3
CO-C+0 255.07 —10.16 3.35 0.52
HCO - CH + O 191.26 —16.28 —0.81 —1.23
H,CO —» CH, + O 178.42 —8.63 1.35 0.95
CH;0 - CH3 + O 89.66 —10.75 —1.42 1.66
MAD 11.45 1.73 1.09

Reprinted from Ref. [4]. Copyright 2012, with permission from John Wiley & Sons Ltd
4 Experimental data are taken from Refs. [10-12]
® Theoretical errors are calculated via (Expt — Theor)
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Table 4.2 CO insertion energies (kcal/mol): experimental data® and theoretical errors®

Expt PBE B3LYP XYG3
H-H + CO - H,CO 0.46 7.53 0.34 0.62
CH,;-H + CO — CH,CHO 4.62 8.27 -0.93 —0.10
H-OH + CO — HCOOH —6.28 10.90 3.96 1.79
CH,—OH + CO — CH,COOH —28.98 8.43 0.56 0.16
CH,;-OCH; + CO — CH;COOCH; —27.98 7.81 0.23 0.36
CHs—CH; + CO — CH;COCH; —5.43 7.83 0.96 —0.32
CH,—CH,CH; + CO — CH;COCH,CHj, —5.68 7.61 0.70 —0.28
CH,—CCH + CO — CH,COCCH —-2.18 5.99 132 247
MAD 8.05 1.13 0.76

Reprinted from Ref. [4]. Copyright 2012, with permission from John Wiley & Sons Ltd

& Experimental data are taken from Refs. [10-12]
® Theoretical errors are calculated via (Expt — Theor)

Table 4.3 Hydrogenation energies (kcal/mol): experimental data® and theoretical errors

b

Expt PBE B3LYP XYG3
C+H-CH —79.02 0.77 1.49 —0.62
CH + H - CH, —100.43 3.46 0.11 0.65
CH, + H - CH; —~110.33 —1.74 0.40 0.46
CH; + H - CH, —104.53 —2.55 —~1.83 —0.80
CO + H - HCO —15.21 6.90 5.01 1.13
HCO + H - H,CO —87.59 —4.19 ~2.50 —1.52
H.CO + H — H,COH —-29.75 —-0.23 0.83 —0.80
H,CO + H - CH;0 —21.57 0.38 2.72 —0.26
CH;O + H - CH;0H ~103.73 -5.38 -5.10 ~131
CH,OH + H — CH;OH —95.55 —4.77 —3.21 —0.76
CH,CO + H — CH;CO —42.68 —3.58 —1.41 —0.08
CH;CO + H — CH;CHO —88.93 —4.69 —331 —-1.73
CH;CHO + H — CH;CH,O —15.63 —0.03 2.13 —0.08
CH,CH,O + H — CH,CH,OH —104.14 —6.55 —6.04 —1.64
CH;CH, + H — CH;CH;, —~100.61 —4.05 —2.89 —0.66
CH;CHCH; + H — CH;CH,CH; —98.13 -5.78 —4.34 —1.00
CH, = CH, + H - CH;CH, -35.27 0.48 1.59 1.22
CH;CH = CH, + H — CH;CHCH; —34.91 1.10 1.90 1.38
(CH;),C = CH, + H — (CH3),CCH; —35.33 0.93 1.36 0.61
O+ H - OH —-101.22 3.24 1.54 —1.42
OH + H - H,0 ~118.83 ~1.72 —3.78 2.8
MAD 2.98 2.55 0.97

Reprinted from Ref. [4]. Copyright 2012, with permission from John Wiley & Sons Ltd

% Experimental data are taken from Refs. [10-12]
® Theoretical errors are calculated via (Expt — Theor)
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paraffins or oxygenates. It helps to remove surface oxygen to form water. These
steps are mimicked by gas-phase reactions as shown in Table 4.3.

Statistically, both PBE and B3LYP work reasonably well with MADs of 2.98
and 2.55 kcal/mol, respectively. Nevertheless, the error ranges for these func-
tionals are still too wide. PBE errors spread from 6.90 to —6.55 kcal/mol, while
those for BALYP are within (5.01, —6.04). Hence, there are error bars larger than
10 kcal/mol associated with these two methods. For this set of reactions, it can be
seen that some of the reaction enthalpies are overestimated with some others being
underestimated, showing an artificial bias for some types of surface reactions.
While XYG3 fares best for these hydrogenation reactions with MAD of
0.97 kcal/mol. Its error range (1.38, —2.28) is, however, not yet quite satisfactory,
leaving room for further development.

An important step in FTS is the C-C coupling, which competes with the
methanation step, leading to long-chain hydrocarbons. The issue of which way is
the most preferred C—C coupling pathway is still under hot debate. The monomer
building block CH, was often believed to be CH,, the mechanism can then be
classified according to the primer chain C,H.. If C;H_ is R (i.e., C,Hy,,1), this is
called the alkyl mechanism [18, 19]; if C,H_ is CHR (i.e., C,Hy,), this is called the
alkylidene mechanism [20]; and if C,H, is CH = CHR (.e., C,H5,_;), this is
called the alkenyl mechanism [6]. Instead of using CH, as the building block,
some other C—C coupling mechanisms have also been proposed which involve CH
plus R or CHR [21], as well as C plus CR [22]. Furthermore, the chain growth may
follow the so-called CO insertion mechanism [23] and the hydroxy-carbene
mechanism [24].

Table 4.4 C-C coupling energies (kcal/mol): experimental data® and theoretical errors”

Expt PBE B3LYP XYG3
CH + C — HCC —177.29 10.27 —4.68 —0.81
CH + CH — HCCH —230.81 7.64 —545 1.02
CH + CH, — CHCH, —164.6 8.22 —0.78 0.73
CH, + CH, — CH, = CH, —~174.86 —0.27 —3.84 —0.94
CH, + CH; — CH,CH; —99.8 1.95 —247 —0.17
CH, + CH,CH; — CH,CH,CH; —98.7 —0.58 —4.61 —0.59
CH; + CH; — CH;CH; —90.08 —-0.37 —5.58 —-1.29
CH; + CH,CH; — CH;CH,CH, —88.9 —2.57 —7.42 —131
CH; + CCH — CH,CCH —125.9 2.55 —1.57 1.49
CH; + CHCH, — CH;CHCH, ~101.82 —2.44 —6.82 —1.49
CH, + CO — H,CCO —78.63 12.26 3.80 1.26
CH; + CO — CH,CO —~10.98 10.42 2.62 0.72
CH; + CH;CO — CH;COCH; —84.53 —2.96 ~7.19 233
2 CH;0H — CH;CH,OH + H,0 —18.01 —2.39 —3.54 —1.51
MAD 4.63 431 112

Reprinted from Ref. [4]. Copyright 2012, with permission from John Wiley & Sons Ltd
4 Experimental data are taken from Refs. [10-12]
® Theoretical errors are calculated via (Expt — Theor)
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The prototypical gas-phase reactions for different ways of C—C coupling are
summarized in Table 4.4. PBE gives quite accurate results for (CH, + CH,) and
(CH, + R), whereas it overestimates the tendency for (CH + C), (CH + CH), as
well as (CH + CH,). Coincidently, some recent DFT studies favor the latter three
coupling mechanisms against the former two on the surfaces [22, 25, 26]. Possibly,
errors in the gas-phase reactions are carried over into the description of the surface
reactions, such that it is the PBE functional that has chosen certain reaction
mechanisms against the others.

The maximum error associated with PBE is around 12 kcal/mol for this set of C—
C coupling reactions listed in Table 4.4. B3LYP halves this error to ~6 kcal/mol.
In terms of MAD (i.e., 4.63 and 4.31 kcal/mol for PBE and B3LYP, respectively),
these two methods behave similarly. XYG3 gives a MAD of 1.12 kcal/mol, with
the largest error being —2.33 kcal/mol.

A widely favored pathway in the literature is the so-called alkyl mechanism, in
which the chain growth proceeds via the insertion of the CH, species. Reactions in
Table 4.5 mimic this pathway. There would be a tendency of error accumulation
with CH, insertion. This is clearly seen in the results of B3LYP. PBE and XYG3
that perform well. Errors could be smaller when B3LYP is applied to study the
corresponding surface reactions. Again, this relies on the error cancelation from
the CH, adsorption energy on the surfaces.

Note that a good behavior of a functional in the gas-phase reactions is not
necessarily a guarantee for its good description of surface reactions. It is empha-
sized that it is hardly conceivable that a meaningful description of a surface reaction
is obtainable if the corresponding gas-phase reaction cannot first be suitably
determined. Examining the related gas-phase reactions can provide important

Table 4.5 C-C chain growth according to the alkyl mechanism: experimental data® and theo-
retical errors®

Expt PBE B3LYP XYG3

CH;-H + CH, —95.88 0.44 —3.36 —0.03
i CH3CH2—H

CH;CH,-H + CH, —98.62 —0.26 —4.30 —0.19
g CH3(CH2)2-H

CH;CH,-H + 2 CH, —197.32 —0.66 —8.77 —0.42
d CH3(CH2)37H

CH;CH,-H + 3 CH, —296.12 —1.28 —13.45 —0.83
— CH3(CHy)4-H

CH;CH,-H + 4 CH, —394.62 —1.53 —-17.77 —0.86
g CH3(CH2)5—H

CH;CH,-H + 5 CH, —493.32 —2.06 —22.36 —-1.15
g CH3(CH2)6—H

CH;CH,-H + 6 CH, —592.02 —2.51 —26.88 —-1.39
— CH3(CHz)7-H

MAD 1.25 13.84 0.70

Reprinted from Ref. [4]. Copyright 2012, with permission from John Wiley & Sons Ltd
% Experimental data are taken from Refs. [10-12]
® Theoretical errors are calculated via (Expt — Theor)
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information on the validity of the theoretical methods for surface catalysis, hence,
gas-phase thermodynamics can be and shall be used as a prevalidation for
computational catalysis on surfaces.

4.2 Thermochemistry for Conversion
of 5-Chloromethylfurfural into Valuable Chemicals

There is a growing interest in developing efficient biorefinery technologies for
converting biomass into biofuels and valuable chemicals due to the pressing
energy demands and environmental concerns. Recently, a new but possibly very
valuable biomass-derived platform, S5-chloromethylfurfural (CMF) has been
reported, which can be converted not only into biofuels 5-ethoxymethyl furfural
(EMF) or ethyllevulinate (EL) in alcohol, but also into other value-added biomass
platform such as 5-hydroxymethylfurfural (HMF) or levulinic acid (LA) in water
(cf. Fig. 4.2).

However, no basic thermodynamic properties of CMF are available. In par-
ticular, no accurate energetics has been reported for the hydrolysis or alcoholysis
of CMF. Such information is vitally important in addressing the challenge for
thermal or catalytic conversion of biomass to fuels and useful chemicals.

First, a methodology assessment using experimental HOFs (298 K, 1 atm) [29]
for selected sets of 18 furan-derivatives and 20 chloro compounds has been carried
out [27]. Figures 4.3 and 4.4 display the error distributions. B3LYP is certainly not
suitable for HOF calculations, whose MAD is as high as 9.4/11.7 kcal/mol for
furan/chloro compounds. B3LYP consistently underestimates the stability of the
species, as indicated by negative Max of —23.5/—30.7 kcal/mol. The same is true
for B2PLYP with the present basis set of 6-311 + G(3df,2p). Increasing the basis
set size to quadruple-zeta shall reduce the errors by stabilizing the molecule more

Fructose
Glucose

Other products
Sucrose

o]
o)
Cellulose g HO/\U/\\O = MOH

(0]
hydrolysi HMF LA
(5-Hydroxymethylfurfural) (Levulinic acid)
0O
2 holysis ™\ B
C'/WO alcoholysis o () Yo MOCgHs

i 0
i CMF EMF EL
(5-Chloromethylfurfural) (5-Ethoxymethylfurfural) (Ethyllevulinate)

Fig. 4.2 Production of CMF and its conversion to EMF and EL, as well as its connection to other
biomass platforms HMF and LA [27, 28]
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than its constituent atoms. Nevertheless, this will increase dramatically the com-
putational costs for larger molecules. On the other hand, there is a clear tendency
for M06-2X to overestimate the stability of each species. MAD associated with
MO06-2X is 4.4/3.7 kcal/mol with positive Max of 10.0/13.8 kcal/mol for furan/
chloro compounds. G4 [30], XYG3 and X1 methods give the best performance for
HOF calculations of these sets of compounds. As compared to the experimental
values, they all present an MAD around 1.6 kcal/mol for the furan-derivatives and
1.9-2.8 for the chloro compounds. Note that X1 is a neural network correction
method on top of B3LYP [31]. Max associated with X1, XYG3, and G4 are 7.3/
6.5, —4.7/—-8.2, 5.6/—6.9 kcal/mol, respectively, for furan/chloro compounds,
which are less than half of those for B2PLYP and B3LYP in magnitude.

It should be pointed out that the experimental data may also suffer from large
errors. Max (5.6 kcal/mol) for the G4 method occurs at dihydro-5-hexyl-2-
furanone in the furan set. Such a large error is suspicious. The corresponding X1,
MO06-2X, and XYG3 HOFs are —125.9, —123.8, and —121.7 kcal/mol, respec-
tively, lending support to the G4 value (—124.2 kcal/mol), rather than the
experimental data (—118.6 kcal/mol) [29]. Similarly, we suspect the reliability of
the experimental data (—106.1 kcal/mol) for chloroacetic-acid-methyl-ester
CICH,COOCHj3 in the chloro set [29]. G4, X1 and XYG3 methods predict the
HOF of —99.2, —100.9, and —97.9 kcal/mol, respectively for this molecule, which
differ from the experimental data by more than 6 kcal/mol.

Experimental HOFs for furan-derivatives are scarce. HOF for HMF was
measured to be —79.9 kcal/mol [32]. The corresponding G4, X1, and XYG3
values are —81.8, —80.8, and —79.2 kcal/mol, respectively, confirming the
experimental data. There is no experimental HOF being reported for CMF. The
predicted values by G4 and XYG3 are —51.2 and —50.7 kcal/mol, respectively.
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| 1.6
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Fig. 4.3 Calculated deviations for 18 furan-derivatives at the levels of G4 theory and several
DFT methods
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Fig. 4.4 Calculated deviations for 20 chloro compounds at the levels of G4 theory and several
DFT methods

The process for conversion of CMF into LA was proposed as shown in Fig. 4.5
[27], while thermodynamic information for the detailed mechanism, at the level of
XYG3, involved in the HMF to LA conversion is provided in Fig. 4.6 [27]. Sol-
vation effects on the reaction free energy changes are investigated using the
polarizable continuum model in conjunction with united atom topological model
with atomic radii optimized at Hartree—Fock level (PCM-UAHF) [34].

The transformation starts by converting CMF to HMF, which is then followed by
sequential HMF hydrolysis to LA. Based on the intermediates revealed by '*C-
NMR spectroscopy, the mechanism of the HMF to LA has been proposed by Horvat
et al. [33], which is labeled as Route 1. It was proposed that HMF undergoes 4,5-
addition (R2 in Fig. 4.5) to intermediate 1 (Int 1). This step imposes a substantial
free energy barrier due to the entropy penalty and loss of m-electron conjugation.
After overcoming this barrier (16.1 kcal/mol), the reaction proceeds smoothly and
goes all the way downhill. Dehydration (R3) from Int 1 leads to Int 2, where the
n-electron conjugation reappears with the formation of the butadiene moiety.
Rehydration of Int 2 (R4) occurs via a 1,4-like addition of butadiene by water,
which is accompanied by —2.8 kcal/mol exothermicity to form Int 3.

The reaction comes to a fork at Int 3. We will first follow Route 1 as proposed
by Horvat [33]. Int 3 undergoes tautomerization to form Int 4, where furan ring is
opened (R5). R5 is favored in terms of free energy by 5.3 kcal/mol. Dehydration of
Int 4 to produce Int 5 is slightly downhill by 0.6 kcal/mol (R6), possibly due to the
disruption of the hydrogen bond network, but it is favored in terms of free energy
as water is released to increase the entropy contribution. Originally, Horvat et al.
[33] proposed that Int 5 reacts with two water molecules to form Int 7 and formic
acid, as indicated by the dashed arrow in Fig. 4.5. We decompose it stepwise,
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Fig. 4.5 Reaction mechanisms for the conversion of CMF into LA. Route 1 follows Horvat’s
original proposal [27, 33]

where Int 5 first reacts with one water molecule to form formic acid plus Int 6,
which then reacts with the second water to form Int 7. The first step (R7) is
downhill by —13.2 kcal/mol; while the second step (R8) is thermoneutral. Indeed
Int 7 is just a transient, which undergoes tautomerization, leading to the final
product LA.

We then check Route 2, which is proposed based on the XYG3 calculations as
an alternative to Horvat mechanism [33]. In this route (Route 2), hydration to
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Fig. 4.6 Calculated free energy changes for the CMF conversions to LA in solution phase. Free
energy changes in gas phase are calculated using XYG3 [27]. The solvation free energy changes
are calculated with the PCM-UAHF model [27, 34]

release formic acid occurs first (R10), which is then followed by furan ring
opening (R11). It would not be necessary to undergo dehydration to form Int 7 via
R12. Instead, dehydration via R13 from Int 7 leads to direct formation of LA. The
large exothermicity in terms of free energy provides a strong thermodynamic
driving force along this route to form LA.

Horvat mechanism (Route 1) is a widely recognized mechanism for HMF
conversion to LA. The present calculations using XYG3 plus the PCM-UAHF
model suggest an alternative pathway (Route 2) which is more thermodynamically
favored (see Fig. 4.6). More detailed study is required to characterize the kinetics
of Routes 1 and 2.

In analogy to the mechanisms for the hydrolysis of CMF to produce HMF and
LA, the reaction mechanisms for the conversion of CMF into EMF and EL was
proposed as shown in Fig. 4.7 and the calculated free energies are reproduced in
Fig. 4.8. Route 3 is similar to Route 1 in that de-alcoholization happens first,
which is then complemented by decarboxylation and alcoholization; while Route 4
is similar to Route 2 which undergoes decarboxylation and alcoholization first,
followed by de-alcoholization. In contrast to hydrolysis where Route 2 is much
more favored than Route 1, Route 3, and Route 4 were found to be comparable in
terms of free energy changes.
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Fig. 4.7 Proposed reaction mechanism for the conversion of CMF to EL [27]

4.3 Reaction Mechanisms for Pyrolysis of p-glucose
to Acrolein

Understanding of the chemistry of p-glucose pyrolysis is vitally important, which
acts as a useful representative of carbohydrate pyrolysis, being heavily involved
not only in the utilization of biomass [35, 36], but also in food industry and
tobacco industry [36, 37]. Simple aldehydes, such as formaldehyde, acetaldehyde,
and acrolein, are formed during pyrolysis [38—40]. These simple aldehydes are not
only widely used industrial chemicals, but also classified as carcinogens.
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Fig. 4.8 Calculated free energy changes for the CMF conversions to EL in solution phase. Free
energy changes in gas phase are calculated using XYG3 [27]. The solvation free energy changes
are calculated with the PCM-UAHF model [34]

In spite of this importance, much of the detailed mechanism of carbohydrate
pyrolysis is still unknown [38-43], even though a recent systematical experimental
work of Paine et al. [38-40] has partially filled the gap. Using variously labeled '*C in
conjunction with gas chromatography/mass spectroscopy (GC/MS), possible mecha-
nisms of b-glucose pyrolysis have been suggested, although no theoretical calculations
have been carried out to quantify the mechanisms, partially because the calculations of
reaction barrier heights are complicated by the network of hydrogen bonds.

In the literature, there are some related theoretical studies. For instance, Abella
et al. [43] have investigated the reaction mechanisms of cellulose pyrolysis and
levoglucosan decomposition by using B3LYP as well as MP2 [43]. Nimols et al.
[42] have performed CBS-QB3 [44] calculations to investigate dehydration
mechanisms of neutral glycerol. As a specific validation of XYG3 for carbohydrate
chemistry, the B3ALYP and XYG3 energetics for glycerol dehydration have been
first checked. As compared to the accurate CBS-QB3 results, MAD associated
with XYG3/6-311 + G(3df,2p) is 2.2 kcal/mol, while the corresponding MAD of
B3LYP with the same basis set is 7.7 kcal/mol.

The first theoretical study on the pyrolysis mechanisms from p-glucose to acrolein
was reported. Geometry optimizations and frequency calculations were carried out
by using B3LYP/6-311G(d,p). The final energies were evaluated by single point
calculations using XYG3/6-311 + G(3df,2p). All energies were reported as AG in
kcal/mol at 700 K to be in line with the experimental condition [36].

It is expected that p-glucose shall bear a heavy conformational complexity due to
the formation of internal hydrogen bonds. To simplify the calculations, the open
chain conformer (1 in Fig. 4.9) was chosen as the initial reactant for each reaction
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Fig. 4.9 Reaction mechanisms for pyrolysis of p-glucose to acrolein

path. The terminal aldehyde carbon is labeled as C-1, and all six carbons are labeled
sequentially. The possible reaction mechanisms for pyrolysis of p-glucose to acro-
lein are summarized in Fig. 4.9. The calculated reaction energetics are depicted in
Fig. 4.10, and the optimized transition state structures are shown in Fig. 4.11.

Path 1 starts by forming a hemiacetal 2 at C-5, which is an anomer of six-
membered pyranose, being 5.9 kcal/mol more stable than glucose 1 in the open
chain form. From 1 to 2, a barrier of 40.0 kcal/mol (TS1) has to be overcome. This is
followed by a 1,2-dehydration process, where a hydroxyl group at C-1 and a
hydrogen at C-2 are expelled as a water to generate a cyclic enol 3. This is the rate
determining step of Path 1, as the associated barrier height (TS2) is as high as
67.9 kcal/mol. Fragmentation is carried out via a retro-Diels—Alder reaction. The
corresponding reaction barrier was found to be 44.5 kcal/mol (TS3). Fragment 4
(prop-1-ene-1,3-diol) is the alkene and fragment 5 (2,3-dihydroxy acrylaldehyde) is
the corresponding diene in the Diels—Alder reaction. Fragment 4 is made of C-4, C-5
and C-6, which may undergo a concerted electrocyclic dehydration with a barrier
height of 27.7 kcal/mol (TS4), leading to the target product acrolein 6.

Cyclic Grob fragmentation was believed to be the main reaction path for car-
bohydrate degradation [38—40]. A barrier of 63.1 kcal/mol was found for such a
process from 1 via TS5 (Path 2). Proton in the hydroxyl group at C-3 would be
transferred to the hydroxyl group at C-5, losing the 5-oxygen as water. Meanwhile,
the C—C bond between C-3/C-4 would be cleaved, forming fragments 4 and 7.
Fragment 7 (2-hydroxy malonaldehyde) is a tautomer of fragment 5 in Path 1,
while fragment 4 would again undergo electrocyclic dehydration, yielding the
desired product acrolein 6.
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XYG3 calculations suggest that the isomerization of p-glucose to p-fructose can
also be realized in gas-phase pyrolysis without going through enolization as a
base-catalyzed reaction. As shown in Path 3 in Fig. 4.9, a one-step process can be
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initiated via a 1,2 hydride migration that exchanges the carbonyl and the hydroxyl
group between C-1 and C-2. This converts p-glucose 1 to p-fructose 8. The cor-
responding transition state (TS6) is shown in Fig. 4.11, where the hydride at C-2
attacks the electro-positive C-1, and simultaneously, proton of hydroxyl at C-2 is
transferred to the terminal aldehyde oxygen. The activation barrier for this step
was calculated to be 43.8 kcal/mol. The next step is the cyclic Grob fragmentation
of p-fructose 8 via TS7, producing fragments 4 and 9. As compared to that via
TSS, barrier height via TS7 is lowered by 10.3 kcal/mol, which may be attributed
to a more favorable structure for internal hydrogen bondings. Fragment 9 (3-
hydroxy-2-oxo propanal) is an isomer of 5 in Path 1 and 7 in Path 2. It was found
that 9 and 7 are 3.5 and 4.7 kcal/mol, respectively, more stable than 5. As com-
pared to the other two pathways, Path 3 is the most favorable. The barrier from 8
to TS7 is 52.8 kcal/mol.

There is an earlier experimental conjecture of Stein’s for the pyrolysis mech-
anism of p-glucose. Radicals were assumed to be formed via a homolytic cleavage
of C-C bond between C-1 and C-2 [41]. And an activation energy
(55.6 £ 5.5 kcal/mol) was reported [41]. Paine criticized Stein’s conjecture as
being not consistent with the energy needed for C—C bond homolysis [38—40].
Instead, by means of isotopic '*C labeling and GC/MS, Paine et al. proposed the
alternative pathways [38—40]. As 63 % of all the acrolein formed was found to be
from C-4, C-5, and C-6, with the aldehyde group derived specially from C-4 and
the vinyl group derived from C-5 and C-6, they suggested that the dominant
mechanisms should be unimolecular, where there were two competing channels as
Path 1 and Path 2 shown in Fig. 4.9 [38-40]. Nevertheless, there were no cor-
responding calculations reported up to now to quantify Paine’s proposals [39]. The
XYG3 calculations fulfill such a purpose, giving strong support to Paine’s cyclic
unimolecular mechanisms. It was shown that Path 1 and Path 2 are indeed
competitive. Particularly, the best pathway is identified as Path 3 where glucose is
first converted to fructose, which then undergoes cyclic Grob fragmentation.
Path 3, possessing an effective barrier of 49.3 kcal/mol, also yields acrolein made
of C-4, C-5, and C-6, in good agreement with known experimental results.

4.4 A Non-Fitting Protein—Ligand Interaction Scoring
Function Applied to the Screening of Kinase Inhibitors

Currently, a hot topic in the fields of cancer research and drug design is the so-
called targeted therapy [45, 46]. For such an approach to be successful, it is
necessary to develop potent and selective inhibitors for the identified target pro-
tein. An accurate theoretical prediction of the protein-inhibitor interaction is,
therefore, vital to the screening and discovery of the inhibitors, which could sig-
nificantly accelerate the rational design of an effective drug. However, current
ways of estimating inhibitor efficacy rely on empirical protein-ligand interaction
scoring functions which are usually heavily parameterized. A significant limitation
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lies in that one should not use an empirical method to treat a system that is beyond
its parameterization range, whereas a drug candidate is quite possibly a new
molecule, such that the good performance of an empirical method cannot be
guaranteed. Even for the molecules that are within the parameterization range, the
accuracy is limited, whose squared correlation coefficient R* generally ranges only
from 0.1 to 0.5 [47].

In order to get improvement over empirical scoring methods, several difficulties
have to be first surmounted to introduce quantum mechanical (QM) methods
[48-51]. For example, as atoms involved in the short-range interactions between a
drug molecule and the nearby protein residues can often add up to hundreds of
atoms, the QM region has to be sufficiently large, while at the same time, the QM
calculations have to be carried out efficiently. As nonbonded interactions often
play an important role in protein—drug interactions, the QM methods employed
have to be capable of describing nonbonded interactions accurately. Entropic and
solvation effects have to be considered properly.

Recently, a non-fitting scoring function has been proposed [52], which consists
of three terms:

Score = AAHESPI®e L AAGY - TAAS (4.1)

The first term is the relative protein—ligand binding enthalpy in gas phase.

gasphase __ pygas,0k _ pgygas,0k _ pggas,0k gas,0k
AAH - Hprotein—ref Hpmtein—targ Href + Htarg (42)
5,0k 5,0k . :
Hy ieinrer and Ho Ol represent the electronic structure energies of the

reference and the target protein—ligand complexes, respectively. This was obtained
by using an eXtended ONIOM (XO) method [53, 54], which introduced the
“divide and conquer” strategy [55] into the original ONIOM method [56] to
enable a cheap and accurate high-level description of a very large QM region
based on an integration of DFT methods (e.g., XYG3) and the semi-empirical PM6
[57] method.

The second term is the solvation effect on the relative binding affinity, which
mainly reflects the penalty for transferring a solvated drug molecule into the
binding pocket of the protein.

AAGSO]V = AG;(;(I)\t]einfref - AGIS)?(I)\{einftarg - AG;S}V + AGIS;}; (43)

The AG®"V calculations have taken advantage of the newly developed SMD
solvation model, which was parameterized to give good total solvation free
energies for over a hundred solvents [58].

The third term is the entropy effect, which mainly reflects the penalty for a free
drug molecule being trapped in the binding pocket of the protein. This was esti-
mated by using standard DFT frequency analysis [52]. Since proteins are soft
matters, it is reasonable to expect that there is still certain flexibility even when the
drug molecule has already bound to the proteins. A simple approximation is to
consider that the ligand molecule is “half trapped”, loosing half of its freedom



96 4 XYG3 Results for Some Selected Applications

Fig. 4.12 The eXtended ONIOM (XO) scheme for the calculation of the PAK1-FL172 complex.
The high-level region is shown in stick model. The high-level region is divided into seven
overlapping fragments. Six of them are used to cover the nonbonded interaction between the
protein residues and the functional groups of the drug molecule (shown in different colors). One
of them is used to describe the whole drug molecule

upon binding. Hence 50 % of the free ligand molecule entropy is taken as the
penalty on binding affinity due to entropic effect.

An example is given for the PAK1-FL172 reference complex (See Fig. 4.12).
The function of protein kinas PAKI is to regulate cell motility and morphology,
and has been suggested as a target in cancer therapy [59]. A previous experimental
work results in a PAKI1 inhibitor database, which includes the chemically inert
organometallic lead structure FLL172 and its 19 derivatives, with the corresponding
data for inhibited PAK1 activity [60, 61].

Table 4.6 shows the experimental data In[Activity/(100 — Activity)], the cal-
culated protein—ligand interaction score of 20 PAKI inhibitors and the corre-
sponding components. The data show that the three components actually make
comparable, in many cases opposite, contributions to the final score. Figure 4.13a
shows the plot of the theoretical scores (x) versus the experimental data (y) for
the PAK1 inhibitor dataset. The theoretical results and experimental data dis-
play significant linear correlations. The R* coefficient found is as high as 0.88.
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Table 4.6 Experimental data, calculated protein—ligand interaction score and its components of
20 PAKI1 inhibitors (FL172 is the Ref. [52])

Ligand AAH™® AAG(Solv)™© TAAS™¢ Score In[A/(100-A)]
(gas phase)

FL172 0.00 0.00 0.00 0.00 —1.52
FL237 —0.61 —1.90 -1.71 —4.23 0.58
FL252 —1.28 —0.59 —0.49 —2.36 —0.58
FL254 6.63 —5.32 —3.50 -2.19 —1.39
FL256 476 —4.41 —0.63 —0.27 —1.99
FL258 —0.35 —0.72 —3.49 —4.57 —0.12
FL2901 0.17 -1.71 0.00 —1.54 —1.15
FL293 —0.19 —0.70 —1.55 —2.44 —0.36
FL408 1.51 —0.96 —2.70 —2.14 —0.94
FL410 —0.46 —0.17 —2.78 —3.40 —0.75
FL327 —1.58 1.48 —1.19 -1.29 —1.27
FL343 —1.15 —4.27 —1.18 —6.60 1.45
FL363 1.32 —1.08 —1.82 —1.58 —1.59
FL411 6.76 —4.87 —0.88 1.00 —1.82
FL735 1.09 —0.59 —1.70 —1.19 —1.66
FL752 4.69 —2.52 —2.40 —0.23 —2.02
FL809 8.94 —5.01 —3.08 0.85 —1.82
FL1088 2.28 -1.22 —0.78 0.28 —2.70
FLO7111 —4.81 —0.91 1.11 —4.61 —0.08
FL134 —6.49 1.37 -1.20 —6.31 132

# Unit: kcal/mol

> AAH(gas phase) = AAHE* P'*° s the gas phase relative binding enthalpy given by the
eXtended ONIOM (XO) calculations using XYG3 as the highest level

¢ AAG(Solv) = AAG®®" is the solvation effect on the relative binding affinity given by SMD
cluster calculations

4 TAAS is the entropic effect on the relative binding affinity given by @B97-D frequency analysis

Figure 4.13b, c displays the plots for the correlations between the calculated
components and the experimental data of inhibitor efficacies. In fact, none of the
components alone shows a good correlation with the experimental data. The R*
coefficient from AAH®SPhase jg () 48 whereas those from AAG*Yand TAASare
only 0.06 and 0.003, respectively. This demonstrates that all of the components
have to be accurately evaluated and combined together to give a satisfactory
description of the protein-ligand interactions [52].

It should be emphasized that a better method should always lead to a better
performance for a first-principles based score function. This is in sharp contrast to
the heavily parameterized empirical scoring functions, where improvements on the
calculations of certain descriptors usually lead to a declined performance, unless
the whole scoring function is re-parameterized. Furthermore, the non-fitting
scoring function should be applied well to different proteins, while a significant
degradation in accuracy is always observed in the trans-protein applications of
empirical scoring functions. The same score function has been successfully tes-
tified on a CDK?2 inhibitor database including 76 CDK2 protein inhibitors [52, 62].
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Fig. 4.13 a Plot of the theoretical scores (x) versus the experimental data In[Activity/(100 —
Activity)] (y) for the 20 PAKI1-inhibitor complexes. Theoretical scores are obtained by using
XYG3. The points above the fitted trend-line indicate an overestimated protein—ligand interaction
by the score function, while the points under the fitted trend-line indicate an underestimation. Plot
of the calculated components (x) versus the experimental data (y). The components are: b gas-
phase relative binding enthalpy AAHEZSPhe obtained by XYG3; ¢ solvation effect AAG™®Y;
d entropic effect [52]
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Chapter 5
Concluding Remarks

Abstract In the application of Kohn-Sham density functional theory (KS-DFT),
the exchange-correlation energy must be approximated. A ladder of such
approximations has been proposed, none of which is equally good for every
problem. There is still a long way to go. In this chapter, we first give a brief
summary of what we have learned in pursuing an improved functional Sect. 5.1,
giving a list of the doubly hybrid density functionals (DHDFs) developed till date
in the literature. We then outline, in Sect. 5.2, the limitations and the anticipated
future development for the XYG3 type of DHDFs. Finally, a perspective is
presented, which highlights some fundamental issues in the ground state KS-DFT.

Keywords Density functional theory - Exchange-correlation «+ XYG3 - Doubly
hybrid density functionals

5.1 Lessons Learned

Kohn-Sham density functional theory (KS-DFT) replaces the correlated wave-
function problem by a more tractable problem of non-interacting electron system.
Although exact in principle, KS-DFT requires in practice an approximation to the
exchange-correlation functional. With increasingly sophisticated approximations,
KS-DFT has now become the most widely used method for electronic structure
calculations, and has made great contribution to our understanding of molecular
science.

This book focuses on some recent advances in construction of the so-called
doubly hybrid density functionals (DHDFs). It is our opinion that DHDFs cur-
rently available shall be classified into three groups according to how they are
constructed based on the underlying principles, or technically which orbitals are
used to evaluate the second-order perturbative correlations.
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Table 5.1 Summary of the MC3BB type of DHDFs

Name DFT Compounds of wavefunction methods  Ref.
exchange + correlation
MC3BB B88 + B9S HF/MP2 [1]
MC3MPW mPW + PW91 HF/MP2 [1]
MC3MPWB mPW 4 B95 HF/MP2 [2]
MC3TS TPSS + KCIS HF/MP2 [2]
MCCO-MPW mPW + PW91 HF/MP2 [2]
MCCO-MPWB mPW 4 B95 HF/MP2 [2]
MCCO-TS TPSS + KCIS HF/MP2 [2]
MCUT-MPW mPW + PW91 HF/MP2/MP4(SDQ) [2]
MCUT-MPWB mPW 4 B95 HF/MP2/MP4(SDQ) [2]
MCUT-TS TPSS + KCIS HF/MP2/MP4(SDQ) [2]
MCQCISD-MPW mPW + PW91 HF/MP2/QCISD [2]
MCQCISD-MPWB ~ mPW + B95 HF/MP2/QCISD [2]
MCQCISD-TS TPSS + KCIS HF/MP2/QCISD [2]
MCG3-MPW mPW + PW91 HE/MP2/MP4(SDQ)/QCISD(T) [2]
MCG3-MPWB mPW + B95 HE/MP2/MP4(SDQ)/QCISD(T) [2]
MCG3-TS TPSS + KCIS HF/MP2/MP4(SDQ)/QCISD(T) [2]

Table 5.1 lists the first type of DHDFs, which mix the total energies of a DFT
calculation and those of wavefunction methods [1, 2]. The latter are not limited to
MP2 (Mgller-Plesset perturbation theory at second order) as in MC3BB [1], but
updated even to the QCISD(T) level [2] (i.e., quadratic configuration interaction
with single and double plus fourth-order and fifth-order quasi-perturbative terms
involving triple excitations). They are actually multi-coefficient methods. One can
think of these methods as improving the correlation part of hybrid DFT, or one can
think of them as adding static correlation and additional dynamic correlation to the
best practical single reference wavefunction theory methods. It has been argued
that, in the eye of KS-DFT, the exchange-correlation energy in this class of
DHDFs depends on both Hartree-Fock (HF) orbitals and KS orbitals, both of
which are functionals of the density [3].

The second type is represented by B2PLYP [4]. Technically, it is very similar to
the standard MP2. Instead of using HF orbitals, it uses orbitals generated from a
hybrid DFT that already contains partial correlation. Such a hybrid DFT is not
supposed to be used alone, which has to be completed after the PT2 term is
augmented. Later, the theoretical basis of the B2PLYP type of DHDFs is provided
by the multi-determinant extension of the Kohn-Sham scheme [5]. Table 5.2
summarizes the DHDFs in this class [4—18].

We proposed the third type of DHDFs to use orbitals from a fully functional-
ized DFT [19]. The key idea of the XYG3 type of functionals is to combine the
Gorling-Levy (GL) coupling-constant perturbation theory [20] and the standard
KS scheme [21] in the framework of the adiabatic connection formalism [22, 23].
In particular, XYG3 can be considered as a natural evolution of the well-tested
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Table 5.2 Summary of the B2PLYP type of DHDFs

Name Description Ref.
B2PLYP B88 exchange; LYP correlation; PT2 correlation based on hybrid-GGA part [4]
mPW2PLYP Like B2PLYP, but with mPW exchange [6]
B2KPLYP  Re-parameterized B2PLYP version for kinetics [7, 8]
B2TPLYP Re-parameterized B2PLYP version for thermochemistry [7, 8]
B2GPPLYP Re-parameterized B2PLYP version for general purpose applications [8]
B27PLYP  Re-parameterized B2PLYP version for conjugated m-systems [9]
B2P3LYP Modified B2PLYP version with long-range PT2 correction [10]
B20S3LYP Similar to B2P3LYP, but with SOS-PT2 correlation [10]

ROB2PLYP Re-parameterized B2PLYP version within a restricted KS formalism for [11]
treating open-shell systems

wB97X-2 Ingredients of the B97 functional; long-range corrected; SCS-PT2 [12]
correlation
B2-PPW91 Like B2PLYP, but with PW91 correlation [13]

DSD-BLYP Modified B2PLYP version with SCS-PT?2 correction; fitted together with [14]
DFT-D dispersion correction

DSD- Like DSD-PBEPS86, but with PBE exchange and P86 correlation [15]
PBEP86
IDH-BLYP One-parameter version of B2PLYP [5]

PTPSS-D3  Re-optimized TPSS exchange and correlation; SOS-PT2 correlation; fitted [16]
together with DFT-D3 dispersion correction
PWPB95- Re-optimized PW exchange and B95 correlation; SOS-PT2 correlation; [16]

D3 fitted together with DFT-D3 dispersion correction
PBEO-DH  No fitting parameters based on PBE exchange—correlation [17]
PBEO-2 No fitting parameters based on PBE exchange—correlation [18]

hybrid functional B3LYP [24, 25]. Because of using B3LYP orbitals, XYG3
shares with B3LYP the kinetic energy, the classic Coulomb interaction energies
between electrons and electrons, as well as those between electrons and nuclei.
These are the larger terms in the total energy of any interested system. As com-
pared to B3LYP, only the exchange-correlation term is updated in XYG3, where
each term, including the PT2 contribution, is evaluated using the B3LYP orbitals.
Other fully functionalized standard KS functionals can serve the same role as
B3LYP in XYG3, while the parameters in the DHDFs shall be re-parameterized
accordingly, as, after all, we only have an approximate KS functional at hand to
generate the orbitals and the GL theory is truncated at the second order. Table 5.3
summarizes the DHDFs in this class [19, 26-30].

There are several intensive tests for DHDFs of different kinds (e.g., See Refs.
[17, 31-33]). Our observation is that all these DHDFs contain fitting parameters
which can be tuned, leading to similar accuracies, and are especially useful for the
main group chemistry. Not every functional is equally applicable to every prob-
lem. This makes benchmarking evitable in choosing the right functional for the
right problem.
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Table 5.3 Summary of the XYG3 type of DHDFs
Name Description Ref.
XYG3 B88 exchange; LYP correlation; evaluated with B3LYP orbitals and densities [19]

XYG3s Like XYG3, but introducing the scaling all correlation (SAC) method to speed [26]
the PT2 evaluation

XYG30o Like XYG3, but with re-optimized parameters for smaller basis sets [27]

XYGIJ- Like XYG3, but with SOS-PT2 correlation [28]
(0N

xDH- PBE exchange and correlation; evaluated with PBEO orbitals and densities; [29]
PBEO SOS-PT2 correlation

Irc-XYG3 XYG3 plus scaled long-range PT2 correlation [30]

5.2 Limitations

There are limitations in the current version of the XYG3 family of functionals,
which point to the direction of future development.

(1) The functionals are trained and validated with benchmark sets developed for
the main group chemistry. Although some DHDFs, such as B2PLYP [7, 8,
14-16], are shown to have encouraging results for some transition metal
involved complexes, systematic validation and possible extension are needed
for the XYG3 family of functionals being applied confidently to transition
metal chemistry.

(2) Only single-point energy calculations have been carried out for the results of
the XYG3 type of DHDFs presented in this book, which may fail if the B3ALYP
geometries diverge significantly from the experimental geometries. Potential
energy scans suggest that XYG3 should be able to give accurate geometries
for either covalently bonded or noncovalently bonded complexes with stan-
dard basis sets commonly used [31]; more systematical investigation can only
be made possible when the analytical gradients are feasible. Development of
analytical gradient has just appeared [34], while development of analytical
hessian shall be made possible in the near future.

(3) Evaluation of the PT2 term scales formally as N°, where N measures the
system size. The SAC model has been adopted to speed evaluation of the PT2
terms in DHDFs [26]. XYGJ-OS has been implemented, which explores the
possibility of using techniques of resolution of identity and scaled-opposite-
spin MP2 [28]. We anticipate that other methods developed for the second-
order Mgller-Plesset perturbation theory can be readily used in DHDFs for
efficient calculations of large molecules.

(4) Extensions to include other properties (e.g., electric properties and nuclear
magnetic properties, etc.), excited states and periodic systems are valuable
directions to go.
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5.3 Perspective

Despite its great success, there are fundamental issues that remain to be answered
in ground state density functional theory. For example, Ruzsinszky and Perdew
have raised 12 outstanding problems [35]. They are

Problem 1: Problems of finding the minimum.

Problem 2: Is there a systematic way to construct density functionals?

Problem 3: Approximating the density functional for the kinetic energy.
Problem 4: What is the correct long-range behavior of the exchange—correlation
hole?

Problem 5: Remaining problems of semi-local functionals.

Problem 6: Can we construct a proper density functional for non-collinear
magnetism?

Problem 7: Can we make fourth-rung density functionals without empiricism?
Problem 8: What are the range-separated hybrid functionals telling us?

Problem 9: Can we describe both long-range charge transfer and static correlation?
Problem 10: Can we find a useful correction to the random phase approximation?
Problem 11: What is the best way to incorporate long-range van der Waals
interactions?

Problem 12: Is symmetry breaking acceptable?

More recently, Cohen, Mori-Sanchez and Yang have reviewed the challenges
for density functional theory [36]. Five challenges they summarized are:

Challenge 1: To develop a functional that performs uniformly better than B3LYP.
Challenge 2: The need to improve the description of reaction barriers and dis-
persion/van der Waals interactions.

Challenge 3: To understand the significance of E[p] vs E[{®;, ¢;}], OEP (optimized
effective potential), and beyond.

Challenge 4: Delocalization error and static correlation error.

(a) (b)
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Fig. 5.1 a Dissociation curves of H,*; b Dissociation curves of H,. All calculations are
performed using the 6-311 + G(3df,2p) basis set
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Challenge 5: The energy of two protons separated by infinity with one and two
electrons: Strong correlation.

The basic errors of current DFT functionals, mostly from the first to the fourth
rungs, have been highlighted by their abilities to describe the stretched H," and H,
systems [36]. Figure 5.1 displays the performance of DHDFs. From Fig. 5.1 it is
seen that restricted XYG3 (RXYG3) provides a good, although not perfect,
description of the stretched H,", but it fails for the H, system. If symmetry
breaking is acceptable, unrestricted XYG3 (UXYG3), as well as other functionals,
is able to give good description of the H, system.

The holy grail in KS-DFT is to find better and better approximations to the
exact exchange-correlation functional. There is still a long way to go.
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