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Abstract

Density functional theory (DFT) is currently the most widely applied electronic struc-
ture theory in Chemistry. It is favoured for its computational efficiency, coupled with
good accuracy. Although formally exact, approximations are required when practi-
cally applied. In the Kohn-Sham formalism, these approximations are contained within
the exchange-correlation functional. Well established exchange-correlation functionals,
such as the ubiquitous B3LYP, provide reasonable accuracy, but their continued use
is increasingly based on the collective experience with the functional that has been
accumulated, rather than the results that can be achieved. This thesis considers the
circumstances under which conventional functionals fail and how a recent modification—
coulomb attenuation—can resolve such issues.

An outline of basic electronic structure theory is provided in chapter 1, particularly
the formulation of the Hartree-Fock approach. This is extended to more sophisticated
wavefunction based methods. Chapter 2 provides a formal proof for the validity of DF'T
as well as a framework for its implementation. A recently developed exchange-correlation
functional (CAM-B3LYP) based on a varying quantity of exact exchange is outlined.
Also discussed is the time-dependent DFT (TDDFT) approach to the determination of
excitation energies, its failures and how such failures can be predicted and eliminated.
The subsequent chapters consider the application of CAM-B3LYP to the description of
weak interactions and excited states.

Chapter 3 considers some key problems facing modern DFT—dispersion, fractional
spins and fractional charges—in terms of the force and the Feynman electron density
distortion, in addition to the conventional viewpoint of the energy. Two model systems,
H, and HJ are employed to illustrate how increasing quantities of exact exchange can
increase the fractional spin error while decreasing the fractional charge error, respec-
tively. This is reflected in the improved description offered by CAM-B3LYP for Hy and
the corresponding poor performance for Hj .

Chapter 4 takes a more detailed look at the dispersion interaction. Cg dispersion
coefficients are calculated using a range of functionals—CAM-B3LYP showing a clear
improvement over GGA and hybrid functionals. Dispersion corrected potential energy
surfaces and interaction energies are determined with CAM-B3LYP providing compa-
rable accuracy to other, existing long-range corrected functionals.

Chapters 5 and 6 consider the application of CAM-B3LYP to the excited states of
large systems of chemical and biological importance, respectively. In the former, the
difficulty of comparing theoretically determined excitation energies with experimentally
observed absorption spectra is of particular focus. In the latter, the failure of con-
ventional functionals to correctly predict the energy and character of charge-transfer
excitations is highlighted. For both cases, it is shown that CAM-B3LYP can provide
a significant improvement over conventional functionals, all but eradicating the charge-
transfer issue in the latter case.

Chapter 7 further investigates the charge-transfer issue experienced by conventional
functionals and illustrates how the error can manifest itself as an inaccuracy in the
character of an excited state rather than the energy. CAM-B3LYP provides an accurate
description of both aspects. Triplet excitation energies are determined from TDDFT and
the ASCF approach—the latter providing improved results for conventional functionals.
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Chapter 1

Introduction

The ultimate goal of the quantum chemist is the exact solution of the non-relativistic
electronic Schrodinger equation, involving the description of all electrostatic interac-
tions between particles and the motion of the particles, including all quantum effects.
Traditionally, the many-electron wavefunction was used as the central quantity in ab
initio calculations. This led to the development of Hartree-Fock theory and, later, more
complete electronic structure theories.

Alternatively, the density can be used in the formally exact density functional theory
(DFT). The comparative simplicity of the density with respect to the wavefunction
makes this theory much less computationally intensive. It is this advantage, coupled
with the possibility of high quality results, which drives the development of DFT.

Given the computational similarity of the theories, an outline of the Hartree-Fock
procedure and other wavefunction methods will be given before discussing DFT in detail

in chapter 2.

1.1 Hartree-Fock Theory

The energy, E, of any molecular system is described by the non-relativistic Schrodinger

equation®

ﬁqjtot - E\I’tot (11)



where the Hamiltonian operator, in atomic units (m. = h = e = 4mey = 1), is

MM,
AZp

D3PS )
TiA A=1B>A Rap

) L N N M o N Ny M
H==52 Vi=2 2 020 - Z
i=1 i=1 A=1 i=1 j> =

In any system, the mass of the nuclei are far greater than the mass of the electrons,
to the extent that for our purposes, the nuclei can be considered as fixed in space.
Successive calculations can be done at altered nuclear configurations, building up a
potential energy surface. This decoupling of the electronic and nuclear motions, known

as the Born-Oppenheimer? approximation, allows the total wavefunction to be written

as a product of the nuclear wavefunction and a single electronic wavefunction
Uior = Un(R)Pe(r;R) (1.3)

where the wavefunctions are functions of all electronic (r) and nuclear (R) coordinates.
The parametric dependence of the electronic wavefunction on the nuclear coordinates
has been included, which accounts for the variation of the electronic wavefunction with
different nuclear configurations. As a consequence of the fixed nuclear framework in the
Born-Oppenheimer approximation, the kinetic energy of the nuclei is zero and the elec-
trostatic repulsion between the nuclei is a constant. The result is a theory in which the
electronic energy is found as a solution to the time-independent electronic Schrodinger

equation
HU,(r) = E.U,(r) (1.4)

where H, is the electronic Hamiltonian and E, is the electronic energy. The electronic

Hamiltonian
1 N M Z N Ny
He=—5) Vi~ ZZ—A >0 (1.5)
i=1 i=1 A=1 " i=1 j>i Y

comprises terms describing the kinetic energy of the electrons, the interactions between
the electrons and the nuclei and the interaction between the electrons, respectively. The
nuclear-nuclear term has been omitted for clarity and will be done so for the remainder

of the thesis. The Born-Oppenheimer approximation is only valid if a change in nuclear



position does not coincide with a change in electronic state. If two states are sufficiently
close in energy that a change in nuclear coordinates does cause a change of state then the
Born-Oppenheimer approximation breaks down and the energies of the states are poorly
described. All our calculations therefore concern the energy of the electrons within a
fixed nuclear framework.

Hartree-Fock theory® " approximates the electronic wavefunction as a single deter-
minant.®? The use of a determinant ensures the wavefunction is antisymmetric with
respect to the interchange of the space-spin coordinates of a pair of electrons, thereby

satisfying the Pauli principle.!® The wavefunction is

x1(x1) x2(x1) o0 Xa(X1)
Wgp = \/% Xl(.xﬁ X2(.X2> Xn('XZ) (1.6)
X1(%n) X2<Xn) T Xn(Xn>

which is an antisymmetrized product of one-electron orthonormal spin orbitals. Each
orbital y;(x;) is the product of a spatial ;(r) and spin o(s) component.
To determine the energy of a Slater determinant it is helpful to separate the electronic

Hamiltonian into a sum of one- and two-electron operators,

The energy of a Slater determinant is then given by the expectation value,

E. = (Vgp| He |Usp) (1.8)
Yoo 1 & 1 1
= Z Ol hlxa) + 5 Z Z (x| . Ixix;) — (x| r_ [X5x3) (1.9)
1=1 i=1 j=1 v ]
N 1 N n
= hyi + = J; K. 1.10
; 5 ; j:l( i — Kij) (1.10)

The first term in (1.10), due to one-electron operators, describes the kinetic energy of

the electrons and the attractive Coulombic interaction between the electrons and the



nuclei,

1
hii = — (il §V2 Ix:) + (X Vext | Xa) - (1.11)

where

ext(Ti) = 1.12
v t I' Z |I‘1 RA| ( )

The second term in (1.10), due to the two-electron operator, has two contributions
known as the Coulomb (J) and exchange (K) integrals. The former of these describes
the classical repulsive interaction between the electrons and the latter accounts for the
avoidance of like-spin electrons due to the Pauli principle. As such, the Coulomb energy
is a positive contribution, while exchange lowers the energy as it forces the electrons
to avoid each other. These two-electron integrals can be written using the following

convenient notation,
Jij — Kij = (iiljj) — (ij]j7) (1.13)
where

(ijlkl) = / / ) (01— e ) i (1.14)

The Hartree-Fock procedure consists of minimising the energy of a Slater determinant
with respect to changes in the orbitals, subject to the constraint that the orbitals remain
orthonormal. This is done through the use of Lagrange multipliers and gives the Hartree-

Fock equations,
FXi = Zgjin (1.15)
J
where ¢ is a matrix of Lagrange multipliers and F' is the Fock operator,

F=h+J-K, (1.16)



in which the Coulomb and exchange operators are defined as,

Jy;(x1) = Z/%dxng(xl) (1.17)

Ky (x1) = Z/%dxzxi(xl). (1.18)

The Coulomb operator is local, requiring only knowledge of the orbital it is operating
on at a particular point in space corresponding to the location of the electron. The
exchange operator, requiring a knowledge of the entire orbital at all points in space, is
a non-local operator.

The Fock operator is invariant to unitary transformations so the orbitals can be
transformed in such a way that ¢ is diagonal, giving the canonical form of the Hartree-

Fock equations,
FX;= e (1.19)

where the y; are transformed orbitals. The Hartree-Fock equations are a set of one-
electron equations whose eigenvalues ¢; are physically interpreted as orbital energies.
The Fock operator is a one-electron Hamiltonian operator. The solutions to the Hartree-
Fock equations are found iteratively as, through the electron-electron terms, the Fock
operator is defined in terms of the orbitals which are being determined.

For closed shell systems, a restricted formalism is used in which electrons of opposite

spin are paired so that they have equivalent spatial components

i) = 4 Vitrats) (1.20)
Tir)8(s)

where ¥;(r) = 1;(r). Restricted Hartree-Fock is unable to account for static correlation
in stretched Hy where the limitations placed on the spatial component of the a and [
electrons gives rise to the unphysical HT—H™ electronic configuration. Alternatively,
unrestricted Hartree-Fock does not make the assumption that the spatial components
of paired electrons must be equal and are instead allowed to differ. The unrestricted

treatment of stretched H, allows the correct dissociation into two hydrogen atoms, at



the expense of spin contamination. By expanding the unknown wavefunction in a set of
known basis functions (see section 1.4) we arrive at the Roothaan-Hall equations.!!!2
In a similar manner to the Roothaan-Hall equations, the unrestricted picture is solved
through the Pople-Nesbet equations.'?

The total Hartree-Fock energy is not simply a sum of orbital energies. The Fock oper-
ator has terms describing repulsion to all other electrons via the Coulomb and exchange

operators and a sum would double count the electron-electron repulsion. Therefore, the

total Hartree-Fock energy is

N

N
1
Ee = Zéi — 5 Z(JZ] — KU) (121)
i ij

The Hartree-Fock procedure determines the lowest energy from a single determinant
wavefunction. As the energy is determined as the expectation value of the Hamiltonian,
the procedure is variational. Only the exact ground state wavefunction (¥g) will return

the exact ground state energy (Fy). Any other choice of wavefunction (V) will produce

an energy greater than this,
(B D) > (W] 7| W) = Eo. (1.22)

However, for all but one-electron systems, the Hartree-Fock approach is flawed as each
electron is treated as being in an average field of all other electrons. The result is
that in the Hartree-Fock picture, electrons are permitted to come too close to one
another. The Hartree-Fock energy is therefore above the exact energy of the system. To
quantify this error the term “correlation energy” is defined as the difference in energy
between the Hartree-Fock solution and the exact non-relativistic solution, within the
Born-Oppenheimer approximation. The term “correlation energy” can be misleading
as, through the exchange terms, like-spin electrons are to some extent correlated. In
order to improve upon Hartree-Fock theory, a more accurate wavefunction is required,
accounting for the interaction of electrons correctly. The first approach we consider is

Configuration Interaction (CI).



1.2 Configuration Interaction

As the Hartree-Fock wavefunction is able to obtain most of the electronic energy, it is
a good a starting point and can be systematically improved by the addition of excited

state determinants

Wep) = [Uyp) —l—Zc O Whp) + Y Y U)o (1.23)
i<j a<b

The first term is just the regular Hartree-Fock wavefunction and the second and third
terms correspond to singly (singles) and doubly (doubles) excited determinants respec-
tively. The excitation operator 7{ changes the orbital occupancy of the wavefunction
so that an electron that was in an occupied orbital ¢ is now in a virtual orbital a. The
coefficients ¢, are termed the ‘amplitudes’ and are determined by minimising the CT en-
ergy. The double, 7:%1;7 (and higher) excitation operators behave similarly, but for more

electrons. The CI wavefunction may be more conveniently expressed as
‘\I’CI> =(1+T1+T2+"')|\IIHF>- (1.24)
where

Ty =) cf (1.25)

Ty = i > g (1.26)
ij,ab

are the excitation operators giving rise to the singly and doubly excited determinants.
If all possible excited Slater determinants are included, the full configuration interaction
(FCI) limit is achieved, which gives the exact solution within the basis set used. However,
even for the smallest systems, the number of terms involved in such an approach is
unmanageable. It is therefore necessary to truncate the wavefunction at a reasonable

level of excitation.
The inclusion of singles only has no effect on the ground state energy. Solution
of the Hartree-Fock eigenvalue problem requires that the off-diagonal elements of the

Fock matrix be zero. That is, (Uyp| H7¢|Wyr) = 0, meaning there is no coupling



between the ground and excited state determinants. It is therefore necessary to include
at least singles and doubles (CISD) to give some improvement for the ground state
energy, which is the point at which the theory is often truncated. The energy is found
through a constrained minimisation such that the CI wavefunction remains normalized.
However, it is the amplitudes which are optimised, rather than the reference Hartree-
Fock wavefunction, to give the lowest energy possible. Therefore, as the orbitals are not
affected by the minimisation procedure, the orbitals used in a CI calculation are the
equivalent Hartree-Fock orbitals.

When considering relative energies, it is important for the theory being employed
to be size extensive. That is, the energy of a system of two non-interacting monomers
is equal to the sum of the isolated monomer energies. Although FCI is size extensive,
any truncated form is not. This is most usefully illustrated by the example of two
non-interacting Hy molecules. While CISD is able to give all required excitations for a
single, isolated hydrogen molecule, when the dimer is considered, it is not able to describe
the situation where all four electrons over both molecules are excited. Therefore, this
description will not reproduce twice the energy of a single hydrogen molecule. A theory
truncated at fourth order (CISDTQ) would be necessary to provide a size-extensive
description in this case. This failure of truncated CI theory limits its usefulness and it
is therefore beneficial to consider coupled cluster theory (CC), which is size extensive

at all levels of truncation.

1.3 Coupled Cluster Theory

In coupled cluster theory, the linear sum of terms which make up the CI wavefunction

is replaced by a product,!4 16

Wer) = (14> cu?) [ur) (1.27)
o) = [T+ tuf) [ W) (1.28)

where p indicates the number of excitation operations. Expressing the wavefunction

in this form means that regardless of truncation, there will be numerous operators



exciting each electron in the system. The form of the CC wavefunction is equal to the
Taylor series expansion of the exponential form (as, by definition, Ai = 0), allowing the

wavelunction to be rewritten as

Uee) = exp(t,f,) [nr) = € [Uyr) (1.29)

where the cluster operator

T=> t,m, (1.30)
i

:T1+T2+T3+"'- (131>

Ty contains all the single excitations, Ty contains all the double excitations etc. If the
theory is truncated at second order (CCSD), as is common, doubly excited determi-
nants are obtained in two ways. Firstly, through connected doubles, arising from the
application of the Ty operator and secondly, through disconnected doubles arising from
products of the T operator. Therefore, it is possible—to some extent—for truncated
coupled cluster theory to account for higher excitations through disconnected operators.
By including these higher order terms, coupled cluster theory ensures size-extensivity.
For the previous case of two separated Hy molecules, CCSD accounts for the indepen-
dent excitation of both electrons on each molecule through the T22 operator or equivalent
products of single operators.

CCSD represents one of the most commonly used and trusted wavefunction methods.
It is possible to systematically improve the description of the wavefunction by inclusion
of higher order terms, although beyond CCSD(T),!” where the triples are considered
perturbatively, the expense of the calculations becomes prohibitive for all but small
systems. CCSD itself can be too computationally demanding for anything but the
smallest systems so it can be common to use an approximation to this theory, known as
CC2.'%1 Throughout this thesis, coupled cluster methods will be used as a reference

against which DFT can be compared.



1.4 Basis Sets

To solve the Hartree-Fock equations (1.19), the orbitals in the Slater determinants must

be constructed from a finite set of basis functions
Pi(r) = Z Caifla(T)- (1.32)

As the set of functions used for this is necessarily finite, it is an approximation to the
actual orbital. If an infinite number of functions (a complete basis) were used then this
would not represent an approximation. The choice of function type is a balance between

similarity to actual electronic structure and computational cost. Slater type orbitals
n(r) = Nz"y™zle™r (1.33)

reproduce the hydrogenic orbitals but certain necessary integrals can not be solved

analytically for this form. Gaussian type orbitals®®
n(r) = Na"y™2le (1.34)

do not have the correct ‘cusp’ at the nucleus and drop off too rapidly at large distances,
but they are computationally much more favourable than Slater functions. To obtain the
correct shape of the wavefunction, more Gaussian-type functions are required. However,
despite this drawback, their use is still computationally superior than using Slater-type
functions. The form of the basis sets shown here is known as Cartesian, given their
dependence on the three Cartesian coordinates z, y and z. For orbitals whose angular
momentum is L > 2, this form requires a greater number of functions than when using

spherical harmonics
n(r) = Nrte oy (9, ¢). (1.35)

Therefore, by transforming from Cartesian to the spherical harmonic basis, the calcula-
tion requires fewer basis functions and will, as a result, be computationally faster.

The choice of the number of functions, as well as the the function type is important.

10



A minimal basis set consists of one basis function for each atomic orbital. However,

it is useful to have additional functions to be able to describe non-uniform electronic

distributions. An atom may be bonded to its nearest neighbours by different types of

bonds, each of which may require different functions in order to be described sufficiently

well at the same time. Wavefunction-based theories require additional functions of

higher angular momentum to be able to accurately describe the electron-electron cusp

in the wavefunction.

By expanding (1.19) in (1.32), projecting from the left with a basis function and

integrating, we arrive at the Roothaan-Hall equations!! 12

/Ub(rl)ﬁ;cama(rl)drl = 5z‘/77b(r1);0ama(r1)dr1
ani/nb(rl)ﬁ’na(rl)drl :€¢ZCai/77b(I‘1)77a(I‘1)dI'1

Fc = Sce

where S is the overlap matrix

Sy= [ mndr

11

(1.36)
(1.37)

(1.38)

(1.39)



Chapter 2

Density Functional Theory

The electron density is obtained from a multiple integral of the square of the modulus

of the wavefunction

p(I‘l):N/---/|\I/(X1,X2,...,XN)|2d81dX2---dXN, (2.1)

where only the spatial part of the first electron is omitted from the integration. Due
to the indistinguishability of electrons, p(rj)dr; represents the chance of finding any
electron in the volume element dr;. Before considering a formal proof for the validity
of the electron density as a quantity for calculating the electronic energy its use can
be justified from the following arguments: The electron density integrates to give the

number of electrons in a system

/p(r)dr =N, (2.2)

and it also exhibits cusps at the nuclei, whose slope is directly related to the atomic
charge. Therefore, the electron density contains complete information on the number of
electrons, as well as the charge and positions of the nuclei. As noted by Bright-Wilson,?!
this is all that is required to construct the electronic Hamiltonian of equation (1.5).
The motivation for using the electron density rather than the wavefunction lies in its
simplicity. The wavefunction depends on four coordinates (three spatial and one spin)
for each electron. As the size of a system increases, the complexity quickly becomes

unmanageable. However, as a function of only four coordinates in total, the electron

12



density is much more appealing. In fact, its appeal is so great that early attempts at
using it as a basis for a theory of electronic structure were made before any proof that
this was possible had been provided. Thomas-Fermi-Dirac*? 2 theory constructs the

energy from components which can be expressed in terms of the density
Errp = Ct /pg(r)dr + Ene +J + C’X/pg(r)dr, (2.3)

where Fy. is the nuclear-electron energy. The electron-electron energy V.. is approxi-
mated as the classical Coulomb interaction, J plus exchange. The first and last terms
are the kinetic and exchange energy terms which are the exact results for the uniform
electron gas, but here applied locally. The approximation for the kinetic energy in TFD
theory is so poor that it fails to even bind molecular systems. The terms in the TFD

energy expression will be elaborated upon later in this chapter.

2.1 The Hohenberg-Kohn Theorems

To verify the suitability of the electron density as a quantity for determining the elec-
tronic energy, it is necessary to show that the density uniquely determines the Hamil-
tonian for that system. This is the motivation behind the first Hohenberg-Kohn theo-
reom.2® Consider two Hamiltonians, H; and H, whose external potentials differ by more
than a trivial additive constant but which have ground state wavefunctions ¥; and ¥y
respectively, both of which have the same density. Both wavefunctions must therefore
correspond to systems with the same number of electrons.

We know that the expectation value of a Hamiltonian with the exact wavefunction
gives the energy of that system. If any other wavefunction is used, the variational prin-
ciple states that the energy that results will be higher than when the exact wavefunction

is used,

Ey = (| H, |T,) (2.4)

Ey < (Uy| Hy [W) . (2.5)

13



Using the simple identity H; = Hy + [ﬁl — ﬁQ], we have
By < (Uy| Hy |U,) = (Uy| Hy |Us) + (U] [Hy — Hy) |T3) . (2.6)

As the kinetic and electron-electron energy terms are defined only by the number of
electrons, the Hamiltonians only differ in the external potentials v; and vs(equation

(1.12)). Exchanging the labels in equation (2.6) leads to the following two results,

Fi < By + /p(r)[vl(r) — ’UQ(I')] dr (27)

E, < Ey + /p(r)[UQ(r) —vy(r)] dr (2.8)
giving the following contradiction
Ei+ Ey < By + By (29)

Through this proof by reductio ad absurdum, it has been shown that two potentials,
which differ by more than an additive constant, can not lead to the same electron
density. Thus, the density uniquely determines the Hamiltonian and it can be used
to calculate the energy. It is therefore possible to construct the energy in terms of

functionals of the density,

Elp] = T[p] + Vie[p] + Vee[p] (2.10)

where the terms relate to the kinetic energy of the electrons, the nuclear-electron and
electron-electron potentials, respectively. It is usual to collect the kinetic energy and

the electron-electron terms together into one functional, F[p(r)],

Elp) = / p(x)u(r)dr + Flp]. (2.11)

The second Hohenberg-Kohn theorem concerns the introduction of a variational
principle based on the density. As shown by the first theorem, any density p will
uniquely determine the Hamiltonian, which is equivalent to determining the external

potential, v, and therefore its own wavefunction ¥. By using a trial wavefunction ]

14



which gives density p, we see that

(8] 719) = [ ple)ote)ds + Flg) = El7) = Elgl 2.12)

In an analogous manner to the Hartree-Fock energy minimisation, the energy can there-
fore be minimised with respect to variations in the density. However, the variations must
be constrained to those that maintain the number of electrons in the system through
equation (2.2). Again, this is achieved through the use of a Lagrange multiplier. Min-
imising the energy subject to the necessary constraint and then substituting in the

energy expression of equation (2.11) gives the Euler equation

5pczr) (E[P] - {/p(r)dr — N}) —0

OE[p]
so(r) 1!
v(r) + (;}07([5)] =l
u(r) + (Zjég’] gf([f )] = (2.13)

We have therefore arrived at a position where we can express the electronic energy
in terms of the density through the use of the functional F'[p] and we can minimise
this energy variationally. However, there is no indication of the form of this unknown
functional, so although we know that obtaining the energy is a possibility, at this point

there is no procedure for doing it.

2.2 The Levy constrained search

The density in the Hohenberg-Kohn analysis must be obtained from a valid antisym-
metric ground state wavefunction associated with a Hamiltonian of the form in equation
(1.5). This condition is known as v-representability. The conditions for v-representability
are not known and it is possible to obtain physically reasonable trial densities which are
non-v-representable.?” The Levy constrained search?®?? removes the need to consider
v-representable densities by minimising over N-representable densities—those that are

obtained from N-electron wavefunctions. The exact energy is the result of the min-
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imisation of the expectation value of the N-electron Hamiltonian over all N-electron

wavefunctions

N
Ey = min <\I/|T—|—Vee+;v(ri) W) (2.14)

This minimisation can be done in two parts: firstly minimising over all wavefunctions
yielding one particular N-representable density, followed by minimisation over all N-
representable densities

p VU—p

Ey = min (min (U| T + Vo + Z v(r;) |\I’)> . (2.15)

The external potential is only dependent upon the density and can therefore be omitted
from the minimisation over wavefunctions to give

Ey = min (min (U|T + Ve | W) + /v(r)p(r)dr) . (2.16)

p U—p

It is now possible to extend the definition of F[p] in equation (2.11) to

Flp] = min (U| T + V.o |¥) . (2.17)

U—p
The minimisation of the energy now only needs to be considered for N-representable
densities, the conditions for which are known: the density should integrate to the number
of electrons, be everywhere positive and satisfy [ |[Vp'/2|?dr < oo for finite systems.

However, the form of the function F'[p] is still unknown.

2.3 Kohn-Sham Theory

The precise form of the quantity F[p(r)] introduced in the last section is unknown.
However, specific parts of the energy are known. Kohn-Sham (KS) theory® therefore
adopts a philosophy of collecting all known terms and all unknown terms, and making
the former as large as possible, to minimise the size of the latter. Therefore, if and when
approximations are introduced to calculate the unknown parts of the functional, any

errors will have as small an effect on the energy as possible.

16



If we consider a fictitious system of non-interacting electrons it is possible to write

the kinetic energy in terms of one-electron orbitals as
1
%MPZE:WMﬂM—gvﬂ%@D (2.18)

and the density as

plr) = > [ (w)f* (2.19)

In the KS scheme Tg is used to approximate the kinetic energy of the real, fully inter-
acting system.
A large part of the electron-electron repulsion energy can be obtained from the

classical Coulomb repulsion of the density

Jp] = %// %ﬁmdrldrg. (2.20)

We now define a new term, the exchange-correlation energy functional, which is the
difference between the kinetic energies of the real, interacting system and that of the
fictitious, non-interacting system together with the difference between the V. of the real

system and the Coulomb energy

Exclp) = Tlp] = Ts[p] + Veelpl — J]p], (2:21)

which allows us to express the energy as

Elpl = [ ple)olw)dr + o] + J1g] + Exclpl (2.22)

The first three terms can all be written down exactly, while all approximations are now
contained within the final term, the exchange-correlation energy.
Minimising the energy of equation (2.22) with respect to changes in the density,

subject to the constraint that the number of electrons remains constant, gives the Euler
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equation,

0Tslp] | 0Jlpl | 9Exclp] _

O Sy T e T etr) (223)
which we write as
0Ts[p]
Veg(T) + o) 1 (2.24)
where
vesr(r) = v(r) + & o), 9Exclp] (2.25)

5p(r) " op(x)

Equation (2.24)—which yields the exact density of the real system—is the same Euler
equation as in equation (2.13) for a system of non-interacting electrons moving in an
external potential, veg(r) (that is to say, a system of electrons for which 7" = Ty and
Vee = 0). It follows that the density of the real system can be obtained by determining
the density of a non-interacting system moving in an effective potential, veg(r). This

can be done exactly as the Hamiltonian is uncoupled,

) N 1 N
H=- Z §v§ + Z Vesr(T7) (2.26)

and so the exact solution is just a single determinant of orbitals obtained from a set of

one-electron equations

(=57 + vate) ) i) = st (227)

These orbitals can then be used to determine Tg (equation (2.18)) and the density (equa-
tion (2.19)). The energy is then evaluated using equation (2.22). Through the introduc-
tion of orbitals, it has been possible to derive the exact form for most of F'[p]. However,
the form of the exchange-correlation functional remains unknown. Kohn-Sham theory is
exact; the exact form of the exchange-correlation functional would allow the calculation
of the exact electronic energy. Understandably, the principal focus of research in DFT is

on developing new exchange-correlation functionals, while assessing and understanding
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the strengths and weaknesses of existing forms. It is therefore common to refer to any

particular form of the exchange-correlation functional simply as a “functional”.

2.4 Exchange-Correlation Functionals

As seen in the attempts of Thomas, Fermi and Dirac, the uniform electron gas (UEG) can
be used as a basis for theories employing the electron density as the principal quantity.
The development of exchange-correlation functionals will be considered with this as a
starting point. The UEG is a system of infinite volume, with an infinite number of
electrons balanced by a background positive charge. Applying the UEG result locally
yields

Ll

=5 (2) [t (2.28)
In order to develop a corresponding functional of the density for the correlation energy
of a UEG, Ceperly and Alder®!' performed quantum Monte-Carlo simulations on the
UEG. Their results have been parameterised into several forms, most notably by Vosko,
Wilk and Nusair (VWN).3? The molecular application of the UEG exact expression for
the exchange energy, EFXP4 and the essentially exact UEG correlation energy, E5P4,
gives the local density approximation (LDA). It is useful when applied in Physics to
problems involving bulk metallic systems whose structure resembles that of a uniform
gas of electrons. However, in Chemistry, this model is not as relevant for molecules
where electron density is more localised and it generally overbinds molecular systems.
In order to improve upon the UEG model, higher order density-dependent terms
are introduced. Information about the gradient of the density will take some account
of the variation of the electron density within a molecule. The generalised gradient

approximation (GGA) takes as the form of the exchange-correlation functional

Emmz/mevmww. (2.20)

Functionals such as those due to Perdew, Burke and Ernzerhof (PBE)?3? and Perdew and

34,35

Wang are designed to satisfy conditions of the exact Exc under various limits. More
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success in chemistry has been found by fitting the functional form to known molecular
properties. However, functionals derived from this approach are susceptible to problems
when applied to cases outside of the type included in the set of molecules used for the
fitting procedure. Becke used atomic properties to fit a gradient correction to EXP4 in his
1988 exchange functional (B88X).3% He subsequently incorporated a gradient corrected
correlation functional developed by Perdew and Wang.3* Similarly, the BLYP GGA
functional is a combination of B88X and the gradient corrected correlation functional
of Lee, Yang and Parr (LYP).7

Hybrid functionals augment the functional form of GGAs with a proportion of exact
exchange as defined in Hartree-Fock, evaluated using Kohn-Sham orbitals (see the final
term of equation (1.9)). The justification for this can be seen through a consideration
of the adiabatic connection.?®#? This involves the connection between the Kohn-Sham
non-interacting reference system and the fully interacting real system. The Levy con-
strained search functional

Flp] = min (U| T + Ve, |¥) (2.30)
U—p

can be re-written with the electron-electron operator scaled by a parameter A\ which
connects the non-interacting Kohn-Sham system (A = 0) to the fully interacting, real

system (A = 1). The Hamiltonian
Hy=T+V*+ \V, (2.31)

has its density fixed at that of the interacting system through the choice of the external
potential, V*. Equation (2.30) is then generalised to

Flp] = min (U] T+ AVee [0) = (U T+ AVee [ ¥). (2.32)
P

It is known that for the non-interacting (A = 0) and the fully interacting (A = 1) systems

Folp] = Ts[p] (2.33)

Filp] = T[p] + Veelpl, (2.34)
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respectively. This allows the expression of the exchange-correlation energy in equation

(2.21) as

_ [ 9F:[p]
)

Exclp] = Filp] — Folp] — J[p] dA — Jp]. (2.35)

Employing the Hellmann-Feynman theorem,**#* this becomes

Exclo] = /0 (0| Vi [0} dX — J[o] (2.36)

It is therefore possible to write the exchange-correlation energy exactly as

1
Exclpl = [ Wad (2.37)
0
where
Wi = (W) Vee [T2) — J[p]. (2.38)

It is clear that the exact form of W) would yield the exact exchange-correlation energy
through a simple integration. An accurate description of W), is therefore highly desirable.
Becke approximated the form as Wy = a + bA*® and used the exact conditions for W,

and Wj to determine the values of a and b. Firstly, for A =0,
Wo =a = (Uy| Vee | W) — J[p] = Ex (2.39)
which is the value of exact orbital exchange evaluated using the KS orbitals. For A =1,

Wi=a+b= (0| Ve |U)) = J = Ve — J. (2.40)

This was approximated as Ux2”*, which is the potential energy of exchange-correlation

taken from the LDA. Integrating Becke’s approximation to the adiabatic connection

then gives

1 1
Exc = 5 Bx + §U§8A. (2.41)

This is known as Becke’s “half and half” functional, which shows that the incorpora-

21



tion of some amount of exact exchange into exchange-correlation functionals is often
desirable. Such functionals are known as hybrid functionals. There are numerous hy-
brid functionals in the literature. By combining the result of equation (2.41) with the
correlation functional LYP, the BH-HLYP functional is obtained. The functional with
the most widespread use is B3LYP*® whose ubiquitous presence is a result of it being
embraced by the chemical community for its generally good, all-round performance.
The functional includes exchange and correlation terms based on the density as well as
gradient corrections for both, but also a portion of exact exchange. The most commonly

used form, due to Stephens et al.*” is
Exc = (1 — ag) EXPA + agEx + ax AEE® + ac EY™YN 4 (1 — ac)AESRT.  (2.42)

The local terms for exchange and correlation come from the LDA. Becke’s 1988 gradient
correction is used for the exchange and the correlation is gradient corrected as in the
work of Lee, Yang and Parr. The value of aq is set to 0.2 so the functional contains
20% exact exchange. Other common hybrid exchange-correlation functionals include
the PBEO functional*®*? and the B97-1 functional®®®! which incorporate 25% and 21%

exact exchange, respectively.

2.5 Theory of particular relevance to this work

Remaining relevant background theory will be discussed throughout the thesis when it is
most pertinent for it to be considered. However, there are certain aspects of modern DF'T
which require a detailed outlining prior to any further discussion, given their relevance
to the majority of the work. Firstly, the discussion will be of long-range corrected
functionals, and the specific case of CAM-B3LYP?? whose performance is central to this
thesis. Secondly, an outline of the theory of time-dependent density functional theory
(TDDFT) and its application to the determination of excited states is given. This is
followed by an examination of the failure and correction of TDDFT results, which is
also of central importance to this thesis. Each section involves a discussion of the initial
theory, its shortcomings, the improvements that have been made and finally, how they

relate to the work that will be presented.

22



2.5.1 Long-range corrected functionals

Hybrid functionals, particularly B3LYP, have become hugely popular for determining a
wide range of chemical properties. However, their performance suffers in cases where
the inter-electron distance becomes large. The most pertinent of these failures is in the
description of charge-transfer (CT) excitation energies (see section 2.5.2). The long-
range problem can be traced to insufficient exact exchange at large r15. To improve this

situation, the electron-electron term can be split as®>*

1 l—erf(ur) | erf(ur) (2.43)

12 T12 T12

Through this, it is possible to treat the long-range and short-range exchange in different
ways. The first term in equation (2.43) accounts for the short-range part and is treated
using DFT exchange. This is appropriate given the generally acceptable performance
of DFT functionals for short-range dependent properties. The form of the exchange for

this part is based on the 1-particle density matrix

1 1
Ex[p] = T // T—uﬂ%(rl,ﬁ)drldrz (2.44)

By assuming the LDA, this can be expressed more conveniently in terms of the den-

Sity?3:5%56

1 4
BN = 3 LRI / 0 (r)dr (2.45)

g

where KIPA = 9(3/7)33/4, which may be related to the Fermi momentum,

97 1

5 =
kLDA — <m> pa. (2.46)

The expression for the exchange energy (equation (2.45)) has been extended to allow for
the use of GGA exchange functionals®”®® by assuming that the one particle GGA density

matrix can be obtained by evaluating the LDA matrix with the modified momentum

O9r \? 1
kSCA — <W) 03 (2.47)
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The second term of equation (2.43) concerns the long-range interaction and is treated

through exact orbital exchange.

12

Ext = _% > i) (rz)w%(rl)%(m) dry drs. (2.48)

The parameter 1 determines the rate at which the treatment of exchange ‘switches’ be-
tween short-range DF'T exchange and long-range exact orbital exchange. Consequently,
a value of p = 0 would give no exact exchange, resulting in a pure GGA functional.
Conversely, © = co would give a Hartree-Fock treatment of exchange at all distances.
Tawada et al.® determined a value of u = 0.33 a;'. The resulting approach was suc-
cessful in the treatment of van der Waals interactions,?® charge-transfer excitations®®
and polarizabilities in extended m-systems.’” However, the performance of functionals
based on this long-range correction is poor for properties such as atomisation energies,
which were treated well with conventional hybrid functionals. This can be traced to
the treatment of exact exchange within the long-range correction. The parameter u
controls the proportion of exact exchange by taking values between zero and one as the
inter-electron distance increases. The result is a short-range region where there is little
or no exact exchange incorporated into the calculation. In this case, the performance
of the functional will reflect that of a pure GGA, rather than a hybrid functional. The
benefits exhibited by functionals such as BSLYP as a result of adding exact exchange

have been lost.

CAM-B3LYP

To resolve the issue with inappropriate amounts of exact exchange at short and long

1.52

distance, Yanai et al.”* introduced additional parameters to the partitioning in (2.43)

to increase the flexibility of the exchange term,

1 1- [ + Berf(uris)] L@ + Berf(,urlg). (2.49)

T12 12 12

The authors named this approach as the “Coulomb-attenuating method” and outlined

the details for a version of B3LYP called CAM-B3LYP. For this functional, the short-
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range exchange is governed by the first term in equation (2.49) and has the form,

BSR _% ;/pé (r) KSGA {(1 —a)-p (gaa[ﬁerf (i) + 204 (by — ca)])]

(2.50)
where
W
Ay = W (251)
by — exp [ —— (2.52)
o Xp 4@3_ .
1

Co = 2a2b, + = (2.53)

2

and K9G is defined as in the Becke 1988 gradient corrected exchange functional,

20p12
1 + 65prarcsinhz,

KGO8 = KIPA 4 (2.54)
where S = 0.0042.
Correspondingly, the long-range exchange is governed by the second term in equation

(2.49) and has the form

EXR = aFx — g Z Z ¢i(r1)¢j(r2)w¢j(r1)¢i(r2) dry drs. (2.55)

- 12
o ij

The authors found that using the same p value as Tawada et al. and values of « = 0.19
and 8 = (.46 gave atomisation energies, ionization potentials and total atomic energies
in good agreement with B3LYP. They also found that the performance for charge-

transfer excitations was greatly improved compared to B3LYP.

2.5.2 Time-dependent density functional theory (TDDFT)

Given the reliance on the variational principle, DF'T cannot be applied to arbitrary
electronic states. It is only valid to apply it to the lowest state of a particular space-spin
symmetry. The development of time-dependent density functional theory (TDDFT) has
allowed such excited states to be probed. Through the linear response formalism, which

is outlined below, it is possible to determine vertical electronic excitation energies from
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the ground state to any excited state—the difference between the energies of the excited
state surface and the ground state surface, at a given geometry. Following an outline
of the theory, a discussion of failures within TDDFT will be given, along with potential
solutions.

In a similar fashion to the treatment by Hohenberg and Kohn, the Runge-Gross
theorem® establishes the basis of a time-dependent density functional theory (TDDFT)
by considering a time-dependent non-interacting reference system whose electron density
exactly matches that of the real, interacting system. Analogous to the first and second
Hohenberg-Kohn theorems, the time-dependent density determines the time-dependent
external potential and a variational principle can be established. To derive an expression
for the excitation energy, we can start from the time-dependent Kohn-Sham (TDKS)

equations
0 .

where FXS is the time-dependent KS operator. Although TDKS theory is formally exact,
the form of the time-dependent exchange-correlation functional is unknown. The adia-
batic local density approximation,®’ % based on the assumption that the density varies
only slowly with time, allows us to use the time-independent ground state exchange-
correlation functional rather than a time-dependent one.

The formulation of TDDFT with which we will be concerned is based on linear-

62765 The response of the ground state density to a time-dependent

response theory.
electric field will give the excitation energies. By expanding the time-dependent Kohn-
Sham equations in a basis of time-independent single-particle wavefunctions we have
> FpPy — PPy = @'%Ppr (2.57)
q
where F,,, and P,, are the KS operator matrix and the density matrix, respectively and
the indices p, q ... denote general orbitals. Note that if we were to consider the ground
state, which does not vary with time, the left hand side of equation (2.57) would be
equal to zero.

An oscillating, time-dependent electric field is applied to the system causing a per-
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turbation

Bpy = P;?q + Pplq (2.58)

Fpg=F) +F,. (2.59)
The perturbation to the KS Hamiltonian consists of two terms
E), = gpqg + AFY. (2.60)

The first of these corresponds to the applied perturbation, the time-dependent electric
field of frequency w

1 —iw * _dw
gpq = §<qu€ ! + que t) (261)

where the one-electron operator f,, describes the applied perturbation. The second

term,
AR =>" o P (2.62)
Pq — OP,; st .

gives the change in the KS operator due to the change in the density. The perturbation
to the density matrix is written in terms of perturbation densities, d,, as
Pl _ 1 d —iwt d* iwt 2.63
pq_é[ pq€ + ap® ] ( : )

Inserting equations (2.58) and (2.59) into equation (2.57) and considering only the first-
order perturbation on the TDKS equation (2.57) we have

9
> (FSP) — Py FS + F) Py — POFL) =i—P. (2.64)

pq= qr pg— qr pg— qr pq— qr 8t pr
q

Inserting equations (2.60) and (2.63) into (2.64) gives

2.

q

Y dye — dpg F angd P — P aFc?Td = wd
paQar — Apglgr + qu"‘;@ st | Lgr = Ipg fqr—";@ st | | = Wapr-
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Terms multiplied by ™! give the complex conjugate of equation (2.65). The idempo-

tency condition

pg— qr pg™— qr

> (PP + PyPS) =P, (2.66)
q
restricts the form of d,, such that only occupied-virtual and virtual-occupied pairs are
non-zero. The unperturbed Fock matrix is diagonal, so only occupied-occupied and
virtual-virtual pairs will contribute. If we set z,; = d,; and y,; = d;,, where a,b,c...and
i,7,k. . . denote unoccupied and occupied orbitals respectively, we obtain the following
pair of equations,

Fo i — TaiFy) + PO = wag (2.67)

k23

0F,; OFy;
fai + ; (@xby 8P yb]>

0F;, 0F},
meaz yaiF(?a - PO fia + ; (@ij Ib] 8P yb]) = WYqi (268)
The elements of the time-dependent Kohn-Sham matrix are given by
Fpy = /?ﬂp(r)ﬁwq(r)dr (2.69)
_ Lo p(r') ., 0Exc[p(r)]
= [t (=57 vt + [ L L BB e, o)
Given that
8 /
6[) gs) = ¢y (1) s (r') (2.71)
it follows that
drdr’ O Pxc NVbs(r') d
2= [ e () dv [ S 0 o 1))
(2.72)
= (palrs) + (pal fxclrs). (2.73)
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Making use of the following relations

Ey, =&y (2.74)
0 _
P,=1 (2.75)
we arrive at the TDDFT equations
A B X 1 0 X
=w (2.76)
B* A Y 0 —1 Y

where the elements of matrices A and B are

Ajajb = 5ij5ab<€a —&;) + (ailby) + (ai’fXij) (2.77)

Biajo = (ailjb) + (ail fxcljb)- (2.78)

The TDDFT equations are solved to give the excitation energies w. The derivation
shown is applicable to all forms of exchange-correlation functional but the form of the
elements of matrices A and B given in equations (2.77) and (2.78) are valid only for
local or GGA functionals. In order to accommodate hybrid functionals, it is necessary to
account for the additional term in the KS Fock operator originating from exact orbital

exchange. For a hybrid functional, the form of the matrices A and B is

Aiago = 0130w (20 — &) + (ialjb) + (1 — car) (ial ficljb) + cu (ij]ab) (2.79)

Biajo = (ialbj) + (ial fxcl|bj) + cur(ialbj), (2.80)
where cyr denotes the proportion of exact exchange included.

Failures within TDDFT

The most notable failures of GGA and hybrid functionals for calculating excitation
energies are those that are Rydberg or charge-transfer in character. Firstly, the failure
to describe Rydberg transitions will be discussed, as well as a scheme for solving this
problem. Secondly, the charge-transfer failure will be discussed and the role of exact

orbital exchange in resolving this issue will be considered.
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As the number of electrons of a system passes through an integer number, the
exchange-correlation potential exhibits a discontinuity.¢ On the electron deficient side,
the potential approaches zero asymptotically while on the electron abundant side, the
potential approaches a limiting value of Axc.®” In both cases, the potential exhibits a
—1/r dependence. GGA functionals do not exhibit any discontinuity and can therefore,
at best, average over it. In regions of non-negligible electron density they are known to
approximately average over the discontinuity® and should therefore approach a limiting
value of Axc/2.9™ The result of this is that occupied orbital energies are shifted up
in energy. For example, in exact DFT it is known that the energy of the HOMO orbital

is equal to the negative of the ionisation potential. However, in a GGA, this becomes

A
erono ~ —I + TXC (2.81)

Asymptotically, the GGA potential does not approach Axc/2 but decays rapidly to
zero. The result is that the potential is insufficiently deep to bind orbitals that would
otherwise be bound in the real system. Excitations to these orbitals, now lying in the
continuum, are significantly underestimated. This has significant consequences for the
description of Rydberg excitations. To solve this problem, the long-range form of the
potential can be forced to decay with the correct —1/r behaviour to the correct limiting

value™

1 A
lim vxe(r) = —= 4+ —2, (2.82)

r—00 r 2

where Axc/2 is approximated asymptotically as the sum of the ionisation potential
and the energy of the HOMO. While fixing the asymptotic behaviour of the potential
in this manner fixes errors in Rydberg excitations, it does not address the problem of
charge-transfer excitations.

It has been shown that conventional functionals frequently underestimate the ener-
gies of charge-transfer excitations.” " The origin of this failure has been discussed” ™
and is illustrated here by considering the case of an electron moving from an occupied
orbital ¢ on a donor molecule (D) to a virtual orbital @ on an acceptor molecule (A)

which are spatially well separated by a distance R. In such a case, the exact excitation
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energy is

1
W™t = TPP — EAA — - (2.83)

where IP and EA stand for the ionisation potential and electron affinity, respectively.
The —1/R dependence arises from the Coulomb attraction between the resultant charged
species. For GGA functionals, when the donor and acceptor molecules are sufficiently
separated, all two-electron integrals in the matrices A and B will approach zero and the
TDDFT equation reduces to an orbital energy difference

TDDFT _ _A _ _D
WGGA =€, — & - (2.84)

The error in the charge-transfer excitation will therefore be
WTPPFT _ jexact — oA _ D (TpD _ FAA), (2.85)

which is approximately equal to the average of the integer discontinuities of the donor
and acceptor molecules.”™ It can be seen that the closer the orbital energy values are
to the ionisation potential and the electron affinity, the lower the error in the charge-
transfer excitation energy will be. By augmenting GGA functionals with exact orbital
exchange, the quality of HOMO and LUMO orbital energies is improved and therefore,
the excitation energies are better.

For such hybrid functionals, the two-electron integrals in A corresponding to exact
Hartree-Fock exchange are non-zero. Again, all integrals in B approach zero. The
excitation energy is therefore

Wi " = € — €l C;F. (2.86)
It is clear that at large separation, excitation energies from GGA functionals have no
R dependence and excitation energies from hybrid functionals have the incorrect R
dependence. It should be noted that at infinite separation, the expression for the ex-
citation energy from a hybrid functional reduces to the one for a GGA. This analysis

clearly shows that for the correct description of charge-transfer excitations it is nec-
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essary for an exchange-correlation functional to incorporate some exact Hartree-Fock
exchange, as it is this term which introduces the required 1/R dependence. The correct
R dependence can only be achieved with 100% exact exchange. By incorporating exact
orbital exchange to fix the quality of the charge-transfer excitations, the correct asymp-
totic form of the potential is also achieved, meaning this approach not only corrects
charge-transfer underestimation but also Rydberg excitations. Accurate predictions for
charge-transfer excitations have been reported when using CAM-B3LYP® #3 (despite it

not having 100% long-range exact-exchange).

Predicting charge-transfer failures

As shown in the preceding section, the failure of conventional functionals to predict
charge-transfer excitation energies within TDDFT is a major problem. In order to
address this, Peach et al.®* introduced a diagnostic tool for predicting the likelihood
of underestimation of excitation energies with different classes of exchange correlation

functionals. They based this tool on the quantity

Oia = (|91l |dal) (2.87)

which measures the extent of spatial overlap between any occupied-unoccupied orbital
pairs involved in a given excitation. The moduli in equation (2.87) prevents orthogonal

orbital pairs giving zero overlap. Each overlap is weighted by
Riq = Xia + Y;aa (288>

where X;, and Y, are solutions to the TDDFT equations (2.76). The resulting diagnostic

quantity is

A — Zia K/Zzaoia

ia Kia

: (2.89)

normalised such that it takes values of 0 < A < 1. A value of A = 0 signifies a
transition between two orbitals which are infinitely separated. A value of A = 1 signifies
a transition between two orbital which are spatially identical. The study by Peach et al.

found that for GGA functionals, an excitation energy with a value of A < 0.4 is likely
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to be significantly underestimated. For hybrid functionals, the performance is slightly
better and values of A < 0.3 indicate excitation energies which are likely to be incorrect.
The nature of this diagnostic tool is such that a value above the given threshold does not
guarantee an accurate description of the relevant excitation energy. Indeed, the same

workers found just such a case in a subsequent paper.®®
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Chapter 3

Dispersion, fractional spins and

fractional charges

The errors arising due to dispersion, fractional spins and fractional charges are con-
sidered through two prototypical examples, H, and HJ . These examples are con-
sidered from the standard viewpoint of the energy and also the non-conventional
viewpoint of the force. It is shown how the variation of the force is determined by
the degree to which the density of each system is distorted through the electrostatic
theorem of Feynman. For both fractional spins (illustrated by Hy) and fractional
charges (illustrated by Hj ), the proportion of exact exchange incorporated into
exchange-correlation functionals has a significant effect on the quality of the re-
sults. In the former, functionals with large quantities of exact exchange—including
CAM-B3LYP—perform poorly whereas in the latter they provide an improved de-
scription over conventional local functionals and hybrid functionals with smaller
quantities of exact exchange. Errors in forces and density distortions are related

to erroneous terms in the Kohn-Sham equation.

Three areas where exchange-correlation functionals in modern DF'T are particularly
susceptible to failure is in the accurate description of dispersion, fractional spins and
fractional charges.®® The associated errors manifest themselves in poor descriptions
of the dissociation of molecules (present chapter), weakly-bound complexes (see chapter
4) and charge-transfer excitation energies (see chapters 5, 6 and 7) among others.?% 9!
The dispersion problem refers to the lack of a long-range C¢R™° interaction energy in

non-overlapping systems (a more detailed discussion is provided in section 4.1). Systems

with (locally) fractional spins tend to suffer from an overestimation of the energy and
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this is investigated through stretched Hy, which consists of two atoms, each with half an
alpha and half a beta electron. Systems with fractional charges tend to suffer from an
underestimation of the energy and this is investigated through stretched Hj , consisting
of two atoms, each with half an electron. To facilitate the analysis, the internuclear
forces, potential energy curves and density distortions are employed to build up a picture
of each molecule at large internuclear separations. The errors which arise are interpreted
in terms of both the energy and the force. The electrostatic theorem of Feynman is used
to relate the forces and the density distortions, which can then be related to errors in
the Kohn-Sham orbital equations.

Nuclear forces are determined using conventional analytic gradient techniques—i.e.

the true energy derivative,

oFE

Fy=—
A aZA’

(3.1)

where, for a diatomic system consisting of two nuclei A and B, the force on nucleus A
(Fa) is a function of the z component of the nuclear coordinate of A and the electronic
energy is F. Nuclear forces are also determined using the electrostatic theorem.*344
The electrostatic theorem states that the force arises due to the classical interaction

with other nuclei and the electron density,

Fy = _adn / Proza g (3.2)

2 3
R TiA

where 11 is the distance from nucleus A to electron coordinate ry, of which the z-
component is z;4 and Z, is the nuclear charge of A. By calculating forces in this man-
ner, it is possible to obtain physical insight by understanding the forces in terms of
the electron density. When considering nucleus A, a positive force corresponds to an
attractive interaction. The electrostatic theorem is formally exact, but breaks down
for non-variational methodologies and/or finite basis sets. It is therefore necessary to
consider only variational methods (full CI, Hartree-Fock and DFT) and extensive basis
sets to minimise any associated errors.

There have been few previous studies where the force has been of central interest in

the same way in which it is here. One such study was conducted by Allen and Tozer”?
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Table 3.1: Electrostatic forces (a.u.) and associated BSSE corrections for Hes calculated
with BD(T)/Dc147 with f-functions removed. Fsapr acts as a reference.

R/ag F BSSE Correction Corrected F'®  Fgapr

8.0 4.66 0.18 4.84 5.10
85 3.13 0.13 3.20 3.30
9.0 2.04 0.08 2.12 2.20

and concerned the forces in stretched Hes as calculated using the coupled cluster based
approach of Brueckner doubles with perturbative triples (BD(T))?* % and the Dc147
basis set.”® The results obtained in that study have been reproduced and are shown
in table 3.1. It can be seen that, due to the incompleteness of the Dc147 basis set,
the application of a basis set superposition error (BSSE) correction was necessary. A
detailed discussion of BSSE is provided in the next chapter (section 4.2). However,
its effect can be understood as the overlapping of basis functions causing an artificial
lowering of the energy. In this case, as the basis functions overlap in the region between
the two helium atoms, this lowering of energy is accompanied by an artificial increase in
the force experienced between the two nuclei. It should therefore be expected that the
application of a BSSE correction will not only increase the energy, but also reduce the
internuclear force. However, as can be seen from the data in table 3.1, the correction to
the force in fact increases its magnitude. The improvement of the force is therefore due
to a fortuitous inaccuracy in the BSSE correction which arises from the incompleteness
of the basis set. By reintroducing the f-functions which were omitted in the study of
Allen and Tozer, it is possible to generate new data, closer to the basis set limit, which
is shown in table 3.2. The BSSE correction now, correctly, reduces the force. It is now
the case that the uncorrected forces which initially appeared good, are worsened. The
reference values here are the same as those used by Allen and Tozer and are based on
accurate SAPT interaction energies fitted to an interatomic potential.

The inaccuracy of the electrostatic force lies in the quality of the electron density
used. To improve the accuracy of the electrostatic force, two approaches can be used:
increasing the basis set size and increasing the internuclear distance. Both are equivalent
to decreasing the required correction due to BSSE and thus improving the accuracy of

the electron density. It is clear from this analysis that extremely accurate densities are
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Table 3.2: Electrostatic forces (a.u.) and associated BSSE corrections for Hes calculated
with BD(T)/Dc147 with f-functions included. Fsapr acts as a reference.

R F° BSSE Correction Corrected F®  Fgapr

8.0 4.85 —0.52 4.33 5.10
8.5 3.14 —0.33 2.81 3.30
9.0 2.08 —0.20 1.88 2.20

required to draw meaningful conclusions from the electrostatic theorem. This is more
achievable with H, and Hy given the simplicity of these systems. To guarantee densities
of high accuracy, an extensive basis set is employed throughout. Given the size of this
basis set, the errors arising from basis set overlap are below the precision quoted and
therefore, BSSE corrections need not be considered.

We now turn to the question of what can be learnt from the evaluation of Hy and Hy
at large internuclear separations, employing a variety of electronic structure methods.

For Hy and Hj, the force from the electrostatic theorem (equation (3.2)) reduces to

1 p(ri)zia
Fd=_—— — / ————dry. (3.3)
R2 3
The first term in equation (3.3) is the force due to the nucleus B, whilst the second
term is the force due to the total electron density. For large internuclear separations, it
is appropriate to partition space into two regions. The force on nucleus A can then be

defined in terms of the electron density around each individual nucleus

1
Ro ko [ e, 84

3 3

R? A A
1 el el,
_ _ﬁ + FA,pA + FA PB (35)

where pa(ry) and pgp(ry) are electron densities obtained by partitioning space into two
equal regions either side of the bond midplane. The forces Fy** and Fy*® are the
classical attraction of the nucleus A towards the electron density of fragments A and B,
respectively. These forces can be determined numerically using the standard numerical
integration schemes in DFT programs—extensive testing has been performed to con-
firm the numerical integration grid is sufficiently large to give numerical forces from

the electrostatic theorem which are indistinguishable from the analytically determined
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equivalent. Calculations are performed with the Cadpac®” and Dalton®® programs, using
a restricted and unrestricted formalism for Hy and Hy , respectively. A range of function-
als, with varying amounts of exact exchange are chosen: BLYP (GGA, 0% exchange),
B3LYP (hybrid, 20% exchange), CAM-B3LYP (coulomb-attenuated, 19% increasing to
65% exchange) and CAM-B3LYP (o + 8 = 1) (coulomb-attenuated, 20% increasing to
100% exchange). For Hj , only the exchange components of the functionals are consid-
ered and the results are denoted B, B3, CAM-B3 and CAM-B3 (a+ 3 = 1), respectively.
Full CI results are also presented which are exact (within the basis set) and correspond to
CCSD calculations for Hy and Hartree-Fock for H . All calculations are performed with
the d-aug-cc-pV6Z basis set where g and h functions have been removed for technical
reasons and, given the preceding discussion, BSSE corrections are not required.
Figures 3.1 and 3.2 show the full potential energy curves for Hy and HJ , respectively.
From this viewpoint of the energy it is clear to see the fractional spin error causes an
overestimation in the energy whereas the fractional charge error causes an underesti-
mation. As the amount of exchange increases from BLYP to B3LYP to CAM-B3LYP
to CAM-B3LYP (a + 8 = 1), the fractional spin error increases whereas the fractional
charge error decreases. The origin of these errors will now be investigated using the
definitions outlined above for the exact force (Fy), the full electrostatic force (F§') and

the electrostatic force due to the electron density around one nucleus (F§™**).

3.1 Dispersion and Fractional spins: H

For Hy, the comparison of the force (Fy), the electrostatic force (F§) and the electro-

PA) at R = 13 ag is shown

static force due to the electron density around nucleus A (F
in table 3.3. For all methods considered, the electrostatic force is almost exactly equal
to the exact force, confirming the validity of the electrostatic theorem. The F values
correspond to the slopes of the potential energy curves at R = 13 ay.

At large values of R, the density around nucleus B, pg(r), contains one localised

electron, thus the attraction of nucleus A to this electron and the repulsion from nucleus

B approximately cancel

elva ~ 1
FA ~ T

= (3.6)
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Figure 3.1: Potential Energy Curves for Hy (using d-aug-cc-pV6Z).
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Figure 3.2: Potential Energy Curves for Hy (using d-aug-cc-pV6Z).
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Table 3.3: Hy Forces (a.u.) at 13 ag.

Method Fy Fg Fhea
CCSD (Exact) 7.37x 1077 7.34x 1077 7.69 x 1077
BLYP 7.65 x 107> 7.64 x 10™° 7.24 x 107°
B3LYP 7.00 x 107* 6.99 x 107* 6.89 x 1074
CAM-B3LYP 2.07 x 1073 2.07 x 10=* 2.05 x 1073
CAM-B3LYP(a+ 3 =1) 321 x107% 3.21x107* 3.16 x 1073

yielding

Fy =~ FJ ~ FA, (3.7)
The net force exerted on nucleus A must therefore arise due to a distortion of the electron
density around A away from spherical. There is a generally good agreement between
F§ and F*4—confirming that the force on nucleus A is arising from a distortion of the
electron density around that nucleus. In order to illustrate this distortion it is useful to
consider not the density, but rather the density difference, defined as

Ap(r) = pas(r) — pa(r) — ps(r), (3.8)

where pap(r) is the density of the diatomic and pa(r) and pg(r) are spherical, atomic
densities associated with nuclei A and B, respectively. These latter two densities are
determined from calculations on the diatomic at R = 107 ay.

The force calculated using CCSD—which is exact for Hy—is 7.37x 10~ 7au at R = 13
ag. At this distance the only interaction is due to dispersion. The exact dispersion force

can be calculated using experimental dispersion coefficients,"

FIP(R = 13ag) = 6CR™7 +8CsR % + -+~ = 7.38 x 10 Ta.., (3.9)

showing excellent agreement with CCSD. The non-zero force exerted on nucleus A is
the result of the distortion of the density which can be observed in figure 3.3. Feynman
conjectured** that the only source of the R~7 component of the dispersion interaction

is the attraction of the nucleus to the distorted electron density that surrounds it,
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Figure 3.3: Hy CCSD density distortion

which has been verified for H, by Hirschfelder and Eliason.!?® Note that all subsequent
density difference plots for Hy will be plotted on a different scale, which is two orders
of magnitude larger than that used for the CCSD case in figure 3.3. This is required
due to the significantly larger distortion observed when less accurate electronic structure
methods are used. For comparison, the CCSD density difference is replotted on the new
scale in figure 3.4(a), where it can be seen that the distortion is barely visible.

From the results in table 3.3, it can be seen that when employing DFT methods,
the force becomes increasingly overestimated (too attractive) with increasing amounts of
exact exchange. This is reflected in the increased gradients of the potential energy curves
plotted in figure 3.1. At R = 13 ap, the CCSD curve is essentially flat, corresponding to
isolated atoms whereas—at the other extreme—CAM-B3LYP(a+ 5 = 1) still exhibits a
noticeable slope. The origin of this trend in increasing force is evident from the density
difference plots of figure 3.4 where it can be seen that there is an increasing degree of
distortion of the density. The fractional spin error manifests itself as an overestimated
force due to an exaggerated density distortion.

In the vicinity of nucleus A, the exact potential experienced by an electron should be
—i, given the molecule is essentially dissociated. For the DFT functionals considered,
there is an additional erroneous term equal to —%, where £ is the amount of long-range
exact exchange. The result of this additional term is that an electron near nucleus A
is attracted to a fractional positive charge on atom B equal to 1 — %, which causes the

exaggerated distortion of the electron density. For both Hartree-Fock and CAM-B3LYP
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Figure 3.4: Hy Ap plots illustrating the density distortion.
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(a+p = 1), which both correspond to 100% exact exchange at this distance, this results
in attraction to a 0.5 positive charge on atom B, reflecting the standard explanation that

the wavefunction incorrectly contains 50% ionic character. For these two methods, the

0.5

forces in table 3.3 are essentially equal to —F3.

The fractional spin error outweighs any error due the functionals missing the disper-
sion interaction. DF'T calculations on He,, which does not exhibit a fractional spin error,
would yield a density distortion much smaller than the exact distortion and hence, no
R~7 dispersion force. This was explicitly illustrated in Ref 92 in the context of Hartree-

Fock-Kohn-Sham calculations.

3.2 Fractional charges: HJ

From the values in table 3.4, the similarity between Fy and F§ for HJ again confirms
the validity of the electrostatic theorem. However, there is now a significant difference
in F{""A . As there is only one electron, the density around nucleus B only contains half
an electron. As a result, the repulsion of nucleus B is no longer approximately cancelled

by the density around B but rather

1
el, ~
FyP & R (3.10)
and so there is a net force exerted on nucleus A of
1 elva
FA%—Q—PP—FFA . (311)

The force on nucleus A can no longer be attributed just to the electron density around
A. In the exact case (now Hartree-Fock), close to dissociation at R = 13 ay, the force
exerted on each nucleus is close to zero (see table 3.4). In order to produce a total force
near zero, the force due to the density around nucleus A must almost exactly cancel
the repulsive —1/2R? term arising from the proton/half-electron system at B. Indeed,
the Hartree-Fock value of Fi» = —2.99 x 1073 ~ 1/2R? and the significant density
distortion in figure 3.5(a) reflects this. The significant distortion in this case is simply
a result of the attraction to nucleus B which is now shielded by only half an electron.

This distortion is necessary to counteract the repulsive force experienced between the
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Table 3.4: HJ Forces (a.u.) at 13 ag (using d-aug-cc-pV6Z)

Method Fi £ Fhea
Hartree-Fock (Exact) 4.59 x 107 4.41 x 1075 2.99 x 1073
BLYP —147x 1073 —1.48 x 1073 1.48 x 1073
B3LYP ~1.17x107% —1.17x107* 1.78 x 1073
CAM-B3LYP —491 x 107* —4.93 x 107* 2.46 x 1073

CAM-B3LYP(a+f8=1) 420x10° 398x107° 299 x 1073

two positively charged nuclei.

From the results in table 3.4 it can be seen that for the BLYP GGA functional,
the net force is Fly = —1.47 x 1073a.u., which represents a repulsive force of essentially
— 3=z (as would arise from the interaction of two half-plus fragments). The force on
nucleus A due to the density surrounding it is therefore FZl’pA R ﬁ. The density
does therefore distort towards nucleus B as shown in figure 3.5, but not sufficiently to
overcome the repulsion from fragment B, giving a net repulsive interaction. Interestingly,
the use of LDAX and other GGA exchange functionals yield identical forces and density
distortions.

Increasing the amount of exact orbital exchange causes the forces to become less
repulsive and then attractive. The CAM-B3LYP (a + 8 = 1) forces are in excellent
agreement with the exact Hartree-Fock values. This increase in force is a result of the
increased density distortion, as shown in figure 3.5. The fractional charge error therefore
manifests itself as an underestimated force due to an underestimated density distortion.
In the vicinity of nucleus A, an electron should experience an effective potential of
—i — %, the latter term being responsible for the distortion of the density. The Kohn-
Sham operator, in this case, contains an additional erroneous term of —ﬁ(f —1). For

small &, the —é term is partly cancelled, reducing the distortion. As £ increases, this

term vanishes and the correct, larger distortion is obtained.
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Figure 3.5: Hj Ap plots illustrating the density distortion.

45

1x107°

5 x 1076

Ap/a.u.

—5x 1076

—1x107°

1x107°

5x 1076

Ap/a.u.

0

—5x107°

—1x107°



Summary

The key problems of dispersion, fractional spins and fractional charges have been con-
sidered from the viewpoint of the force. Through the use of the electrostatic theorem,
these forces have been related to distortions of the density. The example of Hy shows
how the dispersion force arises from a distortion of the density—the sometimes over-
looked interpretation of Feynman. Hy was also used to illustrate the fractional spin error
which, in the case of DFT functionals containing long-range exact exchange, results in
an overestimation of the force due to an exaggerated density distortion. Conversely,
the example of Hj shows how long-range exact exchange is necessary for systems with
fractional charges where the force is underestimated due to an underestimated density
distortion. The fact that exact exchange is detrimental in the former case yet necessary
in the latter case presents a challenging problem which, through a consideration of the

force and density distortion, has been provided with new physical insight.

46



Chapter 4

Cg coefficients from DFT and the
DFT-D approach

Continuing the theme of weak interactions, this chapter considers the performance
of a variety of functionals in determining the Cy dispersion coefficient, with CAM-
B3LYP providing greater accuracy than conventional GGA and hybrid function-
als. The potential energy surfaces of rare-gas diatomics are constructed using
DFT with an empirical dispersion correction based on the Cy dispersion coeffi-
cient. Dispersion corrected interaction energies of biologically relevant systems are
also determined. CAM-B3LYP shows a performance of comparable accuracy to
other long-range corrected functionals for determining dispersion corrected inter-
action energies. The role of the attenuation parameters within CAM-B3LYP for
the accurate treatment of the dispersion interaction is illustrated. The need for

flexibility in the form of the dispersion correction is highlighted.

4.1 Calculating Cj coefficients

The weak non-electrostatic interactions between atoms and molecules are covered by the
‘van der Waals’ label. The attractive component of this interaction is the ubiquitous
dispersion or London interaction. Traditionally, this interaction is considered as arising
from the interaction of induced dipole moments; instantaneous fluctuations in electron
density on one species gives rise to a dipole moment which then induces a dipole moment

101,102

on a neighbouring species. This attractive interaction is present between well-

separated molecules, even in the absence of permanent multipole moments.'®®> The
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dispersion energy can be defined in terms of an interatomic or intermolecular distance

R and a dispersion coefficient C5,, as
Edisp = - Z CQnR72n- (41)
n=3

For intermolecular systems, this assumes a Cs,, coefficient for an entire molecule. It is
possible to consider the intermolecular interaction as a sum of interatomic interactions
and this is discussed in section 4.2. It is common to truncate this expression at the first
term, requiring only one dispersion coefficient, Cg. This is the only coefficient that will
be considered in the present work. Other terms contribute less because of higher-order
distance dependence so neglecting them is not significant in many cases.

The role of the dispersion interaction in chemistry must not be understated. It

11047107 gelf-assembly. The structure of proteins and

is responsible for crucial biologica
the stacking of DNA base pairs are just two examples of where the dispersion inter-
action plays a significant role in conferring conformation and stability. The dispersion
interaction is also responsible for the condensation of and binding between noble gas
atoms—examples of which will be considered here.

Although a number of routes exist to the determination of C coefficients,!*8 10 they

are determined here through the Casimir-Polder identity!!!

CY = %/ai(iw)aj(iw)dw, (4.2)

where ¢ and j denote the species that the dispersion interaction is between. The fre-
quency dependent polarisability a(iw) at imaginary frequency w is calculated in terms

of Cauchy coefficients S_o; using the Cauchy expansion,
aliw) =) S_yiw’ Y, (4.3)
=1

Since the Cy coefficients considered are isotropic they can be calculated from isotropic

polarisabilities,

1
o= g(am + vy + ). (4.4)
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Figure 4.1: The B3LYP frequency dependent polarisability of helium determined using the
Cauchy expansion (dashed) and computed directly (solid).

The Cadpac programme provides Cy coefficients as standard output and was therefore
used in the preliminary calculations. As there was no implementation of CAM-B3LYP in
Cadpac available, we then used Dalton and equation (4.3) to determine Cy coefficients.
However, the Cauchy expansion only holds up to the value of the first excitation energy
with non-zero oscillator strength.!'? This breakdown is illustrated in figure 4.1. The
result is that the frequency dependent polarisabilities and Cy coefficients could not be ac-
curately calculated in this manner. The Dalton code was therefore modified to print the
frequency dependent polarisability on a predetermined Gauss-Legendre quadrature grid
and the Cy coefficients were accurately obtained using equation (4.2) and the relevant
16-point quadrature scheme similar to that used by Amos et al.''3

Once the required tests and modifications to confirm consistency in the calculation
of Cy coefficients had been successfully completed, the performance of CAM-B3LYP was
examined. This functional has not previously been used to determine Cg coefficients.
Although the comparison of most significance is that of CAM-B3LYP with the original
B3LYP functional, a number of other functionals are also tested for a broader com-
parison. The functionals of Keal and Tozer''*!5 are employed given the recent good

performance of KT1 in modelling 7 — 7 stacking,''® and also the B971 functional,®
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Table 4.1: Static polarisabilities for the S1 set. All values in a.u.

B3LYP* B3LYP® CAM-B3LYP® DOSD®

He 1.51 1.51 1.53 1.38
Ne 2.87 2.88 2.87 2.67
Ar 11.60 11.61 11.48 11.07
H, 5.5 5.99 5.59 5.43
CcO 13.70 13.29 13.21 13.08
COy 17.34 17.41 17.32 17.51
N 12.04 12.04 12.01 11.74
HCl 18.59 17.98 17.71 17.39
HF 6.23 5.88 5.82 5.60
H,O 10.14 10.01 9.82 9.64

& Ref. 118.

bThis work

given its performance for van der Waals interactions.!'” All calculations use the d-aug-
cc-pVTZ basis set. A Cg coefficient must, by definition, exist between a pair of atoms
or molecules; when a Cg coefficient is reported for an atom, we assume this refers to
the homo nuclear dimer i.e. ¢ = j in equation (4.2). The initial test deals with such

homogeneous coefficients while the latter two sets will see the inclusion of mixed pairs.

4.1.1 The S1 set

As a preliminary test the BSLYP /pVTZ+ results presented by Ioannou et al.'*® for static
isotropic polarisabilities, S_, Cauchy coefficients and Cg coefficients were reproduced.
The results of Ioannou et al. are for a set of molecules denoted S1 and consisting of He,
Ne, Ar, Hy, CO, COgq, Ny, HCI, HF and HO at near exact geometries (diatomics from
Ref. 119, CO5 and HyO from Refs. 120 and 121, respectively). Given the confirmation
of consistency with the available results, all further calculations employ the d-aug-cc-
pVTZ basis set. The verification of the B3LYP results as well as a comparison with
CAM-B3LYP is shown in tables 4.1, 4.2 and 4.3. Total errors for Cy coefficients for each
functional are shown in table 4.4. The errors presented are the mean error (d), mean
percentage error (%d), mean absolute error (|d|) and mean absolute percentage error
(|%d|). These errors are determined relative to reference data determined from dipole
oscillator strength distribution (DOSD) calculations.!!®

The S1 set is small but balanced. The inclusion of He presents a problem with error

20



Table 4.2: Cauchy Coefficients (S_g;, I = 2) for the S1 set. All values in a.u.

B3LYP* B3LYP® CAM-B3LYP" DOSD#

He 2.0 2.0 2.0 1.6
Ne 3.6 3.7 3.7 3.0
Ar 32.7 32.7 31.5 28.8
H, 21.7 21.7 21.8 20.0
CcO 52.2 51.9 50.6 46.3
CO, 49.2 49.3 48.5 51.0
Ny 32.5 32.3 31.8 30.1
HCl 79.7 78.3 73.9 67.1
HF 15.2 15.1 14.5 14.4
H>O 42.0 40.9 38.0 35.4

a Ref. 118.

PThis work

Table 4.3: Cg coefficients for the S1 set. All values in a.u.

B3LYP* B3LYP® CAM-B3LYP® DOSD®
He 1.63 1.63 1.66 1.46
Ne 6.89 6.90 6.90 6.38
Ar 67.94 68.03 67.20 64.30
H, 12.37 12.38 12.53 12.09
CcO 80.87 81.14 80.69 81.31
COy  156.10 157.09 156.28 158.70
Nso 75.24 75.43 75.30 73.43
HCl 132.90 132.38 130.20 130.40
HF 20.36 20.41 20.20 19.00
H,O  48.14 47.16 46.30 45.37
a Ref. 118.
PThis work
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Table 4.4: Mean error (d), mean absolute error (|d|), mean percentage error (%d) and mean
absolute percentage error (|%d|) in Cg coefficients for S1 set (a.u.).

System HF  BLYP B3LYP CAM-B3LYP KT1 KT2 KT3 B97-1

d —436 366  1.01 0.48 49 238 073 044
d| 436 3.66  1.37 1.13 49 238 113 111
%d —7.78 9.84 423 3.82 105 559 319 3.01
%d| 778  9.84 448 431 105 559 3.65 3.52

measurement. As there are two orders of magnitude difference in the Cs values of He and
COs the mean absolute error is inappropriate, as information from He (as well as other
smaller systems) can be lost. However, if percentage errors are used, small discrepancies
in the He value will be distorted. This is of particular relevance given the significantly
better performance for all the rare-gas atoms by the KT3 functional (table 4.4). The
best performing methods are BSLYP, CAM-B3LYP, KT3 and B97-1, with CAM-B3LYP
showing a clear improvement over BSLYP. The high performance of the K'T'3 functional is
surprising, while that of B97-1 is to be expected.’! These two functionals were therefore

employed in further testing alongside BSLYP and CAM-B3LYP.

4.1.2 The S2 set

66 atomic and molecular pairs were chosen from the large dataset compiled by Johnson
and Becke.'?? These authors present accurate Cy coefficients for 178 pairs, but all pairs
containing open-shell species were discarded for technical reasons with the remaining
closed-shell pairs being sufficient for this study. Any pairs containing the heavier rare-
gas diatomics Krypton and Xenon as well as alkanes and alkenes above C3Hg were also
omitted as it was felt that the smaller analogues captured the essential chemistry without
being too computationally demanding. The resulting set is denoted the S2 set (see table
4.5) and is significantly larger than the S1 set. Although it is larger, and therefore
likely to be a fairer test of functional quality, the set is somewhat unbalanced due to the
frequent occurrence of SiHy, SiF,, CCly and Cly. Successful performance with the S2
set is, to some extent, based on the performance for these four molecules. All molecular
geometries were optimised at the B3LYP/6-31G(2df,p) and CCSD/aug-cc-pVTZ levels

to probe the influence of structure on the accuracy of the Cg coefficients, which were
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Table 4.5: Atom and molecule combinations in the S2 set and the associated reference Cg
coefficients (a.u.).

A B (g A B G A B G

H, H, 1211  SiH, SiH, 3439 CCl, CoH, 6424
CH, CH; 129.6 SiHy, Cly  363.6 CCly GCoHy 779.7
CoHs CoHy 204.1 SiFy H 43.28 CCly Ny 3827
CoHy CoHy 2477 SiFy,  Hs  61.19 CCly COy 563.1
CyHy GCoHy 300.5 SiF,  He 21.90 CCly  Ne 106.3
CyHg CyH, 278.9 SiF, CHy 202.3 CCly SiH; 828.6
CyHg CoHg 381.8 SiFy CoHy 251.9 CCly Cly 2024

No Ny 73.39 SiF, CoHy 306.2 CcCly Cly 8875
CO,; CyHy 178.2 SiFy Ny 1548 Cl, H 49.76
CO; COy 158.7 SiF, COy 227.7 Cl, Hy  68.58
SiHy H 47.25 SiFy  Ne 4540 Cly He 2293
SiHy Hy 6424 SiF, SiH, 318.7 Cl, CHy 2246
SiHy He  20.78 SiF,  SiFy  330.2 Cl, GCoHy 281.7
SiH, CHy 2094 SiF, CCly 798.2 Cl, GCoHy 3419
SiH, CoHy  264.0 SiF, Cly  349.5 Cl, GCyHg 385.4
SiH, CoHy,  320.0 SiFy  Ar 1446 Cly No  167.7
SiHy, CoHg  359.3 CCly H 113.4 Cl, COy 246.7
SiHy, CO, 2276 CCly  He 52.39 Cl, Cl, 389.2
SiHy Ne  41.77 CCly CHy 5122 Cly Ar 1574

determined using the established d-aug-cc-pV'TZ basis set.

The mean absolute error and the mean absolute percentage errors for the S2 set are
reported in table 4.6. CAM-B3LYP again shows a clear improvement over B3LYP. It
also benefits from the increased size of the test set by now outperforming both KT3 and
B971. The same ordering of functional performance is seen for both sets of geometries,
while there is little conclusive evidence for a quantitative improvement when using more

accurate geometries.

4.1.3 The S3 set

A final set of atomic and molecular pairs is considered for which experimental geometries
and Cg coeflicients are available. All of the dimers of the S1 set are included as well

as all combinations of the first 3 rare-gas atoms, together with (CHy)s, (Cly)a, COy3—
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Table 4.6: Mean absolute errors (|d|) and mean absolute percentage errors (|%d|) in Cp
coefficients for S2 set. All values in a.u.

B3LYP CAM-B3LYP KT3 B97-1

d  7.07 5.15 775 6.14
B3LYP Geometry o/ 363 2.56 428 3.4
d 627 6.38 6.70 5.84
CCSD Geometry g5 357 2.76 410 3.17

CH,, Cly,—H,, Cl,—CHy, Clo—N,, Clb,—CO,, Cly—He, Cl,—Ne and Cly—Ar. The
geometries of Cl, and CO, are taken from Ref. 123. The errors in the Cg coefficients
for this set are shown in table 4.7, where the d-aug-cc-pV'TZ basis set has again been
used. The strong performance of KT3 for this set can be attributed to the bias of the
set towards Cl, for which KT3 performs well. CAM-B3LYP again outperforms B3LYP.
Over all three test sets, it cannot be said that any functional consistently or significantly
outperforms the others, although it can be concluded that CAM-B3LYP generally shows
good performance and certainly provides a significant improvement over BSLYP. The
lack of a large, well balanced test set for the determination of Cy coefficients remains a

problem.

Table 4.7: Total errors in Cg coeflicients for S3 set. All values in a.u.

B3LYP CAM-B3LYP KT3 B97-1

|d| 2.40 2.04 1.54  1.95
|%d|  4.50 4.38 3.15 3.64

4.1.4 The role of the attenuation parameters in CAM-B3LYP

when determining Cj coefficients

Following the approach of Peach et al.,'?* the attenuation parameters in CAM-B3LYP
were then varied to find the optimal functional for the determination of Cy coefficients.

For this, the general exchange-correlation functional detailed by Peach et al. is used,

Exc = E§® + EXR + ELYP. (4.5)
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This differs from the original CAM-B3LYP form in that the BSLYP correlation compo-

nent has been replaced with LYP correlation,

E}C{éM—B3LYP — E)S(R 4 E}IER 4 Eg:‘}LYP (46)

EGYY = 0.81E5Y 4+ 0.19E5WN. (4.7)

The motivation for this change is that, even when the attenuation parameter a (see
equation (2.49)) is set to 0.2, the exact functional form of BSLYP cannot be reproduced
due to the differing prefactors for the gradient corrected exchange term. Therefore, the
justification for using the B3LYP correlation form is lost and it is found!?* that the
inclusion of VWN correlation produces poorer performance for atomisation energies.
The o and p parameters are varied in the ranges: 0 < a < 0.4 and 0 < u < 1. As well
as the original CAM-B3LYP form where a + 8 = 0.65, an additional functional form
where the exact long-range condition o + § = 1 is met, is also considered.

The o and p values are incremented within their ranges by 0.04 and 0.1, respectively.
The S1 set is used for this analysis and the same d-aug-cc-pV'TZ basis is employed. Mean
absolute errors and mean absolute percentage errors are found to give similar outcomes
in terms of functional performance. The S1 set is also considered without the inclusion
of helium to ensure that its unequal influence does not affect the resulting optimal
parameters. The mean absolute error in the Cg coefficients for the full S1 set as a
function of both a and p for a + f = 0.65 and a + 8 = 1 is shown in figures 4.2(a) and
4.2(b), respectively.

For a + B = 0.65, the optimal parameters are a = 0.32 and p = 0.1a,", which give
a mean absolute error of 1.10 a.u. For a4+ g = 1, the optimal parameters are o = 0.32
and = 0ag', which give a mean absolute error of 1.12 a.u. The error for the standard
CAM-B3LYP functional is 1.13 a.u. The optimisation of the attenuating parameters
therefore leads to a negligible change in performance.

It is clear from the optimal values of i that an increase in exchange at long-range
is of little importance. Adherence to the exact long-range condition is therefore of little
relevance in this case. A higher amount of exact exchange than is included in BSLYP
is preferable however, with a = 0.32 providing the best results. For both long range

conditions shown in figure 4.2, the parameters corresponding to CAM-B3LYP, a = 0.19
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Figure 4.2: Mean absolute error in Cg coefficient for the S1 set.
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and p = 0.33a," lie within the ‘valley’ of minimum error results. Large errors for low a
values (when g is also low) reflect the poor performance of local functionals while large

errors for high p values reflect the poor performance of Hartree-Fock.

4.2 Application of DFT to dispersion bound sys-
tems: DFT-D

The physics of dispersion, encapsulated in the form of equation (4.1) is not present in
local DFT exchange-correlation functionals. We now consider the explicit application
of Cg coefficients to the calculation of dispersion interactions. Specifically, we are in-
terested in the performance of CAM-B3LYP, which has now been shown to produce
good Cy coefficients. Several attempts have been made to rigorously incorporate the
form of the dispersion interaction into density functionals.!?>13° The focus of this work

131 supplemented their

is on post-SCF corrections to the DFT energy. Ahlrichs et al.
Hartree-Fock calculations with an explicit dispersion interaction calculated from Cj,
Cgs and (g coefficients. This approach of adding a dispersion correction to electronic

32 and an ab

structure methods was adopted in a QM/MM study of protein structure!
initio study of methanol dimers.'®® Explicit corrections were added to DFT methods
by Elstner et al.'®* and Wu et al.'® This latter approach is now widespread and
has been termed DFT-D. Of particular importance in this area is the extensive work of
Grimme.!03,108,1367142 Tp) the Jast 10 years there have been numerous investigations which
incorporate an explicit post-SCF dispersion correction (DFT-D), many of which!43146
employ Cjg coefficients determined using the exchange-hole dipole moment method of
Becke and Johnson. 109,110,122, 147149 The van der Waals functional of Andersson et al.'?8
has been combined with long-range corrected functionals®®!®® while Wu and Yang!®!
have used a DFT-D method which combines B3LYP and PW91 with dispersion cor-
rections based on experimentally determined Cjg coefficients. Given that the dispersion

correction is applied to completed DF'T calculations and that the correction itself varies

with the internuclear distance R, the DFT-D energy is defined as a function of R as,

Eprrp(R) = Eppr(R) + Eaisp(R) = Eppr(R) — CsR™° fa(R). (4.8)

o7



This definition is applicable to systems where there is a Cg coefficient for each entire
fragment in the complex. In the case of a rare-gas diatomic the atomic dispersion
coefficients are used. For molecular complexes such as the water dimer, a Cy coefficient
for the entire water molecule is required. The damping function fyq(R) is necessary to
prevent Egis, — 0o as R — 0. It therefore acts as a ‘switch’ between 0 and 1; turning
the correction off at short distances to prevent the dispersion correction dominating the
intermolecular potential. The form of the damping function plays a critical role in the
effect of the dispersion correction; the distance at which it switches between 0 and 1 is
important, as well as the rate at which it does so. If the correction is switched on at too
short a distance, non-dispersion type bonding will be affected. Two types of damping

131,133

function are considered. Firstly, the damping function of Mooij et al. (function I)

() 1)

(4.10)

fa(R) = (1 — oxp

151 (

and secondly a Fermi function'®! (function II)

fa(R) = ! :

1+ exp [—B <% — 1)]
The empirical parameters ¢ and § are determined according to experimental data while
R, is the sum of atomic van der Waals radii for the two atoms involved in the interaction.
This value is usually taken from the work of Bondi.'®® The difference in the rate of
onset and the separation at which this occurs between these two damping functions is
illustrated in figure 4.3. Comparison between each of these functions will be employed
throughout this chapter.

Much of the following work is concerned with the determination of interaction en-
ergies. Basis set superposition error (BSSE) is a problem that arises when calculating
interaction energies and is entirely due to the use of a finite basis set. When mapping
a potential energy surface, the energy of a diatomic (or more generally, any dimer) is

calculated relative to the energy of the two individual, isolated components

AExp = Eap — Es — Eg. (4.11)
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Figure 4.3: A comparison of the shape of the damping functions for the helium atom.

However, this expression omits any information about the basis sets which have been

employed. It is illustrative to include them in the expression,
AE\g = B3y — B — ER (4.12)

where the superscripts refer to the basis set. So, the energy of fragment A is calculated
in the basis set ‘a’, the energy of B in the basis set ‘b’ and the dimer AB in the joint
basis set ‘ab’; which is a mixture of the two individual basis sets. When calculating the
dimer in the joint basis set, the functions of the basis set overlap. Each fragment within
the joint basis set therefore benefits from additional basis functions contributed from
the overlapping basis set. In other words, the fragment A, within the dimer, experiences
a larger basis set than when isolated. Therefore, the energy of the dimer is artificially
lowered.

BSSE can be addressed by simply calculating the energy of each fragment in the
same combined basis set that is used for the dimer. For atom A, this would be done by
placing a ghost atom at the position of B, so the basis functions are there, but the atom

itself is not. The energy is then
AEzpg = B — B> — B2° (4.13)
Equivalently, a correction term can be added to equation (4.12) which is known as the
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counterpoise correction,®3

Eg = (B} — EX") + (E§ — i) (4.14)

The application of this correction is equivalent to subtracting out that part of the energy

which results from the overlapping of basis functions.

4.2.1 Rare-gas dimers

The diatomic molecules of the rare-gases have been a fertile testing ground for the
performance of DFT functionals. Indeed, early efforts to determine whether or not
DFT could successfully reproduce dispersion interactions were conducted on diatomics
of the rare-gas atoms.'® % The dispersion interaction arises from correlation effects:
Hartree-Fock gives purely repulsive potentials. Functionals based on the LDA were

156159 GGA functionals were found to offer no

found to be significantly overbound.
binding at all. Perez-Jorda and co-workers considered the performance of the LDA,
GGA and hybrid functionals'® as well as a formalism involving a post-HF correlation
correction'® in determining the potential energy curves of rare-gas diatomics.

An appealing aspect of using the rare-gas dimers as a testing ground for the descrip-
tion of the dispersion interaction is the readily available high accuracy reference data.
For more than 30 years, accurate Cj coefficients have been known—largely due to the
work of Tang, Toennies and others.!6116 Also available are highly accurate potential

165, 166

energy curves from the work of Ogilvie and Wang and the symmetry-adapted per-

turbation theory study of Korona et al.?® However, it has recently been suggested!6”
that reference data should be taken from the more recent work of Tang and Toennies.®3

We calculate the interatomic potential energy curves of rare-gas diatomics by follow-
ing the approach of Wu and Yang, employing equation (4.8) with the damping functions
I (equation (4.9)) and II (equation (4.10)). The damping function parameters used are
the same as those used by Wu and Yang, namely ¢ = 3.54 and $ = 23 and the van der
Waals radii of Bondi'®? are used. The potential energies and Cg coefficients were deter-
mined in each case using the d-aug-cc-pV6Z basis set whose extensive size precludes the

need to consider basis set superposition error. The resulting DFT-D potential energy

curves for BSLYP, CAM-B3LYP, B97-1 and KT3 for each diatomic of the first three
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rare gases are presented in figures 4.4 and 4.5.

The more slowly decaying damping function I samples more of the dispersion cor-
rection for a larger range of internuclear separation. The resulting potential energy
surfaces (figure 4.4) show that the equilibrium bond length is shortened and the disso-
ciation energy is larger, relative to the reference data.'%% %% This behaviour is beneficial
for functionals which underbind or offer no binding interaction at all but is likely to
over compensate for the dispersion interaction where there is an interaction. With the
exception of BSLYP, all functionals with the correction using damping function I under-
estimate the equilibrium bond length and overestimate the dissociation energy. B3LYP,
while giving minima that are too shallow, does offer the best estimate of the bond
length. However, it is clear that this damping function is not ideal, given the strength
of the dispersion interaction which it applies. It should perhaps be expected that the
worst performing DFT method, BSLYP, affords the best DF'T-D method although it is
unfortunate that any functional which does, to some extent, account for a dispersion
interaction, is punished by too strong a correction.

Damping function IT produces the potential energy curves plotted in figure 4.5, where
a significant improvement in the description of the equilibrium bond length can be seen.
All functionals now provide a reasonable description, although B3LYP is again an ex-
ception. CAM-B3LYP accurately reproduces the dissociation energy of each diatomic
except Arg, therefore providing an excellent description of bonding in rare-gas diatomics
and significantly outperforming all other functionals considered. The difference between
the results for each damping function illustrates the critical role it can play in estab-
lishing an effective DF'T-D method. The choice of damping function is of comparative
importance to the DFT functional and the Cg coefficients used. Given that the param-
eters within damping functions are frequently determined from empirical results, this is

potentially a cause for concern.

4.2.2 The S22 set

Thus far, the majority of complexes have been small and, while providing significant in-
sight, are of only limited chemical relevance. The set of 22 molecules proposed by Jurecka

et al.'%® listed in table 4.8 has become the de facto standard set of molecules against
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Table 4.8: The complexes of the S22 set and the numbering system used.

Complex Monomer A Monomer B Complex Monomer A  Monomer B

1 NHj3 NH; 12 pyrazine pyrazine
2 H,O H,O 13 uracil uracil
3 CHO,H CHO,H 14 indole benzene
4 formamide formamide 15 adenine thymine
5 uracil uracil 16 CoHy CoHs

6 pyridoxine  aminopyridine 17 benzene H,0O

7 adenine thymine 18 benzene NH;

8 CH, CH, 19 benzene HCN

9 C,H, C,oH,y 20 benzene benzene
10 benzene CHy4 21 indole benzene
11 benzene benzene 22 phenol phenol

which to test the performance of theoretical methods at reproducing intermolecular in-
teractions. The set is largely made up of chemically and biologically relevant complexes,
some of which are hydrogen bonded, some dispersion bonded and the remainder, mixed
complexes. The authors justified the relatively large size of the test set and the inclusion
of some of the molecules by noting that the performance of different theories for smaller
systems—mnotably the rare-gas dimers—does not give a good indication of the perfor-
mance for the dispersion interaction in large molecules. One of the main appeals of the
S22 set is the readily available CCSD(T) reference data and optimised geometries.'6® Tt
is therefore pertinent to consider the S22 set in this chapter.

A comprehensive study by Zhao and Truhlar!®® compares the performance of 40
different functionals in determining the interaction energies of the S22 complexes. How-
ever, none of the functionals considered are explicitly designed to account for dispersion,
nor is a dispersion correction employed at any point. The extensive data in their study
is therefore useful only as an assessment of the performance of uncorrected functionals.

There are several studies assessing the performance of the dispersion corrected function-

als B97-D, PBE-D, BLYP-D and B3LYP-D.!92:103,137.170 The S99 set has been used to

171

test the effectiveness of semi-empirical dispersion corrected methods' ™' as well as the

exchange-hole dipole moment approach mentioned earlier.!4* The most relevant studies
to this work are those involving long-range and dispersion corrected functionals.!™ 174
The results of these studies are considered later, in comparison to the results obtained

here.
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The formulation of the dispersion correction used from now on is more complex than
that set out earlier. The dispersion correction between two whole fragments is extended

so that it becomes a sum of all pair-wise interactions within each fragment,

Egp = Y > CERfa(Ryy). (4.15)
i=1 j>i
Intramolecular dispersion interactions will not be considered here and therefore, the
labels ¢ and j correspond to atoms on the two different molecules of the complex consid-
ered. Now, the example of the water molecule no longer requires a Cy coefficient for the
entire water molecule, but instead requires individual, atomic coefficients for hydrogen
and oxygen; the total dispersion interaction is the sum of 4 hydrogen-hydrogen, 4 oxygen-
hydrogen and one oxygen-oxygen atomic dispersion interactions. This approach removes
the difficulty in defining an appropriate intermolecular separation between molecules by
using each interatomic separation. Wu and Yang'®! used a set of 44 molecular pairs to
determine atomic Cy coefficients. A least squares fitting procedure was used to minimise
the difference between calculated and exact molecular dispersion coefficients
> o7 (Cé(cale) /Ch(exact) — 1) 3

= 4.16
g n ) ( )

where the value of Cg;(calc) is obtained as a sum of all pair-wise atomic interactions
between the two fragments. In this approach it is possible to separate atoms according
to their hybridisation. To reduce complexity, Wu and Yang used a combination rule to

derive (s coefficients between unlike atoms from Cjy coefficients between like atoms

W=

- 9 ((CHV2(CH2 NI N
Céj _ (( '6) (1 6 ) eff e?) T (417>
(CE(Ng)?)® + (CF (Nig)?)®

We followed this minimisation procedure using the experimental results of Wu and Yang
to reproduce their atomic coefficients as a verification of the procedure. The effective
number of electrons (Neg;) are set to the same values as used by Wu and Yang. The
comparison in table 4.9 shows only slight discrepancies between the values calculated
and those presented by Wu and Yang. Also shown are atomic coefficients determined

from molecular Cy coefficients calculated using BSLYP and CAM-B3LYP. For this Wu
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Table 4.9: C{ coefficients (a.u.) with hybridisation shown in brackets.

? Wu and Yang This work B3LYP CAM-B3LYP

H 2.83 2.80 2.73 2.74
C (sp?) 22.24 22.06 22.49 21.79
C (sp?) 27.76 27.35 28.07 27.45
C (sp) 29.76 30.14 31.51 30.95

N 19.30 19.51 20.11 19.17
O (sp®) 11.71 11.61 13.12 12.64
O (sp?) 12.74 12.95 12.12 12.15

and Yang approach, atomic Cy coefficients are averaged over hybridisation states. The
dispersion correction of Grimme will also be considered which includes an additional

scaling parameter sg

Eaip = —56 Y _ > _ CE R fa(Ry)). (4.18)
i=1 j>i
This parameter scales the entire correction to account for the different behaviour of the
intermolecular potential with different functionals.

For each complex in the S22 set, interaction energies are determined as the differ-
ence between the sum of the energies of the two isolated fragments and the energy of
the complex. At all times, the interaction energies are corrected for BSSE using the
procedure outlined in section 4.2. As an initial test, the BLYP-D results of Antony and
137

Grimme

Both B3LYP and CAM-B3LYP were used with the aug-cc-pVTZ basis set and the

were successfully reproduced.

geometries were taken from the work of Hobza et al.'%? The non-dispersion corrected in-
teraction energies are given in table 4.10 and are equivalent to interaction energies with
a dispersion correction where the scaling parameter sg is set to zero. The B3LYP and
CAM-B3LYP interaction energies were then augmented with two different dispersion
corrections, both of which involve damping function II (4.10) with 8 = 20.0. Firstly,

108

the (g coefficients and van der Waals radii from the work of Grimme'”® were used to

determine dispersion corrections resulting in “B3LYP-GD” and “CAM-B3LYP-GD”.
Secondly, for both BBLYP and CAM-B3LYP, molecular Cy coefficients were determined
using the respective functionals, at B3LYP /6-31G(2df,p) optimised geometries. The Wu
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and Yang minimisation procedure was then used to determine hybridization-averaged
atomic Cjy coefficients which, along with the van der Waals radii of Bondi, were used to
give the dispersion corrected values “B3LYP-WYD” and “CAM-B3LYP-WYD”. These
two types of correction (that due to Grimme and that due to Wu and Yang) are intended
to be as similar as possible to the original approaches of Grimme and Wu and Yang, re-
spectively. Therefore, when the Grimme approach is used, the same correction is applied
to both B3LYP and CAM-B3LYP whereas in the second approach, each functional is
used to determine the Cy coefficients and interaction energies. The Cj coefficients were
determined using d-aug-cc-pVDZ as test calculations showed that, while diffuse func-
tions were beneficial, functions of higher angular momentum had little effect. Table
4.10 presents the dispersion corrections determined with both approaches. Table 4.11
presents the dispersion corrected interaction energies according to the schemes outlined
as well as reference CCSD(T) data taken from the original work of Jurecka et al.'%®

The uncorrected interaction energies give a clear picture of the failure of DFT to deal
with dispersion bound complexes. B3LYP fails to bind 8 out of the 22 complexes, while
CAM-B3LYP also has difficulty, failing to bind 5 complexes. The need for a binding
dispersion correction is clear as B3LYP underbinds all of the complexes. Similarly,
CAM-B3LYP underbinds all but complexes 2 and 3, which are overbound by 0.12 and
0.72 kcal/mol. Mean absolute errors for the S22 set are shown in table 4.12.

The mean absolute error for uncorrected (s = 0) interaction energies determined
with B3LYP and CAM-B3LYP are 3.96 and 2.66 kcal/mol respectively. The Wu and
Yang fitting procedure yields almost identical corrections for both BSLYP and CAM-
B3LYP although these are both generally much weaker corrections than those calculated
through Grimme’s approach. For each of the dispersion corrected interaction energies
presented in table 4.11, the dispersion correction has been applied with the sg scaling
parameter set to 1. Although a value of s = 1.05 has been previously established for
B3LYP-GD and it is now in common use, we find that using ss = 1.00 yields very slightly
improved interaction energies. B3LYP-GD overbinds 16 of the complexes while CAM-
B3LYP-GD overbinds them all. Given that uncorrected BSLYP interaction energies are
uniformly very underbound, the application of a strong dispersion correction is beneficial
and the mean absolute error for BSLYP-GD (0.42 kcal/mol) is significantly better than
that for CAM-B3LYP-GD (1.42 kcal/mol). The weaker corrections from the Wu and
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Table 4.10: B3LYP and CAM-B3LYP interaction energies (kcal/mol) and Grimme, B3LYP
(WY) and CAM-B3LYP (WY) dispersion corrections (kcal/mol) for the S22 set.

Interaction energies Dispersion corrections
Complex B3LYP CAM-B3LYP Grimme B3LYP (WY) CAM-B3LYP (WY)

1 —2.15 —=2.76 —1.39 —0.64 —0.63
2 —441 —=5.14 —0.78 —0.52 —0.51
3 —17.21 —19.33 —2.51 —1.39 —1.37
4 —13.90 —15.59 —2.66 —1.68 —1.64
5 —17.80 —19.60 —-3.33 —2.30 —2.24
6 —13.67 —15.21 —3.97 —2.88 —2.81
7 —12.73 —14.46 —4.24 —3.20 —3.12
8 0.39 0.06 —0.83 —0.86 —0.86
9 0.52 —0.24 —2.14 —1.94 —1.92
10 0.80 0.10 —2.18 —1.84 —1.82
11 3.76 2.30 —5.72 —4.94 —4.86
12 2.51 0.81 —6.21 —5.00 —4.87
13 —-0.85 —341 —-9.01 —7.18 —7.01
14 4.68 2.62 —8.53 —7.09 —6.95
15 1.40 —=2.10 —13.22 —10.31 —10.04
16 —-0.64 —0.97 —1.00 —0.75 —0.74
17 —-1.16  —2.00 —2.34 —1.66 —1.64
18 —-0.07 —-0.84 —2.28 —1.78 —1.75
19 —-1.94  —3.00 —3.10 —1.72 —1.69
20 1.02  —-0.01 —3.65 —2.69 —2.64
21 —048 —1.90 —5.30 —3.66 —3.59
22 —2.87 —4.45 —4.08 —3.28 —3.24
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Table 4.11: Interaction energies (kcal/mol) determined using dispersion corrected DFT. In
all cases, s¢ = 1.00. CAM-B3LYP is shortened to “CAM”.

Complex B3LYP-GD B3LYP-WYD CAM-GD CAM-WYD CCSD(T)>

1 —3.54 —2.79 —4.15 -3.39 —-3.17
2 -5.19 —4.93 -5.91 —5.65 —5.46
3 —19.73 —18.61 —21.84 —20.70 —21.60
4 —16.56 —15.58 —18.25 —17.24 —17.69
5 —21.13 —20.09 —22.93 —21.84 —22.82
6 —17.64 —16.55 —19.18 —18.02 —18.60
7 —16.96 —15.92 —18.70 —17.58 —18.12
8 —0.44 —0.47 —0.77 —0.80 —0.49
9 —1.62 —1.41 —2.38 —2.16 —1.55
10 —1.38 —1.04 —2.08 —1.72 —1.76
11 —1.96 —1.18 —3.41 —2.55 —4.24
12 —3.70 —2.49 —5.40 —4.06 —6.04
13 —9.87 —8.04 —12.42 —10.41 —11.95
14 —3.85 —2.41 —-5.91 —4.33 —6.96
15 —11.82 —8.91 —15.32 —12.41 —14.71
16 —1.64 —1.39 —1.97 —-1.71 —1.76
17 —3.50 —2.82 —4.34 —3.64 —3.70
18 —2.35 —1.86 —3.12 —2.59 —2.66
19 —5.04 —3.66 —6.09 —4.68 —5.48
20 —2.63 —1.67 —3.65 —2.65 —3.49
21 —5.79 —4.14 —7.20 —5.49 —6.84
22 —6.95 —6.15 —8.54 —7.69 —8.09
2Ref 168
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Yang procedure do little to solve the underbinding problem experienced with B3LYP,
with all compounds remaining underbound, whereas their application to CAM-B3LYP
produces a notable improvement. The mean absolute error for CAM-B3LYP-WYD (0.58
kcal/mol) is much lower than for BSLYP-WYD (0.90 kcal/mol).

Following Grimme’s optimisation of the sg parameters for a number of functionals

08

using a set of 40 noncovalently bound complexes,'%® we use our results to determine op-

timised sg values for each of the dispersion adjusted approaches considered. The optimal
s values for BSLYP-GD and B3LYP-WYD are 1.03 and 1.31, respectively, reflecting
the tendency of B3LYP to produce an intermolecular potential which is underbound.
It also highlights the fact that the Grimme correction is larger than the one obtained
from the Wu and Yang procedure. For CAM-B3LYP-GD and CAM-B3LYP-WYD, the
optimal sg values are 0.74 and 0.96, respectively, showing that CAM-B3LYP generally
requires a smaller correction to account for dispersion. The mean absolute errors as-
sociated with these sg values are also shown in table 4.12. For B3LYP-WYD, which
underbinds all of the complexes, the optimisation of the sg parameters gives a signif-
icant improvement. Also, for CAM-B3LYP-GD, which overbinds to a greater extent
than CAM-B3LYP-WYD, optimisation also produces a reduction in error. However, it
is the uniform underestimation of the interaction energy by B3LYP-WYD which means
it produces the lowest error for an optimised sg parameter. Therefore, the superior
performance of B3LYP-WYD is only a product of the systematic underestimation of
B3LYP.

Table 4.13 provides a comparison of the best performing CAM-B3LYP based func-
tional from this study (DFT Cg coefficients (WY)/sg = 0.96) and the results of other
functionals taken from the literature. Rather than using the data for the best perform-
ing B3ALYP-D functional from this study, the errors listed in the table are when using
Grimme’s dispersion correction with s = 1.05 as this method is now established. It
can be seen that CAM-B3LYP-WYD does not offer any improvement in performance
over other dispersion corrected functionals. The long-range and dispersion corrected
wB97X-D functional does provide the best performance but only shows a mean absolute

error 0.04 kcal/mol improvement over the best performing B3LYP-WYD functional.
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Table 4.12: Mean absolute errors in the interaction energy (kcal/mol) for the S22 set when
using different sg scaling parameters.

Sg 0.00 1.00 optimised

B3LYP-GD 3.96 0.42 0.40
B3LYP-WYD 3.96  0.90 0.26
CAM-B3LYP-GD  2.66 1.44 0.70
CAM-B3LYP-WYD 2.66 0.58 0.58

Table 4.13: A comparison of mean and absolute mean errors in the interaction energy
(kcal/mol) for a number of dispersion corrected functionals.

Theory d |d|

B97-D? 0.44  0.50
BLYP-D* 0.22 0.33
B3LYP-D* -0.28  0.48
CAM-B3LYP-WYD 0.29 0.58
wB97X-D?* —0.08 0.22
LC-BOP+ALLP 0.22  0.46

*Ref 173

PRef 172

4.2.3 The role of the attenuation parameters in

CAM-B3LYP-D

The approach taken in section 4.1.4 of systematically varying the parameters of the
CAM-B3LYP functional was then employed to determine the optimal dispersion cor-
rected functional for describing the interaction energies of hydrogen and dispersion
bound complexes. For this, the dimers of helium, neon, water, ammonia, methanol,
formamide, methane and ethane were chosen as a representative set. For each func-
tional, defined by the choice of o and u (equation (2.49)), the 8 interaction energies
were determined. A dispersion correction was then applied to the interaction energy
of each complex and the sg parameter optimised so as to produce the minimum mean
absolute error for that particular functional with the 8 complexes.

To avoid the laborious task of determining the counterpoise correction for each func-
tional, the same correction for each complex was uniformly applied across the full range
of functionals. This is justified as the BSSE is a product of the incompleteness of the

basis set rather than a shortcoming of the functional used. The correction applied to all
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functionals was determined using B3LYP. The Grimme dispersion correction was also
used for every functional. The same geometries of Jurecka et al.!'® from the S22 set
were used. As before, the two conditions considered were a4+ 5 = 0.65 and a + 5 = 1.
For each functional, as well as an optimised value, an sg value of zero and one was con-
sidered. Plots of the mean absolute error as a function of the parameters are given in
figures 4.6 and 4.7. Care should be taken as, in each figure, the final plot corresponding
to an optimised sg value is plotted on a smaller scale than in the preceding two plots
because the flatness of the surface on a larger scale makes it difficult to identify the

relevant features.
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Figure 4.6: Mean absolute error |d| in dispersion corrected interaction energy under variation
of a and p under the condition of a + f = 0.65. (a) sg = 0, (b) sg = 1 and (c¢) s¢ optimised
at each point.
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Table 4.14: BSSE Corrected Errors (kcal/mol) for the S22 subset with the «, S and p
parameters set to reproduce functionals which are most similar to BLYP, B3LYP and CAM-
B3LYP.

s¢ =0 sg =1 S¢ = opt
Error Abs Error FError Abs Error FError Abs Error
BLYP 1.62 1.62 0.33 0.33 0.04 0.12
B3LYP 1.16 1.16 —0.13 0.20 0.01 0.15
CAM-B3LYP —0.12 0.53 —1.40 1.44 0.10 0.49
CAM(a+ 5 =0.65) 0.10 0.45 —0.03 0.14 —0.01 0.12
CAM(a+ 5 =1) 0.67 0.67 —0.03 0.14 —0.01 0.12

For both o + 8 = 0.65 and o + 8 = 1, the same general trend is seen when using
the three different s¢ parameters. When no correction is applied, the error surface is
generally flat for values of © > 0.2. Applying a uniform correction with sq = 1 dra-
matically reduces the quality of the results for ¢ > 0.1. The uncorrected interaction
energies for the functionals in this range are reasonable and therefore, applying a stan-
dard correction will be of little benefit. In a similar way, the poor results for p = 0.0
do benefit from the application of the correction. As expected, the added flexibility of
optimising the sg parameter for every functional produces error surfaces which are low
in magnitude and relatively flat compared to non-optimised values. The overall outcome
is that, when applying a correction, functionals with g = 0.0 perform best, which can be
traced to their systematic underestimation of the interaction energy when no correction
is applied.

Table 4.14 shows a comparison between the optimal CAM(a + § = 0.65) and
CAM(« + f = 1) functionals and those functionals whose parameters most closely
resemble the form of BLYP, B3LYP and CAM-B3LYP. BLYP is obtained exactly when
a=0and g =0 a;'. B3LYP is most closely achieved with o = 0.2 and p = 0 a,"
and CAM-B3LYP with a = 0.2, o + 8 = 0.65 and p = 0.3 a;*. B3LYP is not obtained
exactly with these parameters as a different correlation form is being used, as defined
in equation (4.5). BLYP and B3LYP underbind all 8 complexes and therefore benefit
from the application of a dispersion correction. The optimisation of the s¢ parameter
further reduces the error. Although CAM-B3LYP performs significantly better than
both BLYP and B3LYP in the absence of a correction, its tendency to neither over- nor
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Figure 4.7: Mean absolute error |d| in dispersion corrected interaction energy under variation
of a and p under the condition of a + 5 = 1.00. (a) s¢ =0, (b) s¢ = 1 and (c) s¢ optimised
at each point.
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Table 4.15: « and u (ag') values for optimum functionals under different sg conditions.

s¢ =0 s5=1 sg=0pt

0.16 0.16 0.08
0.50 0.00 0.00
0.40 0.16 0.08
0.00 0.00 0.00

CAM(a + 8 = 0.65)

CAM(a+ g =1)

T RLE R

under-bind more frequently means that it suffers when a uniform correction is added.
Interestingly, an optimised sg value does not offer any significant improvement over
the uncorrected form of CAM-B3LYP, indicating that it is not a good candidate for

dispersion correction.

Summary

Over the three test sets considered for the determination of Cs dispersion coefficients, no
single exchange-correlation functional showed a sustained superior performance over any
of the others. CAM-B3LYP produced an all round good performance, showing a par-
ticularly significant improvement over B3LYP. Through the variation of the attenuation
parameters, the poor performance of local functionals (low a/low 1) and Hartree-Fock
(high p) is highlighted. The originally determined attenuation parameters in CAM-
B3LYP provide a generally good performance compared to other, differently attenuated
varieties.

The application of an empirical post-SCF dispersion coefficient within the DFT-
D framework is influenced significantly through the choice of an appropriate damping
function. Additional parameters, such as the sg coefficient introduced by Grimme, add
further flexibility to the effect of the dispersion correction. The importance of correctly
selecting appropriate coefficients and damping function can be considered as important
as being able to produce accurate Cy coefficients or even accurate interaction energies.
With this in mind, dispersion corrected CAM-B3LYP provides an excellent description
of the intermolecular potential energy curves of the rare-gas dimers. For the S22 set, its
performance is comparable to other optimised GGA, hybrid and long-range corrected

functionals.
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Chapter 5

Excited States of organic molecules

A number of applications of time-dependent density functional theory (TDDFT)
to problems in organic chemistry are investigated. The validity of the comparison
between theoretically determined and experimentally observed excitation energies
is considered through an extensive investigation of pyrene and some of its deriva-
tives. The extent to which different substituents influence the excitation energies
is assessed. CAM-B3LYP provides an excellent description of the relevant excited
states as well as removing erroneous low-lying charge transfer states present when
using B3LYP.

The ability of TDDFT to correctly describe the formation of organic excimers
is investigated, where it is shown that exact long-range exchange is necessary for
a correct description. CAM-B3LYP provides a description of comparable accu-
racy to the BH-HLYP functional, whose good performance has been previously

demonstrated.

5.1 Pyrene and its derivatives

5.1.1 The comparison of AF, ey and A\pax

The ability to accurately calculate excitation energies through the use of time-dependent
density functional theory (TDDFT) is of critical importance for comparison with ex-
perimental work. It can be used to predict experimental spectra, be used as an aid
in understanding experiment and provide theoretical insight into any process occuring.
The calculation of vertical excitation energies from the equilibrium geometry of the

ground state potential energy surface to the excited state potential energy surface is
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equivalent to the determination of absorption spectra. However, comparing the results
from absorption spectra with vertical excitation energies has subtle complications.

Experimentally, electronic transitions occur between particular vibrational levels of
two different electronic states. It is possible for an electronic transition to have vibra-
tional fine structure due to excitation from one vibrational state in the lower electronic
state into a series of vibrational states in the upper electronic state. These manifest
themselves in experimental spectra as a series of absorption bands and it is the one of
maximum intensity that is denoted A,.c. The theoretically determined vertical excita-
tion energy neglects any vibrational issues and determines simply the vertical difference
of the two electronic potential energy surfaces at a particular geometry. TDDFT also
neglects the zero point energy. The vertical excitation energy is therefore only an ap-
proximation to the observed experimental excitation.

To determine the discrepancy between theoretical AF,.; and experimental A .
values, it is necessary to do a full vibrational analysis on the system of interest, allowing
the theoretical determination of A\,.,. Such an analysis has been performed by Dierksen
and Grimme!™ for a range of organic molecules including several polycyclic aromatic
hydrocarbons (PAHs). The intensity of a transition between initial (¢v) and final (¢'?')

vibronic states is proportional to the square of the transition dipole
e = (0| i 20) (5.1)

The dipole moment operator, ji depends on the locations and charges of the electrons,

r; and —e, and the locations and charges of the nuclei, Ry and Zy
ﬂ:—lei+eZZNRN:ﬂe+ﬂN. (52)
i N
The transition dipole is therefore

(V| lev) = (€] fre + fix |ev) (5-3)

= (V'] pere ) - (5.4)

where .. is the electronic transition dipole moment, which can be expanded as a Taylor

series around the equilibrium geometry, in terms of the vibrational normal coordinates
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The FC approximation amounts to truncating this at the first term, which allows for
transitions that are dipole-allowed. Truncation at the second term (FCHT) allows for
transitions where the electron transition dipole changes. For dipole-forbidden transitions
where p.. = 0, the first term is zero and we have the HT approximation. Any intensity
for a transition which has an electronic transition dipole moment of zero arises from tran-
sitions involving a change in the nuclear coordinates. The description of dipole-allowed,
weakly dipole-allowed and dipole forbidden transitions can therefore be achieved through
the Franck-Condon (FC), Franck-Condon-Herzberg-Teller (FCHT) and Herzberg-Teller

1767179 respectively. To account for each type of transition, Dierk-

(HT) approximations,
sen and Grimme calculated the vibrational normal modes of both the ground and excited
states. This allowed them to quantify the difference between A Fyq and \,., for a series
of molecules. They concluded that once this discrepancy had been accounted for, the
TDDFT approach is superior to other theoretical methods for determining excitation
energies. Of specific relevance to the current work was their findings with regard to

pyrene. Their results will be discussed in the following section as a precursor to our own

study.

5.1.2 TDDFT Studies on Pyrene

The long fluorescence lifetime of pyrene (figure 5.1) and its ability to form fluorescent
excimers gives pyrene specific chemical interest. The ability to tune the behaviour of
pyrene with numerous substituents has led to a wide range of uses across chemistry and
biochemistry. Derivatives of pyrene have been used to create OLEDs capable of emitting
over the full visible range.'®%182 The sensitivity of the fluorescence behaviour to changes
in the environment allow it to be used as a probe; specifically, pyrene-1-butyric acid
can be used to determine oxygen concentrations in biological systems.'831%  Pyrene
readily forms excimers (see section 5.2) at sufficient concentrations in solution, allowing
investigation of excimer behaviour as well as finding further uses in the detection of

specific substrates.'8
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Figure 5.1: The structure of pyrene, showing the numbering used for the locations of substi-
tution.

Table 5.1: The first two experimental and DFT excitation energies (eV) of pyrene.®

AEES  AERM AES™  ABe — AEGYS

vert

L. 3.69 3.42 3.84 0.27
L, 3.76 3.57 3.36 0.19
“Ref. 175

Dierksen and Grimme!™ showed that in the case of pyrene, Apax is the same as
AES™, the transition from the ground vibrational level of the initial electronic state
to the ground vibrational level of the final electronic state. The notation AFEy_o will
be used with superscripts to differentiate between experimentally observed (obs) and

t186:187 nomenclature, there are two

theoretically calculated (calc) values. Using the Plat
states of interest in pyrene: Ly (S; <— Sp) and L,(Sa <= Sp), which are denoted as covalent
and ionic in character respectively. This nomenclature is based upon the symmetry of
the orbitals involved in each transition. For pyrene (Dsy,), these states correspond to
(b1g = bsu) — (boy — ay)(Lp) and by, — a,(L,) transitions, respectively. Figure 5.2
shows the dominant orbital transitions involved in these two states.

The TDDFT-B3LYP/TZVP results of the vibrational analysis conducted by Dierk-
sen and Grimme are summarised in table 5.1. The commonly made comparison is
between the TDDFT vertical excitation energy AE and the experimentally observed
value AES™) (= Apax). The AES¢ are those determined by Dierksen and Grimme which
can be directly compared with AES™. For the dipole-allowed L, state AE®S overes-
timates AES by 0.27 eV. However, AES underestimates the experimental value by

0.42 eV. The overestimation introduced by using A F.¢ rather than the 0-0 value is, to a

large extent, reduced by the underestimation of the excited state. The reasonably good
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Figure 5.2: The dominant orbital transitions in the (a) L, and (b) Ly, states of pyrene.

performance of BSLYP for the L, state is, therefore a result of a fortuitous cancellation
of errors. The same analysis for the weakly dipole-allowed L, state shows that AEcc
overestimates the calculated AESS, which in turn represents an overestimation of the
actual observed value, AES™ making the TDDFT values a poor approximation to the
observed values. The cancellation of errors seen for the L, state is not present here. On
the basis of these findings, it is possible to propose a correction to calculated AEC
values so that they are directly comparable with experimentally observed spectra. In
the case of pyrene (B3LYP/TZVP) the correction (AESC — AES) amounts to 0.27
eV and 0.19 eV for the L, and L, states, respectively.

The underestimation of the L, excited state by B3LYP, which is apparent from a
comparison of AES and AESP, is usually attributed to its ionic character.!®® In the
same way that charge-transfer excitations are incorrectly underestimated using conven-
tional DFT functionals, ionic states of PAHs are also underestimated. A study by Parac
and Grimme!'®® found that for PAHs, as the size of the system increases, the L, state be-
comes increasingly underestimated, while the accuracy in the prediction of the L, state
remains almost constant, when using conventional hybrid functionals. The result of this
difference in accuracy for the two states is that no DFT study to date has been able

to correctly reproduce the ordering of the lowest excited states of the pyrene molecule.

Specific failures have been illustrated for BP86, B3LYP and BH-HLYP.!8% 190 Tt should,
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however, be noted that an increasing proportion of exact exchange in hybrid functionals
does improve performance.'

Having established the current failings of TDDFT treatments of pyrene, we now
turn to a more extensive consideration of pyrene and pyrene derivatives with particular
chemical interest. For this, we assess the performance of CAM-B3LYP in comparison
to B3LYP. Firstly, we consider unsubstituted pyrene. We then move on to consider
derivatives of pyrene that have been substituted in the 2-position, the 2,7-positions and
finally the 1-position. The numbering of the substitution sites is shown in figure 5.1.
The structures of all of the pyrene derivatives studied are shown in figure 5.3. The Mes
group is 1,3,5-trimethylbenzene. This work has been done in collaboration with the
experimental work of the Prof. Marder group who provided experimental results.

In light of the discussion concerning the non-trivial nature of comparing between
theory and experiment, we are principally concerned with trends and the focus is in
comparing the B3LYP/CAM-B3LYP results for substituted pyrene derivatives with
B3LYP/CAM-B3LYP results for unsubstituted pyrene. There is then a comparison
between the two functionals and a consideration of the accuracy of the results with
respect to those observed experimentally. It should be noted that the labels L, and
Ly are sometimes used loosely to indicate a state which involves an orbital transition
similar to that observed in unsubstituted pyrene. It may also be the case that, due
to symmetry-breaking, the excitation does not formally correspond to this label. All
structures were optimised at the B3LYP/6-31G(d) level using GAUSSTAN03'! and then
verified to be minima by calculating the vibrational frequencies. All TDDFT excitation
energies were determined using DALTON®® with both the B3LYP and CAM-B3LYP
functionals and the cc-pVTZ basis set, except for compound 13, for which 6-31G(d) was
used. Calculations were not carried out on compound 4 given the size of the chain in the
substituent and its similarity to compound 3. In compound 15, the chain was replaced
by a terminating methyl group. For compounds 2 and 18, the methyl groups in the Bpin
substituent were replaced with single hydrogen atoms after this had been shown to have
little effect on the excitation energies. Test calculations were carried out to determine
the effect of solvent on the excitation energies and it was found to influence the results
by less than 0.1 eV and therefore neglected in all calculations. All plotted orbitals are
B3LYP /cc-pVTZ isosurfaces with a value of 0.02 a.u.
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Figure 5.3: Structures of all pyrene derivatives.

33



5.1.3 Unsubstituted Pyrene

Firstly, we consider the performance for unsubstituted pyrene. Our B3LYP results agree
with those published by other authors!®% 1901927194 and give the Ly, and L, states to be
at 3.72 eV and 3.65 eV, respectively differing from the results of Dierksen and Grimme
by only 0.04 eV. The experimental results available to us from the work of the Marder
group give these two transitions at 3.42 eV and 3.67 eV. If we apply the correction
mentioned earlier to account for the comparison between AES™ and AESY we can
define “corrected-experimental values” of 3.61 eV and 3.94 eV. It can now be seen that
the B3LYP estimate for the L, state is too low, as expected.

As mentioned, all previous DFT studies incorrectly predict the high oscillator strength,
ionic L, state to be lower in energy than the low oscillator strength, covalent Ly state.
CAM-B3LYP gives excitation energies of 3.92 eV (Ly) and 3.94 eV (L,). Therefore,
CAM-B3LYP has correctly reproduced—for the first time—the ordering observed ex-
perimentally. If we compare these with the “corrected-experimental results” of 3.61 eV
and 3.93 eV then we see that CAM-B3LYP is overestimating the energy of the Ly state
but correctly predicting the energy of the L, state. The overestimation of the L, state is
to be expected, as CAM-B3LYP is known to overestimate the energy of local excitations

which are correctly predicted with conventional hybrid functionals.

To facilitate the following discussion of substituent effects, the excitation energies
that involve transitions most closely resembling those of the L, and L, states in un-
substituted pyrene are plotted in figures 5.4 and 5.5, respectively. The plots contain
excitation energies calculated using both B3LYP and CAM-B3LYP as well as experi-
mentally observed excitation energies. Also included are straight lines corresponding
to the excitation energy of unsubstituted pyrene, with and without the correction sug-
gested by Dierksen and Grimme. The figures clearly illustrate the effect of substitution

at each position.

5.1.4 2-substituted Pyrene: Derivatives 1-8

The HOMO and LUMO orbitals of pyrene that are involved in the formation of the
L, state (Figure 5.2(a)) have nodes at the 2-position (Figure 5.1). The substitution
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Figure 5.4: Comparison of experimentally observed and DFT excitation energies (eV) for
the L, state of pyrene derivatives.
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Figure 5.5: Comparison of experimentally observed and DFT excitation energies (eV) for
the L}, state of pyrene derivatives.
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Figure 5.6: The dominant orbital transitions in the (a) L, and (b) Ly, states of compound 5.

of pyrene in this position is therefore not expected to have significant effect on these
orbitals. By considering the Kohn-Sham molecular orbitals, it is indeed possible to
identify an excitation within each 2-substituted molecule that directly corresponds to
the same orbital transition seen in the L, state of pyrene. The B3LYP results for all
the 2-substituted compounds give this L, excitation energy within 0.1 eV of the energy
calculated for unsubstituted pyrene. Unlike the incorrect ordering predicted by B3LYP
for unsubstituted pyrene, the L, state of all of the 2-substituted compounds is correctly
predicted to be the second state—except for compounds 1 and 7 where it is predicted to
be the 15¢ and 4™ state, respectively. The same trends are seen in the results obtained
with CAM-B3LYP, where all of the compounds have an easily identifiable L, state
which are within 0.1 eV of the same state in unsubstituted pyrene. As an example for
the general trend seen in the orbitals of 2-substituted compounds, the molecular orbitals
involved in the L, and L, states of compound 5 and 8 are shown in figures 5.6 and 5.7,
respectively. It can clearly be seen from these examples that the orbitals involved in the
L, transition are indistinguishable from the the equivalent transition in unsubstituted
pyrene.

The HOMO—1 and LUMO+1 orbitals involved in the L;, transition of pyrene have
non-zero contributions at the 2-position. Substitution at this location is therefore ex-

pected to affect the nature of these orbitals, with the result being a shift in excitation
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Figure 5.7: The dominant orbital transitions in the (a) L, and (b) Ly, states of compound 8.

energy away from that seen for unsubstituted pyrene. The experimental results show
that the energy of the Ly, state is reduced for all 2-substituted compounds. This observa-
tion is reproduced by the B3LYP results, with all excitation energies being at least 0.18
eV lower than the corresponding excitation in unsubstituted pyrene. B3LYP correctly
predicts this state to be the lowest excited state for every compound. The same trend
in results is seen for CAM-B3LYP where all excitation energies are at least 0.12 eV
lower than the pyrene reference. The change in orbital delocalisation upon substitution

is clearly illustrated for compounds 5 and 8 in figures 5.6 and 5.7, respectively.

5.1.5 2,7-substituted Pyrene: Derivatives 9-16

With the 7-position of pyrene being equivalent to the 2-position, the bis-substituted 2,7-
pyrene derivatives are expected to show similar trends to those seen for the 2-substituted
derivatives. The experimental results show the same lack of variation for the L, state
and reduction in energy for the L, state. This again reflects the effect of the substituent
on the orbitals involved in the respective transitions, an example of which is given for
compound 15 in figure 5.8. The orbitals giving rise to the L, state are again indis-

tinguishable from those in the corresponding transition in pyrene, whereas for the Ly,
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state, the orbitals again delocalise over the substituent. When an L, state is identifiable,
B3LYP predicts it to be within 0.1 eV of the value for unsubstituted pyrene. Similarly,
CAM-B3LYP also gives this excitation within 0.1 eV, with the exception of compounds
12, 15 and 16.

The 2,7-substituted compounds generally display a greater extent of delocalisation
resulting in a more pronounced shift in the L excitation energy which can be seen in
figure 5.5; all B3LYP L, transitions occur at an energy at least 0.37 eV lower than in
pyrene (except for compound 14 which is incorrectly higher in energy than in pyrene).
The same trend is seen in the CAM-B3LYP results where the energy of the L, excitation
is at least 0.29 eV lower than the pyrene reference.

Both the B3LYP and CAM-B3LYP results show similar trends to those observed
experimentally. That is, for the majority of compounds, the Ly, state is the lowest in en-
ergy, followed by the L, state. However, there are a few exceptions. When using B3LYP,
the L, state could not be identified for compounds 14 and 15, while it is found to be the
4™ and 14 state in compounds 12 and 13, respectively. In the case of CAM-B3LYP,
the L, state for compounds 13 and 14 is the 4™ and 3" state, respectively. In the case
of the latter two compounds in particular, broad peaks observed in the absorption spec-
tra overlap with the “pyrene-like L,” transition. The intense absorption arises from a
delocalized state which generally involves charge-transfer from the pyrene core to empty
p-orbitals on the B(Mes), groups for 13 and from the nitrogen lone-pair to the pyrene
core in 14. The result is that, for both extended m-acceptor and m-donor conjugated

systems, these charge-transfer absorptions lie between the Ly- and L,-like excitations.

For both the 2- and 2,7-substituted compounds (1-16), the trends shown in figure
5.4 show that both B3LYP and CAM-B3LYP yield an excitation energy very close to
the excitation energy of unsubstituted pyrene for the L, state, with the exception of
compounds 12 and 16. Additionally, CAM-B3LYP shows exceptional agreement with
the corrected experimental value. This highlights the way in which substitution at
these positions has little effect on the excitation energy of the L, state. For the L, state
(figure 5.5), both functionals now give excitation energies lower than unsubstituted
pyrene, showing the influence of the substituent on this transition. However, given

the relatively good performance of B3LYP for this state, CAM-B3LYP generally gives
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Figure 5.8: The dominant orbital transitions in the (a) L, and (b) Ly, states of compound 15.

excitation energies which are too high when compared to experimental values.

5.1.6 1-substituted Pyrene: Derivatives 17-21

All four orbitals involved in the L, and L, states of pyrene (Figure 5.2) have non-zero
contributions at the 1-position. Substitution at this position is therefore expected to
affect the energy of both of these states. Firstly, a brief discussion of the experimental
observations is necessary. Only one transition could be resolved for compounds 20 and
21. The high extinction coefficient of this state would suggest that it is the L,, however,
as substitution in this position is expected to increase the “allowedness” of the L, state,
no definite assignment can be made. Similarly, in compound 19, both the lowest excita-
tions have high extinction coefficients, again making assignment difficult. Compounds
17 and 18 display similar behaviour to the 2- and 2,7-substituted compounds; it should
be mentioned that there is a noticeable similarity between the excitation energies for
these two compounds and those seen in unsubstituted pyrene.

The B3LYP results for compounds 17 and 18 do not reproduce the ordering of
the states observed experimentally. However, the substituents involved in these two
compounds have little effect on the pyrene orbitals. Therefore, it is perhaps unsurprising
that B3LYP gives the incorrect ordering for these compounds, given its performance
for unsubstituted pyrene; for both compounds, both states are within 0.1 eV of the

corresponding transition in pyrene. The orbitals involved in the L, and L, states of
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compound 18 are shown in figure 5.9 to illustrate the similarity with those seen in
pyrene. Unlike pyrene, CAM-B3LYP does not correct this failure of B3LYP; it also
predicts the lowest state to be L, followed by L. The energy gap between the two
states is much smaller, suggesting that if the theory/experiment comparison issue is
accounted for, the L, state would be accurately predicted using CAM-B3LYP, similar
to pyrene. The small energy gap predicted by CAM-B3LYP for pyrene makes it possible
for the ordering of the two states to switch easily—even in cases where the influence of
the substituent is relatively small.

For compounds 19, 20 and 21, significant delocalisation onto the substituent occurs.
In particular, some orbitals for the latter two of these three compounds exist entirely
on the substituent alone. An example of this delocalisation in compound 19 is shown
in figure 5.10, which can be compared to the small effect seen in compound 18. It can
now be seen that the orbitals involved in the L, transition which were unaffected by
substitution in the 2- and 7-positions, are now partially delocalised onto the substituent.
This large delocalisation results in significant shifts in excitation energy when using both
B3LYP and CAM-B3LYP. Although CAM-B3LYP generally preserves the energy of the
L, state with respect to unsubstituted pyrene, all other excitations (both functionals,
both states) vary by as much as 0.5 ¢V when substituted at the 1-position.

The theoretically determined geometry of compound 19 disagrees with that reported
in Ref 195. The structure in that earlier study has the ethynylaryl group twisted away
from the pyrene system at a right angle, whereas the optimisation performed here gives
an entirely planar structure. It should be expected that the triple bond will facilitate
conjugation between the benzene ring and the pyrene ring system. This conjugation
suggests that the planar structure predicted here by the B3LYP/6-31G(d) method is
correct. Additional evidence comes from the shifts seen in the experimental results,
suggesting the substituent is playing a role in the transitions which would not be possible
without conjugation. To verify this, small variations were made to the geometry they
presented to break any symmetry present and it was then optimised yielding a planar

structure, 0.05 eV lower in energy.
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Figure 5.10: The dominant orbital transitions in the (a) L, and (b) Ly, states of compound 19.
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5.1.7 The Influence of Boron Based Substituents

As mentioned, the compounds considered here are of specific chemical relevance. Of
particular interest are compounds involving boron and the role that the boron atom plays
in determining the characteristics of the compound. There are two types of substituent
based on the boron atom. The first is the dimesitylboron (B(Mes)s) moiety which

1967198 and is of interest in work involving 7-conjugated

behaves as an efficient m-acceptor
organic compounds containing 3-coordinate boron centres which have found applications
in OLEDs, sensors, solar cells and other materials.'® This substituent is present in
a number of forms: B(Mes); (compounds 8 and 21), PhB(Mes)s (compounds 7 and
20) and CCPhB(Mes), (compound 13). In these compounds the boron atom is either
bonded directly to the pyrene system or through a conjugated m-intermediate. The
empty p-orbital on the boron atom is therefore able to facilitate extensive delocalization
of the electron density from the pyrene system onto the substituent. The second type
of boron containing substituent is present in compounds 2, 9 and 18 as the Bpin group.
Borylated arene compounds are important precursors to a range of derivatives.??’ In
these systems, the presence of two oxygen atoms bonded directly to the boron atom
completely negates the effect seen in B(Mes)s. The empty p-orbital is likely filled with
electron density from the oxygen atoms, reducing its ability to allow electron density to
transfer from the pyrene system onto the substituent. The result is that relatively large
shifts are seen in the L, state of compounds 7, 8, 13, 20 and 21 while little change is
seen for compounds 2, 9 and 18.

The effect of the Bpin group on the orbitals of the pyrene system is therefore lim-
ited. A similar effect is also seen in compounds 1 and 17 where the pyrene system is
substituted with an acid. As the acid is on the end of a short alkyl chain, there is no
possibility for conjugation onto the substituent. The orbitals involved in the L, and
L, state of compound 1 are so similar to those in unsubstituted pyrene, that even the
incorrect ordering of these two states is reproduced by B3LYP. This is the only 2- or
2,7-substituted compound for which this incorrect ordering occurs when using B3LYP,
highlighting the negligible effect of this substituent. In a similar fashion to unsubsti-
tuted pyrene, CAM-B3LYP is able to correct this ordering problem. A similar situation
is seen in compound 17, although, for this molecule CAM-B3LYP is unable to reproduce
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the correct ordering.

5.1.8 Charge-Transfer Excitations

It has been shown that conventional hybrid functionals fail to quantitatively reproduce
excitation energies for the ionic L, state of pyrene and its derivatives. The failure of
hybrid functionals within TDDF'T for this state is different from that already seen earlier
for charge-transfer and Rydberg states. In the latter two cases, the value of the overlap
diagnostic A (equation (2.89)) is low. However, for the excitation energies of pyrene,
calculated using B3LYP, the values of A are 0.88 for the L, state and 0.68 for the L,
state. Clearly, A is unable to predict this type of failure.

The substitution of the pyrene system with large, conjugated groups does give rise
to traditional charge transfer excitations. These can be understood and potentially pre-
dicted through the use of A. The presence of low-lying, heavily underestimated, charge
transfer states can be misleading when trying to interpret the results for these com-
pounds. In compounds 13 and 14 there are charge-transfer states, both with A < 0.3, at
the 3rd excitation with B3LYP. These states are completely removed from the low energy
region when using CAM-B3LYP. The nature of these excitations is illustrated in figures
5.11 and 5.12. Although the oscillator strengths of these states is essentially zero and
they will not be seen experimentally, their erroneous presence in the low energy region

is still a problem when using theory in combination with experimental observations.
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Figure 5.11: The orbital contributions to the low A (3'%) excitation seen in compound 13.

Figure 5.12: The orbital contributions to the low A (3"9) excitation seen in compound 14.
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5.2 Excited State Dimers and Complexes

We now consider the role of TDDFT in predicting the structure of two classes of com-
plexes which are formed as a result of electronic excitations. The terms “excimer” and
“exciplex” are used to refer to excited state dimers and excited state complexes, respec-
tively. The generally accepted definition for such systems is that they are unbound in the
ground electronic state yet bound in an electronically excited state.?°1:202 Alternatively,
in cases where the ground state is very weakly bound, the equilibrium inter-fragment
distance of the excited state is significantly shorter than in the ground state and the
dissociation energy of the excited state is much greater than that of the ground state.
The lowest potential energy curve plotted in figure 5.13 represents the lowest excited
state of the Ne, excimer and it can be seen that, compared to the ground state data in
chapter 4, the minimum is much deeper and at a much shorter interatomic distance.
One of the most common excimers is the excited pyrene dimer. Experimental studies
have shown the appearance of a broad emission band as the concentration of pyrene in
solution is increased.?® This behaviour has been attributed to the formation of excimers
and is sufficiently common that all of the experimental data referred to in section 5.1
had to be recorded at sufficiently low concentrations to avoid the formation of excimers.
The following discussion and results focus on the case of excimers, much of which can
be generalised to exciplexes where the two fragments are not the same. Anything that is
unique to exciplexes will be discussed along with the relevant results. Excimer formation
involves one fragment in its ground state and one in its excited state forming a dimer.
An accurate description of excimers therefore requires a functional that is accurate at
determining both intermolecular forces and excited state energies, thereby connecting
the two key themes of this thesis. Given the nature of the species involved, we will
employ the dispersion correction outlined in chapter 4. As an initial example, the neon
excimer is considered. This is followed by an analysis of the benzene excimer and the

styrene-trimethylamine exciplex.

5.2.1 Neon Excimer

04

As a preliminary investigation, we follow the work of Huenerbein and Grimme?** and

assess the performance of CAM-B3LYP in predicting the structure and potential energy
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Figure 5.13: Excited states of the neon dimer calculated with CAM-B3LYP/aug-QZVP
relative to twice the ground state energy of the neon atom.

20
=
5
~ 18 |
>
&0
= |
=
€2

16

1.5 2.0 2.5 3.0 3.9 4.0 4.5
R/GO
- 122— - 12; - 1Hu - IHg S 1Hg

Figure 5.14: Excited states of the neon dimer calculated with BH-HLYP /aug-QZVP relative
to twice the ground state energy of the neon atom.

96



curve of the noble gas excimer Ne,. Given that their findings demonstrated the superior
performance of BH-HLYP over B3LYP, it is relevant to determine the performance
of CAM-B3LYP. CC2 reference data is available in their study as well as BH-HLYP
and BLYP comparison data. There are two areas of interest: i) the description of the
equilibrium geometry region including dissociation energy and ii) the inter-fragment
distance and the asymptotic behaviour of the potential energy curves corresponding to
excitation on a single fragment. For this noble gas excimer, we employ the same aug-
QZVP basis set as used by Huenerbein and Grimme and the dispersion correction of
equation (4.15).

A comparison of BH-HLYP and CAM-B3LYP with CC2 is provided in table 5.2; po-
tential energy curves are presented in 5.14 and 5.13, respectively. The state of interest—
the one which facilitates excimer formation—is the lowest excited state '¥F. Tt is clear
from the results that both BH-HLYP and CAM-B3LYP, when augmented with the dis-
persion correction, provide excellent descriptions of both the dissociation energy and
equilibrium distance. The effect of the dispersion correction in this region is small,

accounting for a lower than 0.05eV reduction of the dissociation energy.

Table 5.2: Dissociation energies (D./eV) and equilibrium interfragment distances (R./A) for
the neon excimer.

BH-HLYP CAM-B3LYP CC2

Nes Re 1.72 1.73 1.71
D, 0.90 0.95 0.85

For CAM-B3LYP (figure 5.13) and BH-HLYP (figure 5.14), the energies of the ex-
cited states are plotted relative to twice the energy of the neon atom. As a result,
the asymptotic values of each curve corresponds to an excitation energy of a single neon
atom. The CC2 (exp.?%%) excitation energies for the 1st and 2nd excited states are 16.02
eV (16.67 eV) and 17.71 eV (18.38 eV), respectively. BH-LYP values are 16.15 eV and
17.58 eV, respectively. CAM-B3LYP fares slightly worse with values of 14.70 eV and
16.15 eV. BLYP (data and plots available in Ref. 204) leads to a severe underestimation
of the energies of the states and also produces erroneous states not seen in calculations
which employ exact exchange, supporting the view that TDDF'T calculations with pure

GGA functionals should be avoided in favour of those that incorporate some portion of
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exact exchange.

5.2.2 Benzene Excimer

The benzene excimer received a similar analysis to the neon excimer in the work of
Huenerbein and Grimme.?°* There are several other works of relevance, involving cou-
pled cluster,?’6 CASSCF*7 and TDDFT studies.?®® Firstly, the equilibrium region will
be investigated by employing fully relaxed geometries. Secondly, the behaviour of the
potential surface as a function of R, the interfragment distance, will be considered. This
will include a discussion of the long-distance behaviour. Comparison is made with two
relevant works: Huenerbein and Grimme?* and Fink et al.?°" In order to facilitate
this comparison, we employ the same basis sets that they used: TZVP and cc-pVDZ,
respectively. The former of these two studies showed a generally good performance by
the BH-HLYP functional and the interest here is whether CAM-B3LYP can offer any

improvement over this performance.

Benzene excimer at the equilibrium geometry

Firstly, the equilibrium region of the benzene excimer is considered. For this, all calcula-
tions use the TZVP basis set and are dispersion corrected. In order for our results to be
comparable to those Huenerbein and Grimme, the CAM-B3LYP dispersion correction
is defined to be identical to the one they used for BH-HLYP, including the sg parameter

which is set at 0.9. The dissociation energy of the excimer can be calculated as

AE = (Eg- + Eg) — Fg-p, (5.6)

where Eg, Ep- and Ep-g denote the energy of the benzene monomer, the benzene
monomer in its first excited state and the benzene excimer, respectively. All of the en-
ergies calculated are for fully relaxed geometries. This requires the optimisation of ex-
cited states which is done through the implementation of analytic gradients in TDDFT.
The Gaussian09*! code was used for these calculations. As excimer formation occurs
through the lowest excited state which is not of charge-transfer character, it can be
expected that CAM-B3LYP and BH-HLYP will likely give results in close agreement

with B3LYP. However, the comparison of most interest is between the former two. The
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dissociation energy calculated by CAM-B3LYP is 0.75 eV, slightly higher than the 0.70
eV calculated using BH-HLYP. This corresponds to a slightly better performance by
BH-HLYP as the experimental value of the dissociation energy is in the region 0.22-
0.36 V. However, as can be seen in table 5.3 (albeit using a slightly different basis set),
CAM-B3LYP gives a much more accurate prediction of the excitation energy of the
monomer state that is involved in excimer formation. When using the TZVP basis set,
the excitation energies for BH-HLYP and CAM-B3LYP can be revised to 5.63 eV and
5.22 eV, respectively; CAM-B3LYP shows an even greater improvement over BH-HLYP.
Therefore, the better performance of BH-HLYP over CAM-B3LYP is likely due to a for-
tuitous cancellation of errors, despite the latter’s superior performance in predicting the
excited states at equilibrium geometry of the benzene monomer. Unfortunately, the

ambiguity in the reference values makes drawing any firm conclusions difficult.

Benzene excimer in the asymptotic region

In order to plot a potential energy curve as a function of the interfragment distance,
frozen ground state geometries were chosen in which the C-C and C-H bond distances
are 1.397 and 1.084A, respectively.20"-209 The potentials were plotted using the cc-pVDZ
basis set as used by Fink et al.?°" The B3LYP and BH-HLYP results of Fink et al. have
been successfully reproduced and a comparison of the potential energy curves of BSLYP,
BH-HLYP with CAM-B3LYP is presented in figures 5.15, 5.16 and 5.17. The trends in
the CAM-B3LYP curves effectively reproduce those seen in BH-HLYP. No dispersion
correction is considered here to ensure consistency with Fink et al. and also because we
are now concerned with functional trends rather than absolute energy values.

The potentials in figures 5.15, 5.16 and 5.17 are plotted relative to the energy of
two non-interacting ground state benzene monomers. In cases where the excited state
potentials concern the interaction between one benzene monomer in its ground state
(B) and one benzene monomer in its excited state (B*), the asymptotic value of each

potential must equal the corresponding excitation energy of the benzene monomer,

Efgg]io = (B + Eg) — (Eg + Eg) = Ep- — Epg = wp (5.7)
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Table 5.3: Excitation energies (eV) of the benzene monomer calculated using cc-pVDZ.

expt. B3LYP BH-HLYP CAM-B3LYP

1'By,  4.78/4.90  5.48 5.72 2.57
1' By, 6.20 6.22 6.26 6.32
1By, 6.94 7.26 7.45 7.35
IP — EA - 11.15 11.12 11.19

However, for charge transfer states, the formation of ionic species must be considered,

E{;’;g]io = (Ep+ + Fp-) — (B + Eg) = (Eg+ — Eg) — (Eg — Ez-) = IPg — EAg.
(5.8)

The lowest excited state excited in the excimer (*Bj,) involves a local excitation and
the asymptotic values of the potential for all three functionals considered exactly match
the monomer excitation energies (' By,) given in table 5.3. The values of IP — EA are
also listed, which should equal the asymptotic value of the lowest charge transfer state
of the benzene excimer, which is of symmetry 'E},,.

When using B3LYP, the 1'F), state has charge-transfer character. This is evident
from the slower —0.2/R decay of the potential. The asymptotic value of this state is
however only 6.72 eV which is 4.43 eV lower than IP — EA. This severe underestimation
of charge-transfer energies is well-known and is a serious problem as it incorrectly desig-
nates the lowest ! Ey, as being charge-transfer and disrupts any similar energy states with
the same symmetry. CAM-B3LYP successfully removes this erroneous charge-transfer
state by pushing it up in energy. The result is that the 1' Fy, state no longer has charge-
transfer character, and gives the correct asymptotic value of 7.35 eV, degenerate with
1'E},. The charge transfer state as calculated by CAM-B3LYP has an asymptotic value
of 11.06 eV, in excellent agreement with the value of IP — EA.

Excitation energy transfer in the Benzene excimer

Excimer formation facilitates the transfer of energy from one excited monomer to another

ground state monomer,?!?
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Figure 5.15: Potential energy curves of the excited states of the benzene dimer as calculated
with B3LYP/cc-pVDZ.
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Figure 5.16: Potential energy curves of the excited states of the benzene dimer as calculated
with BH-HLYP /cc-pVDZ.
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Figure 5.17: Potential energy curves of the excited states of the benzene dimer as calculated
with CAM-B3LYP /cc-pVDZ.

The rate of this process is dependent on the electronic coupling matrix element vgc,
which measures the splitting of degenerate monomer states as a result of the interaction
in the excimer. This is known as Exciton or Davydov splitting, and for excimers is equal
to half the vertical excitation energy of the state of interest. An accurate treatment of
this parameter should produce a smooth curve which decays to zero with the interfrag-
ment distance. Figure 5.18 shows the behaviour of vge for the 1'E}, monomer state
as described by each functional considered. Clearly, the presence of low-lying charge-
transfer states in the B3LYP picture produces an incorrect kink in the curve which is also
too shallow at shorter distances, when compared with reference data.?’” CAM-B3LYP
and BH-HLYP give curves which are almost indistinguishable from the reference curve

- both have successfully removed the low-lying charge-transfer state.

5.2.3 The styrene-trimethylamine exciplex

The final system considered by Huenerbein and Grimme is the styrene-trimethylamine
(sty-tma) exciplex. The formation of this excimer occurs through a charge-transfer
state and so is particularly relevant to this thesis. The relevant orbital transition is

HOMO—LUMO, where the HOMO is localised almost entirely on the tma fragment and
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Figure 5.18: The trend in the electronic coupling matrix element vgc (eV) as a function of
interfragment distance R (ap).

the LUMO on the sty fragment. Excimer formation is therefore through the interaction

of a ground state tma molecule and sty in its first excited state
AE[sty—tma]* = (Esty* + Etma) — E[sty—tma]*- (510)

The experimentally determined first excitation energy of sty is 4.31 eV.?!! As the exper-
imental dissociation energy is 0.66 eV,2!2 we can put the vertical excitation energy of the
excimer at 3.56 eV, accounting for 0.09 eV for the ZPVE as determined by BH-HLYP.

BH-HLYP gives the first excited state of sty at 4.79 eV and the excimer energy
at 3.90 eV. These values are 0.48 eV and 0.34 eV above the experimental reference
values. CAM-B3LYP gives the states at 4.59 eV and 3.66 eV, only 0.18 eV and 0.10
eV above experiment. Clearly, CAM-B3LYP is doing a much better job than BH-
HLYP at predicting the energetics at the equilibrium structure of the relevant excited
states. However, when the necessary energy difference is computed to determine the
dissociation energy, CAM-B3LYP is slightly higher at 0.93 eV, than BH-HLYP at 0.89
eV. Although the BH-HLYP dissociation energy is slightly closer to the experimental
value, this conceals the performance of CAM-B3LYP in determining the energy of the

states involved.
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Summary

An extensive investigation of TDDFT vertical and experimentally observed excitation
energies of pyrene and a number of its derivatives shows a clearly superior performance
of CAM-B3LYP over B3LYP. Not only does CAM-B3LYP predict the correct ordering
of the lowest two excited states of unsubstituted pyrene while conventional hybrid func-
tionals do not, it also provides an exceptional reproduction of variations in experimental
excitation energies observed when different classes of substituent are employed. All of
these conclusions are drawn in conjunction with corrections necessary when consider-
ing the non-trivial comparison of vertical excitation energies and experimental (0-0)
excitation energies.

Given the extent to which both functionals incorporate exact exchange in the long-
range region, the performance of BH-HLYP and CAM-B3LYP should perhaps not be
expected to differ significantly. In the case of the formation of organic excimers and
exciplexes, the two functionals have indeed been shown to have a largely similar perfor-
mance. They significantly outperform the conventional hybrid functional BSLYP whose
tendency to underestimate charge-transfer states causes disruption to other low-lying
states of a similar energy.

The impact of incorrectly underestimated charge-transfer states produced by B3LYP
has been illustrated in this chapter for a number of scenarios. Such poor performance
can significantly affect the confidence experienced when using this functional and the
superior performance of CAM-B3LYP indicates the importance of long-range exact ex-

change.
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Chapter 6

Properties of the Retinal

chromophore

The ability of CAM-B3LYP to successfully describe a series of properties and char-
acteristics of retinal is investigated. Firstly, the proton affinity and the effect of the
protein environment are considered. In both cases, the application of CAM-B3LYP
yields results in much better agreement with reference data compared to conven-
tional GGA and hybrid functionals. Secondly, the effect of physical (ringtwist)
and chemical (hydrogenation) change to the retinal molecule are considered. Of
particular interest are the differing characters of the excitations produced by dif-
ferent functionals. The purpose of the work is not so much to compile a systematic
picture of retinal and its characteristics using CAM-B3LYP, but rather to identify
situations in which conventional hybrid functionals fail and show how this can be
remedied by using a long-range corrected alternative. In this respect, CAM-B3LYP

shows excellent performance.

Human vision is governed by the protein rhodopsin which contains the chromophore
retinal. The absorption of light by retinal causes a photoisomerization process which
induces an electrochemical response responsible for sight.?!® Retinal binds to the protein
through a protonated Schiff base (pSb). It is this form that is therefore used to model
rhodopsin in the present study and its structure is shown in figure 6.1. There have been
numerous studies conducted into the ability of computational simulations to reproduce
the behaviour of the retinal chromophore. It is common to use polyenes and the proto-
nated Schiff bases of polyenes, where a terminating CHy group has been replaced with

the isoelectronic NHJ group, as models for the retinal molecule.?!4 26 Given that the
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Figure 6.1: Chemical structure of the protonated Schiff base form of retinal. The twist about
the C6-C7 bond is denoted by ¢.

functionality of retinal arises from its photoinduced twisting mechanism, several studies
probe the potential energy surface as a function of a number of twist angles.2":2'® In
particular, there have been a number of studies conducted by Sundholm and co-workers,
including an investigation into the twisting mechanism?!® in which high-level CC2 re-

sults were obtained. The outcomes of these studies will be discussed in further detail,

in relation to the work conducted here, at the appropriate points.

6.1 Proton affinity

We first consider the binding between the retinal chromophore and the protein environ-
ment, which occurs through the protonated Schiff base. As noted by Wanko et al.?
the delocalization error seen at the LDA and GGA levels erroneously stabilises systems
where charge is delocalised—this underestimation was explicitly illustrated in stretched
Hy in section 3.2. This is relevant for systems such as retinal, which contain extended
conjugated functional groups. The tendency of a functional to delocalise charge across
such a system will artificially lower the energy and so at the LDA and GGA levels, the
proton binding energy of the Schiff base is too high.?'> The proton affinity of the Schiff
base group attached to a series of polyene chains of increasing length was determined;
the error increases with increasing chain length.

To test the ability of CAM-B3LYP to correctly describe the proton binding energy

of the Schiff base, we calculated the proton affinities of Schiff bases attached to polyene
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Figure 6.2: The variation of proton affinity as a function of the length of the pSbn chain
length where n denotes the number of double bonds. The single data points at the right hand
side indicate the value for the full retinal chromophore.

chains, pSbn, where n indicates the number of double bonds in the chain system,
PA = ESbn — LipSbn- (61)

Both B3LYP and CAM-B3LYP geometries were optimised with the 6-31G(d) basis set
and the affinities were then determined using the TZVP basis set. The trend in affinities
can be seen in figure 6.2 compared with MP2 and CCSD data.?! The authors of Ref.
215 note that the MP2 data is a fair reference given that the errors of the MP2 method
and the cc-pVTZ basis set partially cancel.

The use of CAM-B3LYP shows a clear improvement over B3LYP, giving results that
are close to MP2 as the chain length increases. This improvement can be traced to the
reduced inclination of CAM-B3LYP over B3LYP to delocalise charges—this is consistent
with the findings of chapter 3. However, the CAM-B3LYP results are perhaps not as
convincing as would be expected and there does remain a noticeable discrepancy relative

to the reference MP2 data, although this does go some way to increasing confidence in
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DFT results for proton transfer reactions in proteins.

6.2 Modelling the environment

We now consider the interaction between the retinal chromophore and the protein en-
vironment. It is through this interaction that it is possible to tune the wavelength

at which the chromophore absorbs light.?2%221

One way of tuning this wavelength is
through altering the electrostatic interaction of the protonated Schiff base and the pro-
tein environment. As the most important contribution to the electrostatic environment
of the retinal chromophore in rhodopsins is from negatively charged groups within the

binding pocket, Wanko et al.?'6

investigated the effect by using point charges. They
optimised the geometry of pSb5 with a point charge (—1.1 a.u.) placed 2.2 A from
the Schiff base proton. They then calculated the first excitation energy in the presence
of a series of charges (0.0 a.u., —0.5 a.u. and —1.1 a.u.) and compared these to the
excitation energy at the geometry optimised without any point charge. Through this
they were able to probe the effect of the electrostatic environment on the geometry and
the excitation energy. We use the same DFT optimised geometry as used by Wanko et
al. and determine the excitation energies and dipole moments with the TZVP basis set
augmented with the diffuse functions from aug-cc-pVDZ.

The excitation energy differences presented in table 6.1 are defined as the excitation
energy in the presence of a counterion using the geometry optimised in the presence of a
—1.1 a.u. charge relative to the excitation energy of retinal in the presence of no charge
using the geometry optimised with no charge. As a reference, we use the high-level
ab-initio approach of Spectroscopy ORiented Configuration Interaction (SORCI).?*? Tt
can be seen that at all levels of theory, the increase in the magnitude of the charge
on the counterion produces an increase in excitation energy. The tendency of the first
excitation to increase in energy when in the presence of a stronger counter ion has
been attributed to the charge-transfer nature of the transition which involves moving
positive charge from the Schiff base to the allyl fragment. As the counterion is located
in the vicinity of the Schiff base, this migration of positive charge must work against
the electric field generated by the counter ion. A larger counter ion will therefore result

in a larger excitation energy. CAM-B3LYP provides the best DFT evaluation of this

108



Table 6.1: The shift in excitation energy (eV) that occurs when the geometry is optimised
in the presence of a point charge (-1.1 au) and when it is not. The excitation energy of the
geometry optimised in the presence of the point charge is determined with a range of different
counterions.

Theory Charge=0.0 Charge=—0.5 Charge=—1.1
BP86 -0.07 -0.01 0.08
B3LYP -0.03 0.04 0.16
CAM-B3LYP 0.02 0.15 0.31
CAM-B3LYP(a+ g =1) 0.07 0.23 0.42
HF/CIS 0.09 0.22 0.37
SORCI 0.03 0.28 0.58

Table 6.2: The change in dipole moment caused by the first excitation. The values correspond
to Ap = u(S1) — p(Sp) where the dipole moments are calculated using the geometry optimised
in the presence of a point charge (-1.1 au).

Theory Charge=0.0 Charge=—0.5 Charge=—1.1
BP86 1.6 2.1 2.8
B3LYP 2.3 2.8 3.3
CAM-B3LYP 3.2 3.7 3.9
CAM-B3LYP(a+ g =1) 4.2 4.4 4.1
HF/CIS 4.3 4.2 3.8
SORCI 6.0 6.6 6.7

difference in excitation energy, however, it still underestimates the difference by almost
a factor of 2, relevant to the SORCI reference values.?'6

As a measure of the charge-transfer nature of this excitation, the dipole moment
difference can also be calculated as Ap = p(S1) — 11(So). The dipole moment differences
associated with the first excitation are shown in table 6.2. Again, despite only yielding
qualitative accuracy, CAM-B3LYP shows the best performance of all DFT functionals.
However, the results obtained when using increased fractions of exact exchange above

that included in CAM-B3LYP suggest that this may be detrimental to an accurate

description, as the trend of increasing shifts with increasing counterion is reversed.

6.3 Effect of ringtwist on excited states

The planarity of the ring system with respect to the polyene chain in the retinal molecule

is an important geometrical parameter. It can be controlled by varying the value of the
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angle ¢ in figure 6.1. Following Ref. 216, the accuracy of DFT was quantified by
comparing excited state energies (figure 6.3), oscillator strengths (figure 6.4) and dipole
moment differences (Ap) (figure 6.5) with CC2 values for 39° < ¢ < 170°. For this,
we use a variety of the protonated Schiff base where R; and Ry in figure 6.1 are both
methyl groups. All of the unpublished reference CC2 data has been made available
through collaboration with Dr. Marius Wanko and was determined using constrained-
optimized PBEQ geometries, which are also used here for the DFT calculations. Again,
the TZVP basis set with additional diffuse functions from aug-cc-pVDZ is used.

By considering the CC2 results in figures 6.3, 6.4, and 6.5, it is possible to understand
the behaviour of the first two excited states of the pSb of retinal. The S; state can be
defined as a locally excited (LE) state. The oscillator strength of the Sy — S; transition
is large and remains fairly constant throughout the twist, indicating a large degree
of overlap between the occupied and unoccupied orbitals involved. Also, the value
of Ap remains fairly constant throughout the twist indicating little variation in how
the charge is redistributed during this excitation. Conversely, the S, state is defined
as an intramolecular charge transfer (ICT) state. At twist angles corresponding to a
perpendicular arrangement of the ring and chain systems, the oscillator strength drops
to almost zero for the Sp — S, excitation, consistent with the relevant occupied and
unoccupied orbitals localising on different parts of the molecule. This is reflected in
the significant increase in Au showing that there is indeed a large degree of charge
redistribution at these twist angles.

The results obtained using BSLYP deviate significantly from the reference data. The
energies of both excited states are not only underestimated but the behaviour of the
S; state is entirely incorrect. Additionally, the trends seen in the oscillator strength
and Ay suggest that it is not simply a case of B3LYP giving the incorrect ordering of
the lowest two states, but rather that the characters of the excitations are wrong. The
results obtained using CAM-B3LYP bear a striking resemblance to the CC2 reference
data. The trends in energies are reproduced almost exactly, although the magnitude
of the excitation energies are slightly overestimated. Similarly, the trends in oscillator
strengths and Ap are also accurately reproduced. Plots of the BSLYP orbitals involved
in the dominant transitions at near-planar and perpendicular twist angles are shown in

figure 6.7. The CAM-B3LYP orbitals localise to a lesser extent at the perpendicular
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Figure 6.3: Energies of the first (solid) and second (dashed) excited states of the retinal
molecule as a function of the twist angle between ring and chain.
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Figure 6.4: Oscillator strengths of the first (solid) and second (dashed) excitations of the
retinal molecule as a function of the twist angle between ring and chain.
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Figure 6.5: Dipole differences (Apu) of the first (solid) and second (dashed) excitations of the
retinal molecule as a function of the twist angle between ring and chain.
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Figure 6.6: A diagnostic values of the first (solid) and second (dashed) excitations of the
retinal molecule as a function of the twist angle between ring and chain.
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geometry but are otherwise indistinguishable.

The failings of BSLYP are now considered, with reference to the more accurate CAM-
B3LYP results. At the near-planar geometries of 39° and 170°, the B3LYP and CAM-
B3LYP orbitals are essentially indistinguishable. For both functionals, the Sq — S;
excitation is dominated by the HOMO—LUMO transition and the Sy — S excitation
dominated by HOMO—1—=LUMO. This is consistent with the similarity in behaviour
between B3LYP and CAM-B3LYP at these angles. It is justifiable to say that BSLYP
largely shares the LE and ICT character of the So — S; and Sy — S, excitations,
respectively, seen in CAM-B3LYP at these angles.

However, at perpendicular twist angles the BSLYP and CAM-B3LYP orbitals are
no longer indistinguishable. Two differences are observed. Firstly, the ordering of the
HOMO and HOMO-—1 orbitals is switched between the two approaches. However, as the
Sog — S; and Sy — Sp remain dominated by HOMO—LUMO and HOMO—-1—LUMO,
respectively, the LE/ICT character is reversed. Secondly, the localisation of the HOMO
orbital onto the ring system is more severe when using B3LYP than it is when using
CAM-B3LYP. This results in a lower A (equation (2.89)) value for the Sy — S; excitation
(figure 6.6).

Now that it has been established that B3LYP gives the correct LE and ICT character
of the first and second excitations, respectively, at near-planar geometries, and the
incorrect character at near perpendicular geometries, it is possible to quantify the errors
in excitation energies. At angles ¢ < 80° and ¢ > 120°, the solid lines in figure 6.3
all correspond to the LE state and it can be seen that B3LYP provides a reasonably
good estimate. Similarly, the dashed lines correspond to the ICT state which is also
reasonably well reproduced. In these circumstances the error is generally less than 0.25
eV. However, at angles 80° < 7 < 120°, the valid comparisons to make are between the
solid black line (CC2 S;) and dashed blue line (B3LYP S,) for the LE state and between
the dashed black line (CC2 S;) and solid blue line (B3LYP S;) for the ICT state. For
the former, we can see that the BSLYP LE state is around 0.3 eV too high, which is
not a serious problem. However, for the ICT state, BSLYP underestimates the energy
by more than 1 eV. This error can be traced to the already understood underestimation
of charge-transfer states when using GGA or conventional hybrid functionals. The

accurate reproduction of the LE state is unsurprising given the A value for this state
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Figure 6.7: B3LYP orbitals involved in the relevant transitions of the lowest two excitations
in retinal at 39°, 90° and 170°. CAM-B3LYP orbitals show slightly more delocalisation at
90° where the HOMO and HOMO-—1 orbitals are also switched in order, but are otherwise
identical. H=HOMO, L=LUMO.
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is consistently ~ 0.6 whereas the underestimation of the ICT state could have been
predicted by noting the significant drop in A value observable in figure 6.6, which plots
A for the excitations as a function of the twist angle ¢. The poor performance of BSLYP
is therefore a combined result of charge-transfer failure and an incorrect ordering of the
states. The switch in character is well illustrated by the trend in oscillator strengths
(figure 6.4) and, to a lesser extent, by the change in dipole moment, Ay (figure 6.5).
CAM-B3LYP shows a significant improvement over B3LYP. The energies of the two
excited states (figure 6.3) closely match those given by CC2 in trend and although they
are slightly overestimated, provide a good absolute prediction of the energy. The oscil-
lator strengths (figure 6.4) show a remarkable agreement with the CC2 data confirming
that CAM-B3LYP is producing excitations of the correct character. This is further

backed up by the trends seen in the dipole differences in figure 6.5.

115



Figure 6.8: The structure of (a) 11-Z-cis retinal and (b) 11-Z-cis-7,8-dihydro retinal, high-
lighting the hydrogenation at C7-C8.

6.4 Effect of chemical change on excited states

In this section, it is demonstrated how an analysis involving the A diagnostic can pro-
vide a useful perspective when considering how a simple chemical change—with seem-
ingly trivial effects on the chemical properties—can significantly affect the accuracy of
TDDFT calculations. This is illustrated by the hydrogentation of 11-Z-cis retinal to 11-
Z-cis-7,8-dihydro retinal, as considered by Zaari and Wong??? and illustrated in figure
6.8. These authors investigated the effect of this chemical change in order to determine
the effect of conjugated chain length on the photoisomerization process.??* They ob-
served that prior to hydrogenation, BSLYP excitation energies and oscillator strengths
were in good agreement with reference CC2 data. However, following hydrogenation
the B3LYP results showed some large discrepancies in comparison to the reference data.
They attributed this to the possibility that the excitations had become charge-transfer
in character. We now employ the A diagnostic to quantify the degree of charge transfer
in the relevant excitations and determine whether or not the errors are reduced when
CAM-B3LYP is employed. All calculations are performed at B3LYP/6-31+G(d) opti-
mised geometries and excitation energies are determined with the same 6-314+4G(d,p)
basis set used by Zaari and Wong. Firstly, the effect of hydrogenation on excitation en-
ergy will be considered, followed by the more subtle implications of the chemical change
for the oscillator strengths.

The results in table 6.3 show that prior to hydrogenation both of the lowest two exci-
tations have high associated A values of 0.68 and 0.72, respectively. As both of these val-
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Table 6.3: Vertical excitation energies (eV) and oscillator strengths (in parenthesis) of the
retinal chromophore where the C7—-C8 bond is unsaturated and saturated, determined using

B3LYP, CAM-B3LYP and RI-CC2. The A values listed are determined using B3LYP

B3LYP CAM-B3LYP RI-CC2 A
11-Z-cis retinal
So =51 2.30(1.17) 2.39(1.34) 2.10(1.47) 0.68
So =S 3.04(0.24) 3.63(0.21) 3.30(0.26) 0.72
11-Z-cis-7,8-dihydro retinal
So =51 1.53(0.08) 2.82(0.44) 2.62(0.64) 0.23
So =S 3.05(0.90) 3.23(0.98) 3.03(0.88) 0.54
So =93 3.25(0.39) 4.70(0.01) 4.40(0.01) 0.30

ues are well above the threshold® (A ~ 0.3), no breakdown in TDDFT accuracy should
be expected and the excitation energies are in good agreement with CC2. These two ex-
citations are comprised, almost exclusively, of HOMO—LUMO and HOMO—-1 —-LUMO
orbital transitions, respectively. These transitions are shown in figure 6.9 where it is
clear that all three orbitals involved are delocalized across the entire molecule including
both the chain and ring components.

Following hydrogenation, only the Sq — Ss excitation has an associated A value
above the threshold, at 0.54. No breakdown in TDDFT accuracy is predicted for this
excitation and, indeed, the BSLYP results are in good agreement with the reference data.
However, for the Sg — S; and Sg — S3 transitions, the A values are significantly smaller,
falling in the region where breakdown for BSLYP excitation energies is predicted. Ac-
cordingly, for both of these excitations, the energy is significantly underestimated—by
more than 1 eV in both cases relevant to the CC2 data. The presence of both high
and low A transitions following hydrogenation is a result of the breaking of conjugation
between the ring and chain systems. It is no longer possible for orbitals to be delocalized
across the entire molecule, instead they must localise on either the ring or the chain.
This localisation of the orbitals can be seen in figure 6.10.

The high-A value associated with the So — Sy excitation is a result of it being
predominantly HOMO—1—LUMO in character, which is a chain-to-chain transition.
In contrast, both the S; — S; and Sy — S3 transitions are predominantly the ring-
to-chain HOMO—LUMO and HOMO—-2—LUMO transitions, resulting in significantly

smaller A values. The charge-transfer nature of the Sg — S; excitation alluded to in the
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Figure 6.9: Orbital transitions in 11-Z-cis retinal, determined using B3LYP. H=HOMO,
L=LUMO.

orbital plots presented by Zaari and Wong has now been explicitly quantified—in terms
of occupied-unoccupied orbital overlap—by using the A diagnostic.

B3LYP predicts the Sy — S; excitation to have a low oscillator strength and the
So — S3 to have a high oscillator strength, the opposite of that given by the reference
CC2 results. This incorrect ordering can be understood by considering the explicit
orbital transitions which contribute to the excitations. Excitations that are ring-to-
chain in character and, as a result, have a low-A value must, necessarily, have a low
oscillator strength. The low oscillator strength of the Sq — S; excitation is therefore
a result of it being comprised almost exclusively of a HOMO—LUMO transition. In
contrast, although the Sy — S5 excitation is predominantly HOMO—-2—LUMO, it does
involve a significant chain-to-chain HOMO—1—LUMO contribution. It is the presence
of the latter contribution which results in the large oscillator strength. In a similar
manner, the S — Ss, although predominantly HOMO—1—LUMO in character, does
contain some HOMO—-2—LUMO contribution. This mixing of characters reflects the
similarity in energy of the two excitations. The Sy — S; excitation is much lower in
energy and therefore, no mixing is seen for this state.

When using CAM-B3LYP, all excitation energies are higher than when using B3LYP.
The result of this is that all excitation energies are slightly overestimated compared to
the reference CC2 data. However, the S; — S; and Sp — S3 excitations following hy-

drogenation are of a comparable accuracy to all other excitations, whereas they were
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Figure 6.10: Orbital transitions in 11-Z-¢is-7,8-dihydro retinal, determined using B3LYP.
H=HOMO, L=LUMO.

significantly underestimated when using BSLYP. CAM-B3LYP therefore provides exci-
tations whose errors are independent of A value and are all in error to the same degree as
the best results provided by B3LYP. Additionally, the incorrect ordering of the BSLYP
oscillator strengths has now been resolved by using CAM-B3LYP, resulting in consis-
tency with CC2. The relevant CAM-B3LYP orbitals are indistinguishable from the
B3LYP orbitals and the dominant orbital transitions are also the same. The explicit
orbital transitions involved in the excitations now show the opposite behaviour to that
seen in B3LYP—the Sy — S; excitation, although predominantly HOMO—LUMO in
character, contains a significant HOMO—1—LUMO contribution resulting in a large os-
cillator strength. The Sqg — S3 is almost exclusively HOMO—-2—LUMO, with no other
significant contributions, resulting in a small oscillator strength. This different mixing
arising in CAM-B3LYP is a reflection of the fact that it is now the Sg — S; and Sg — So
excitations which are similar in energy, while the Sy — S3 excitation is significantly

higher in energy.

Summary

It has previously been noted that “the application of DFT to proton transfer reactions

in retinal proteins is not straightforward and should be pursued with some care” 2> but
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it has been shown here that through the application of CAM-B3LYP, a greater degree
of confidence can be placed in DFT results relating to proton affinities. Also, when
concerned with the environment of chromophores and how they affect the behaviour,
CAM-B3LYP shows significantly better qualitative accuracy than conventional GGA
and hybrid functionals. However, in both cases, quantitative accuracy is not achieved
through the use of CAM-B3LYP.

It has also been shown that an orbital overlap perspective can be useful for under-
standing why simple physical and chemical changes can lead to a significant reduction
in TDDFT accuracy. This breakdown can manifest itself as errors in both the character
and energy of excitations. It has also been illustrated how such errors can easily be
predicted through the same orbital overlap perspective. Errors in oscillator strengths
can be understood in terms of orbital transition contributions. All of these errors are
largely eliminated by the use of CAM-B3LYP. It can be inferred from the example
of Retinal used in this chapter that any physical or chemical process that sufficiently
reduces the overlap will degrade the TDDFT accuracy when conventional GGA and

hybrid functionals are being used.
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Chapter 7

The character of molecular excited

states: CsH; N>

Through the analysis of a specific molecular example, the topographical accu-
racy of excited state potential energy surfaces is investigated. The accuracy of
local and charge-transfer excitations is assessed for PBE (a representative GGA
functional) and CAM-B3LYP. Both singlet and triplet excitations are considered,
where the latter are determined through the commonplace TDDFT approach and
the less frequently employed ASCF method. Of particular interest is the effect on
the character of the excited states—the charge-transfer error arising in TDDFT
with GGA functionals can manifest itself in the character, as opposed to the en-
ergy. By employing CAM-B3LYP, issues present when using GGA functionals are
largely eliminated. The charge-transfer error arising with GGA functionals within
TDDEFT does not present itself when the ASCF approach is used. The characters
of TDDFT and ASCF excitations are reconciled through appropriate combina-
tions of orbitals. The lack of symmetry in the molecule means that the effect of

avoided crossings is significant.

The accuracy of long-range charge-transfer (CT) excitations from DFT has already
been considered in chapters 5 and 6. In section 5.1.8, the ordering and character of
charge-transfer excited states for a series of extended, conjugated pyrene derivatives was
shown to be in error when using B3LYP. In sections 6.3 and 6.4, the incorrect character
of excitations in retinal resulted in significant errors in the oscillator strengths. A
recent study on tripeptides®® showed that charge-transfer excitations have significantly
different character when determined using functionals with a range of exact exchange.

Other studies,??* 227 as well as the content of chapter 6, have shown how the accuracy of
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potential energy surfaces depends strongly on the choice of functional. In this chapter,
we combine these two issues (character of excitations and accuracy of surfaces) for
which conventional functionals fail and consider whether CAM-B3LYP can provide a
more satisfactory description.

Wiggins et al. considered the well known charge-transfer compound 4-(dimethylamino)
benzonitrile (DMABN).?26 In their study, they constructed potential energy surfaces as
the sum of the ground state energy and vertical excitation energies determined using
TDDFT. They noted that “If the spatial overlap between the occupied and virtual or-
bitals involved in the excitation has a strong dependence on the nuclear conformation,
then the accuracy of the surface will not be uniform.” The result of this is that regions
of the potential energy surface corresponding to high overlap are well described and
regions corresponding to low overlap are poorly described, when conventional GGA and
hybrid functionals are used. They were able to resolve this issue through the use of
CAM-B3LYP, for which they found no correlation between A value and TDDFT accu-
racy. CAM-B3LYP exhibited excellent agreement with reference CC2 data. This same
issue arose in the character of the lowest two excited states of Retinal in section 6.3.

We now employ a similar compound to DMABN to generate a similar situation for
which we can assess the performance of both TDDFT and ASCF (a method used here for
determining triplet excitation energies, which will be defined later). We pay particular
attention to the description of the character of excitation as a function of a twisting
angle and the relative performance of each approach. In the discussion that follows,
the term “transition” is used to refer to a particular occupied—unoccupied orbital pair
whereas “excitation” refers to the overall combination of transitions in the electronic
excitation.

The molecule C3NoH, (figure 7.1) is smaller than DMABN but captures the same
fundamental chemistry. The dimethylamino group in DMABN is replaced with the
simplest possible amine group. The central ring system in DMABN is replaced with a
single double bond which retains the conjugation that exists through the molecule. So,
the functionality of the molecule has been retained but the structure is smaller, allowing
a more extensive analysis to be performed. Although C3NoH, is not expected to exactly
reproduce the behaviour of DMABN, it is expected that the similar combination of

functional groups will give rise to similarly interesting behaviour.
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Figure 7.1: The structure of C3NoH, with the C—N bond around which the twist occurs
indicated by 7.

All calculations are performed using the PBE GGA functional and CAM-B3LYP, in
order to quantify the effect of attenuated exchange on the behaviour. A hybrid func-
tional, with constant exchange, such as B3LYP, is expected to have an intermediate
behaviour between these two functionals. CCSD calculations have been performed as a
reference. All calculations are performed with the aug-cc-pVTZ basis set; full surfaces
are mapped with DFT while selected geometries are used for the CCSD calculations to
reduce computational cost. The structures are optimised (MP2/6-31G*) within the con-
straint that the amine group remains planar. This constraint removes the complication
of pyramidalisation seen in the amine group when the molecule is twisted away from the
fully planar geometry. At angles of 7 = 0° and 90°, the molecule has C; symmetry and
the excited states therefore have either A" or A” symmetry. At all intermediate twist
angles the mirror plane is lost resulting in C; symmetry and all excited states are of A
symmetry.

Firstly, the TDDFT energy, the A value and the oscillator strength of the lowest three
singlet states of C3NoH, are considered as a function of the twist angle. Secondly, the
energy and the A value of the lowest three triplet states are considered—the oscillator
strengths for triplet states are by definition zero. The results are compared with those
from the ASCF approach. In all cases, particular attention is paid to the character of

the state.

7.1 Singlet excited states of C3NyH,

PBE TDDFT Singlets

Figure 7.2 presents plots of the TDDFT energy, A value and oscillator strength for the

lowest three singlet excited states of C3NyHy, as a function of twist angle ¢, determined
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Table 7.1: Energies (eV) of the lowest three singlet excited states of C3NoHy at 0° and 90°.

Angle State PBE CAM-B3LYP CCSD
0° 1% 443 (R) 5.15(R) 5.34 (R)
2 506 (R)  5.50 (LE) 5.67 (LE)
34 524 (LE) 5.67 (R) 5.99 (R)

90° 1%t 3.36 (CT) 5.13 (CT) 5.64 (CT)
2nd 519 (R)  6.51 (R) 6.63 (R)
34 538 (R) 6.70 (LE) 7.28 (LE)

using PBE. The excitation energies and characters of the lowest three singlet states at
0° and 90° are shown in table 7.1 where it can be seen that all of the PBE energies are
underestimated relative to the CCSD reference values. At 7 = 0°, the lowest two PBE
states are of Rydberg character.

The diabatic states corresponding to the two Rydberg transitions can be identified
in figure 7.2(a): The first Rydberg transition is denoted by the blue surface followed
by red with the jump between the two surfaces occuring at ~ 45°; the second Rydberg
transition is red followed by green with the jump at ~ 20°. The energies (figure 7.2(a))
of these transitions are reasonably constant; the orbitals vary little upon twisting. Both
transitions exhibit consistently low A values (blue followed by red and red followed by
green in figure 7.2(b))—below the threshold value of ~ 0.4. It is therefore predicted
that the energy of these two states is underestimated when using PBE. At both 7 = 0°
and 90°, the energy of the second Rydberg state is sufficiently underestimated for it to
drop below the locally excited (LE) state, giving an incorrect state ordering.

At 7 = 0°, the third state is of local character and becomes a charge-transfer state
at 7 = 90°. This state decreases in energy during the twist, intersecting the second
Rydberg state at ~ 10° and the lowest Rydberg state at 45°. The evolution of the
locally excited state to a charge-transfer state corresponds to the diabatic state which
can be identified in figure 7.2 as green, followed by red, followed by blue. It is clear from
this transition that at twist angles of 7 > 60°, there is a significant drop in the value
of A, indicating that this excitation is indeed adopting charge-transfer character. This
explains why the state is underestimated relative to CCSD by only 0.43 eV at 0° but
2.28 eV at 90° (see table 7.1). This transition, which is of local character at 7 = 0° and
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Figure 7.2: Plots of the TDDFT (a) Energy, (b) A value and (c) oscillator strength as a
function of the twist angle 7 for the lowest three singlet excited states of C3NoH, calculated
using PBE. 1' A blue, 2' A red and 3'A green.
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charge-transfer character at 7 = 90° will hereafter be referred to as LE—CT.

The dominant orbital transitions for the lowest PBE singlet state (the blue curve
in figure 7.2(a)) are plotted in figure 7.3. It is clear that before 45° the state is of
Rydberg character. After the avoided crossing at this angle, the state has local character
which, due to the twisting of the molecule, eventually adopts charge-transfer character
at 90° as a result of the HOMO orbital localising on the amine. This evolution of an
locally excited state into a charge-transfer state upon twisting of the amine group is
exactly as observed by Wiggins et al. for DMABN. The effect of the charge-transfer
underestimation by PBE is evident from a comparison of the curves in figure 7.2(a)
and the CCSD equivalent plotted in figure 7.4 where it is evident that the lowest state
becomes increasingly underestimated at larger twist angles.

The oscillator strengths for the lowest three excitations are plotted in figure 7.2(c).
The form of all three curves accurately reflects that seen for the A values. This is
unsurprising given the relationship between A and the oscillator strength highlighted in
chapter 6.

CAM-B3LYP TDDFT Singlets

Figure 7.5 presents plots of the TDDFT energy, A value and oscillator strength for the
lowest three singlet excited states of C3NyH, as determined using CAM-B3LYP. It is
clear from the results in table 7.1 that CAM-B3LYP provides a significantly improved
performance over PBE. Not only are the energies in significantly better agreement with
the reference CCSD values than when using PBE, but the correct ordering of the states
at both 0° and 90° is reproduced. Furthermore, CAM-B3LYP shows an improved qual-
itative description of the behaviour of the lowest three singlet excited states during the
twist, as illustrated by the similarity to the CCSD curves in figure 7.4.

The improved description of Rydberg states with CAM-B3LYP increases their en-
ergy, the result being that the second Rydberg state at 0° is above the locally excited
state, thus removing the first avoided crossing seen at ~ 10° when using PBE. The
LE—CT transition, being the 2nd state at 0° now only intersects the lowest Rydberg
state. It still produces the same significant drop in A value for angles of 7 > 60° (red
followed by blue in figure 7.5(b)), but not the corresponding drop in energy seen when
using PBE. This is essentially the same observation made by Wiggins et al. for the
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Figure 7.3: The evolution of the PBE ground state occupied and unoccupied orbitals involved
in the dominant transition of the first singlet excited state, with increasing twist angle 7.
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Figure 7.4: Plot of the Energy as a function of the twist angle 7 for the lowest three singlet
excited states of C3NgHy calculated using CCSD. 1' A blue, 2' A red and 3' A green.
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Figure 7.5: Plots of the TDDFT (a) Energy, (b) A value and (c) oscillator strength as a
function of the twist angle 7 for the lowest three singlet excited states of C3NoHy calculated
using CAM-B3LYP. 1' A blue, 2' A red and 3'A green.
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performance of CAM-B3LYP compared to PBE in DMABN.

There are features which occur in the plot of A (figure 7.5(b)) at 7 ~ 10° and ~ 45°
which are not seen in the energy or oscillator strength. At 7 = 10° the red and green
curves approach one another; at 45° the blue and red curves do the same. These features
arise because there is a re-ordering of the CAM-B3LYP virtual orbitals during the twist.
At ~ 10° the LUMO+1 and LUMO+2 orbitals switch character and at ~ 45° the LUMO
and LUMO+1 orbitals switch character. This can be seen in the plot of orbital energies
as a function of twist angle shown in figure 7.6. The effect of an orbital re-ordering is
simply to change the labels of the orbitals involved in the transition before and after
the feature. There is no change in the character of the excitation. However, there is a
significant change in the orbitals involved at the switch point. The orbitals mix as they
become degenerate in energy, to produce orbitals different from those seen before or
after the switch. Figure 7.7 shows the orbitals involved in the two dominant transitions
of the lowest CAM-B3LYP excited state at 45°. At this angle, the locally excited state
(figure 7.5(b), blue curve) adopts some Rydberg character, lowering the value of A.
Correspondingly, the Rydberg state (red curve) adopts some local character, raising the
value of A. Aside from this additional feature, the orbitals involved in the lowest state
when using CAM-B3LYP are similar to those seen with PBE (figure 7.3) although the
avoided crossing with the second state, responsible for a switch from Rydberg to local

character, occurs at an earlier twist angle of ~ 30°.
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Figure 7.6: The variation in orbital energies with twist angle when using CAM-B3LYP
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Figure 7.7: The dominant orbital transitions involved in the lowest singlet excited state at
45° using CAM-B3LYP.
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7.2 Triplet excited states of CsNoH,

The development of TDDFT and its ability to produce accurate energies for locally
excited states when using conventional GGA and hybrid functionals has led to its
widespread application to singlet excited states. Although there have been applica-
tions of TDDFT to the determination of triplet states in small molecules in the past,”
there has recently been an increase in interest in this area and the publication of a

number of extensive studies.??®?29 The main finding of these studies is that TDDFT

often underestimates triplet excitation energies relative to reference data.

7.2.1 TDDFT Triplets
PBE TDDFT Triplets

Figure 7.8 presents plots of the TDDFT energies and A values for the lowest three
triplet excited states of C3NyH, determined using PBE. Again, from the data shown in
table 7.2 it is clear that PBE underestimates the energy of all states in comparison to
CCSD. When using PBE, the lowest excited triplet state does not experience an avoided
crossing with any of the other states. The dominant transition in this state is similar
to that seen in the singlet analysis, involving a local excitation evolving into a charge-
transfer excitation. However, now this state is uninterrupted by avoided crossings and
the dominant transitions for the lowest PBE triplet state are plotted in figure 7.9. Note
that the orbital transitions involved at 7 = 60° and 90° in figure 7.9 are indistinguishable
from those already seen for the singlets in figure 7.3. The evolution of the lowest state
into one of charge-transfer character is evident in the dropping off of the A value as
the twist progresses. It should therefore again be expected that at angles approaching
7 = 90°, the energy of this state will be underestimated. Indeed, as can be seen from
the results in table 7.2, the locally excited transition at 0° is underestimated by 0.38
eV, whereas at 90°, the charge-transfer state into which it has evolved is underestimated
by 1.64 eV—significant enough for the charge-transfer state to incorrectly be the lowest
state when using PBE.

The second state is a Rydberg state and, similar to the behaviour seen in the singlet
excitations, the transition changes little during the twisting procedure. This state does

undergo an avoided crossing with the third state at 7 ~ 50°. It can therefore be seen
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Figure 7.8: Plots of the TDDFT (a) Energy and (b) A value as a function of the twist angle
7 for the lowest three triplet excited states of C3NoHy calculated using PBE. 134 blue, 234
red and 33A green.

Table 7.2: Energies (eV) of the lowest three triplet excited states of C3NoHy at 0° and 90°.

Angle State PBE CAM-B3LYP CCSD
0° 1t 327 (LE) 3.09 (LE) 3.65 (LE)
2d 432 (R)  5.02 (R) 5.21 (R)
34494 (R) 5.35 5.90 (R)

90° 1% 3.96 (CT) 3.67 (LE) 428 (LE)
ond 403 (LE) 5.02 (CT) 5.60 (CT)
34 563 (R) 6.14 6.69
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Figure 7.9: The evolution of the PBE ground state occupied and unoccupied orbitals involved
in the dominant transition of the first triplet excited state, with increasing twist angle 7.

Figure 7.10: The dominant orbital transition involved in the second triplet excited state at
90° using PBE.
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as the diabatic state denoted by red followed by green in figure 7.8. As expected, the
value of A for this state never rises above 0.4. Again, this is reflected in the significant
underestimation of the energy of this state.

At 7 = 90° the 2nd state is unlike any of the states seen in the singlet cases. At
this angle, it is a local excitation. During the twist from 0° to 90° this state drops
significantly in energy from the 7th to 2nd state; intersecting all states in between.
During this drop in energy, it maintains a A value well above the threshold value and
therefore, the significant drop in energy cannot be attributed to a breakdown in TDDFT
performance.

In the region close to 7 = 90°, the 1st and 2nd states begin to approach each other
in energy and their characters increasingly mix. However, at 90°, the two states adopt
different symmetries. Therefore, as the twist angle approaches this value, they must
begin to adopt the character they will possess at that angle. The result is a reduction in
mixing and a separation of character. This can be seen as an “aborted avoided-crossing”
and is reflected in the rapid divergence of the relevant A values (red and blue curves in
figure 7.8(b)) in the region of 7 > 85°. The orbital transition involved in the second
excitation at 7 = 90° is shown in figure 7.10. It is this transition that is involved in the

mixing with the lowest state immediately before 7 = 90°.

CAM-B3LYP TDDEFT Triplets

Figure 7.11 presents plots of the TDDFT energy and A value for the lowest three triplet
excited states of C3NyHy as determined using CAM-B3LYP. Despite the prediction of a
TDDEFET failure for the lowest excited state with PBE, the lowest state given by CAM-
B3LYP bears a striking similarity in both form and energy to that of PBE. This is
unexpected as, usually, the presence of a charge-transfer state should result in CAM-
B3LYP producing the state at a significantly higher energy than PBE. It is the case
here that the TDDFT failure arising when using GGA functionals in cases with low
occupied-unoccupied orbital overlap does not manifest itself as an error in the energy,
but rather as an error in the character of the excited state.

Despite the similarity in behaviour and energy between PBE and CAM-B3LYP,
there is a marked difference in the nature of the lowest triplet excited state at angles

approaching 90°. Whereas with PBE, the lowest state is dominated throughout by the
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Figure 7.11: Plots of the TDDFT (a) Energy and (b) A value as a function of the twist
angle 7 for the lowest three triplet excited states of C3NoH, calculated using CAM-B3LYP.
13A blue, 23 A red and 33A green.

LE—CT transition (evident from the rapid decrease in A seen in figure 7.8(b)), CAM-
B3LYP gives an avoided crossing between the lowest two states at 7 ~ 75°. This avoided
crossing is not as clear as others seen previously but occurs over a wide range of angles
and only involves mixing to a small degree.

The appearance of this avoided crossing in CAM-B3LYP but not in PBE can be
understood in terms of the charge-transfer underestimation by PBE. As CAM-B3LYP
pushes the energy of this state up (correcting the PBE underestimation), the “aborted
avoided-crossing” observed when using PBE is now replaced with an actual avoided

crossing, at an angle well before 90°. As a result, CAM-B3LYP produces the correct
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state ordering at 90°. The evolution of the orbitals involved in the dominant transitions
of the lowest triplet excited state when using CAM-B3LYP are plotted in figure 7.12
for angles of 7 > 60°. Below this angle, the orbitals match those seen when using PBE
(figure 7.9). At 7 = 75° there are two dominant transitions as this is in the region of the
avoided crossing. At 7 = 90°, the occupied orbital involved in the transition is different
from that seen when using PBE (figure 7.9), giving instead, the correct local character.
This is the same as the orbital transition involved in the second state at 7 = 90° when
using PBE (figure 7.10). A schematic depiction of the different treatment of the lowest
two states by PBE and CAM-B3LYP at 90° is shown in figure 7.13, which also plots
the dominant orbital transitions of the lowest two excited states at 90°. It shows how
the increase in energy of the charge-transfer state with CAM-B3LYP gives rise to an
avoided crossing, the result of which is a lowest energy surface matching PBE in energy,
but not in character.

The key difference when comparing with the reference CCSD data is therefore in
the character. As can be seen in table 7.2, the energy of the lowest triplet state at 90°
when using PBE, CAM-B3LYP and CCSD are all fairly similar. However, PBE gives
an incorrect ordering of states. Caution is therefore advised in circumstances where it
appears that GGA functionals have successfully predicted TDDFT excitation energies
despite low orbital overlaps (A values) as the error may be manifesting as an error in
character rather than energy. It can also be seen that CAM-B3LYP provides a better
qualitative description of the lowest three triplet excited states when compared to the

reference CCSD data shown in figure 7.14.

7.2.2 ASCF Triplets

Time-independent DFT, as used throughout this thesis, is applicable to the lowest state
of any space-spin symmetry. Usually, this involves the determination of the ground
singlet state. However, it is equally applicable to the determination of the lowest triplet
state regardless of whether or not it is the ground state. It is therefore possible to

determine the lowest triplet excitation energy for a system with singlet ground state
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Figure 7.12: The evolution of the CAM-B3LYP ground state occupied and unoccupied or-
bitals involved in the dominant transition of the first excited state from 7 = 60° onwards.
Note that for 75° there are two dominant transitions.
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Figure 7.13: Schematic diagrams illustrating how, at 90°, the correction of the underesti-
mated charge-transfer state when using (a) PBE gives rise to an avoided crossing when using
(b) CAM-B3LYP. The dashed lines represent diabatic states while the solid lines correspond
to the actual surfaces.
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Figure 7.14: Plot of the Energy as a function of the twist angle 7 for the lowest three triplet
excited states of C3NoH, calculated using CCSD. 13 A blue, 234 red and 33 A green.

simply as a difference,

EASCF - Etriplet - Esinglet (71>

from time-independent calculations on the two states. This approach is known as ASCF.
The final part of this chapter makes an explicit comparison between the TDDFT and

ASCF approaches, with an emphasis on excitation character.

PBE ASCF Triplets

For PBE, the energy using the ASCF approach has an almost identical appearance to
that determined through TDDF'T, although slightly higher in energy as can be seen from
figure 7.15, thereby closer to the CCSD data. At 7 = 0°, the character of the transition
is identical with both TDDFT and ASCF. However, at 7 = 90°, the ASCF approach
correctly gives the locally excited state as the lowest, as opposed to the charge-transfer
state which was incorrectly predicted to be the lowest when using TDDFT. It is the case
then, that the charge-transfer breakdown in TDDFT does not arise when using ASCF,

in this case.
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Figure 7.15: Plot of the Energy as a function of the twist angle 7 for the lowest triplet excited
state of C3NoHy, determined using TDDFT and ASCF with PBE. Reference CCSD data also

shown.

(a) (b)

Figure 7.16: The similarity in the PBE orbital transitions at 7 = 30° for the (a) ground state
HOMO—LUMO and (b) triplet state SLUMO—aHOMO, corresponding to the TDDFT and
ASCF descriptions, respectively.

139



In order to reconcile the multiple occupied—unoccupied orbital transitions that con-
tribute to the character of TDDF'T excitations with the single transition picture arising
from the ASCF approach, we can combine the ground state orbitals involved in the
dominant TDDFT transitions and compare those with the relevant excited state or-
bitals from ASCF. In doing so, we assume that the transition involved in the ASCF
approach has taken place from the lowest unoccupied g spin orbital to the highest oc-
cupied « spin orbital, of an explicit calculation on the triplet state. For twist angles
of 7 < 45°, the lowest PBE TDDFT excitation is dominated by one transition only:
HOMO—LUMO, which exactly matches the lowest unoccupied § and highest occupied
a orbitals from the ASCF approach. The orbital transitions for a representative exam-
ple (7 = 30°) are shown in figure 7.16, where the similarity in the orbital transitions
from the two approaches can be seen.

At larger twist angles, the lowest two states, HOMO—LUMO and HOMO—-1—LUMO,
begin to mix in TDDFT. Figure 7.17 shows how (at 7 = 60°) a combination of the ground
state HOMO and HOMO-—1 orbitals according to their respective x values produces an
orbital transition which matches that obtained when using ASCF. Although it is not
possible to perform the ASCF procedure for any triplet state but the lowest, it can be
inferred from the agreement with the character of the lowest state given by CCSD that

the method correctly introduces an avoided crossing between the lowest two states.

CAM-B3LYP ASCF Triplets

The character of the lowest excitation produced by the ASCF approach matches that
from TDDFT for all twist angles. The energy of the state is slightly higher when
determined with ASCF, as can be seen in figure 7.18 and so is again close to CCSD. The
same observations seen for PBE can be made concerning the combination of ground state
orbitals according to their TDDFT & values producing orbitals agreeing with those from
triplet calculations. This is seen for any circumstances under which there is significant
mixing of orbitals, which occurs for both orbital re-ordering and avoided crossings of
excited states. Therefore, as far as CAM-B3LYP is concerned, it can be concluded that

irrespective of approach (TDDFT or ASCF) the correct character can be obtained.
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Figure 7.17: The combination of PBE ground state (a) HOMO—1—-LUMO and (b)
HOMO—LUMO according to their respective s values is shown in (c). This bears a striking
similarity to the triplet state (d) SLUMO—aHOMO.
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Figure 7.18: Plot of the energy as a function of the twist angle 7 for the lowest triplet excited
state of C3NoHy, determined using TDDFT and ASCF with CAM-B3LYP. Reference CCSD
data also shown.

Summary

There are two general features that arise when considering TDDF'T singlet and triplet
excited states upon twisting of C3NyH,. Firstly, as there is no symmetry during the twist,
there are several avoided crossings between the excited states. These are observable in
the plots of energy, A and oscillator strength as a function of angle. In all three cases,
these avoided crossings give rise to features which involve the switching of the two
states involved. It is possible to trace a diabatic state which jumps from one surface
to the other. An example of this is shown in figure 7.19(a) which shows variation in
A. Secondly, it is also possible for the ordering of the orbitals to change during the
twist. For example, the orbitals which are HOMO and HOMO-—1 at 40° could then
be HOMO—1 and HOMO at 50°, respectively. This behaviour is not observable in the
plots of energy or oscillator strength as a function of angle. However, it does cause a
feature in the equivalent A plot, an example of which is shown in figure 7.19(b). It is
important to be able to distinguish between these two cases when considering the A
plots and it also illustrates that there is additional information about the character of
the states contained within A that is not present in the energy or oscillator strength.
Another feature that arises is the evolution of a local state at 7 = 0° involving

orbitals that are both extended over the whole molecule into a charge-transfer state at
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Figure 7.19: Schematic diagrams of the two principal features observed in the plots of A vs.
7. They correspond to (a) an avoided crossing and (b) a re-ordering of orbitals.

7 = 90°, where the occupied orbital is localised on the amine. The presence of this state
causes inaccuracies in the topography of the TDDFT PBE surface as the corresponding
A value drops below the threshold value of ~ 0.4. In the case of singlet excited states,
the incorrect description of this state by TDDFT results in too low an energy whereas
in the case of triplet excited states, the result is incorrect character. Despite the charge-
transfer error, the character of the state is correct in the former case and the energy is
correct in the latter case. CAM-B3LYP is able to resolve both of these issues. Finally, it
has also been shown that the ASCF approach to determining triplet excited states can
overcome the charge-transfer error observed in the use of PBE with TDDFT and that
the character of excitation from TDDFT (multiple contributions) and ASCF (single

contribution) can be reconciled.
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Chapter 8

Conclusion

Research into the development and application of modern DFT covers a wide range of
topics. In this thesis, two areas of active interest have been considered. Firstly, the ap-
plication of DFT to weak interactions was used to illustrate the issues of fractional spins
and fractional charges as well as intermolecular interactions governed by the dispersion
force. Secondly, the determination of excited states through TDDFT that is of critical
importance in the comparison with, and understanding of, experimental observations.
For both of these topics, the application of a Coulomb-attenuated exchange-correlation
functional (CAM-B3LYP) has demonstrated that recent developments in DFT are yield-
ing results of a higher accuracy than the functionals currently in widespread use.

In chapter 3, the three key problems of dispersion, fractional spins and fractional
charges were illustrated through the model systems, Hy and HJ . The effect of these issues
was understood by considering them in terms of the force and the Feynman distortion
of electron densities. It was found that the increasing proportions of exact exchange in
Coulomb attenuated functionals can exaggerate the fractional spin error compared to
resolving the fractional charge error.

This was followed by a closer look at the weak intermolecular force, dispersion, in
chapter 4, where the ability of DFT functionals to accurately reproduce Cy dispersion co-
efficients was assessed. CAM-B3LYP showed a notable improvement over conventional
GGA and hybrid functionals. Cy coefficients were then employed through the popular
DFT-D method which provides an empirical dispersion correction for DF'T calculations.
Dispersion corrected potential energy surfaces of the rare-gas diatomics and dispersion

corrected interaction energies of biologically relevant complexes were subsequently de-
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termined. Although CAM-B3LYP provided no significant improvement in performance
over other currently available DFT-D functionals, its performance was of a compara-
ble accuracy. The role of the attenuation parameters in CAM-B3LYP was assessed in
both the study relating to the determination of Cg coefficients and that concerning the
application of DFT-D.

The remaining three chapters were concerned with the determination of excited
states through the TDDFT approach. In chapter 5 an extensive comparison was made
between theoretically determined excitation energies and experimentally observed ab-
sorption spectra for pyrene and several of its derivatives. Although B3LYP can show
promising results, this is in fact a fortuitous cancellation of errors. A more rigorous
comparison, accounting for the vibrational structure of the states involved in the tran-
sition shows that B3LYP results are not satisfactory. CAM-B3LYP, however, provides
an excellent description of the excited states. Also discussed in this chapter was the for-
mation of organic excimers and the need for exchange-correlation functionals to contain
sufficient quantities of exact exchange. This is necessary to avoid the underestimation
of charge-transfer states that can disrupt other states of a similar energy and therefore
preclude a correct description of excimer formation.

Chapter 6 considered several properties of the retinal chromophore, whose description
with conventional functionals has been flawed. Through the application of CAM-B3LYP
it was shown that improved descriptions of proton transfer reactions and the effects of a
protein’s environment are possible. This was followed by a detailed examination of how
simple physical and chemical processes can cause charge-transfer excitations to arise.
This poses a significant problem for conventional functionals whose poor performance for
such excitations is well established. Through the application of CAM-B3LYP, significant
errors in both character—identified through an analysis of oscillator strengths—and
energy for charge-transfer excitations were largely removed. It was also shown how a
diagnostic test based on orbital overlap can not only provide insight into such problems,
but also could have predicted that they would arise before any comparison with reference
data was required. The results of this study show that CAM-B3LYP has the potential
to provide a qualitatively correct description with accuracy approaching that offered by
coupled-cluster methods.

Finally, the issues with character and energy previously observed in charge-transfer
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excitations, was further analysed. Through the use of a model compound it was shown
how the charge-transfer error with conventional functionals can misleadingly arise in
character only—giving seemingly accurate energies. CAM-B3LYP accurately determines
both the character and the energy of the relevant excitations. The determination of
triplet excited states was considered both through TDDFT and the less commonplace
ASCF approach. It was shown that the charge-transfer error experienced when using
TDDFT is largely eliminated when ASCF is employed. Additionally, CAM-B3LYP was
shown to have a significantly superior performance than the GGA functional PBE.
The past few years have seen a surge of interest in long-range corrected functionals
within the DFT community. By incorporating varying amounts of exact exchange into
functionals, significantly improved performance can be realised. This thesis has shown
how such functionals, with specific emphasis on CAM-B3LYP, can go some way to

solving some of the traditional problems experienced in the application of DFT.
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