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Doctor of Philosophy

ENERGY DECOMPOSITION ANALYSIS FOR LARGE-SCALE FIRST
PRINCIPLES QUANTUM MECHANICAL SIMULATIONS OF BIOMOLECULES

by Maximillian J. S. Phipps

Kohn-Sham density functional theory (DFT) is an extraordinarily powerful and
versatile tool for calculating the properties of materials. In its conventional form,
this approach scales cubically with the size of the system under study. This scaling
becomes prohibitive when investigating larger arrangements such as biomolecules
and nanostructures. More recently linear-scaling approaches have been devel-
oped that overcome this limitation, allowing calculations to be performed on sys-
tems many thousands of atoms in size. An example of such an approach is the
ONETEP code which uses a plane wave-like basis set and is based upon the use
of spherically-localised orbitals.

A simple yet common calculation performed using ab initio codes is the total
(ground state) energy calculation. By comparing the energy of isolated parts of
a system to the energy of the combined system, we are able to obtain the energy
of interaction. This quantity is useful as it provides a relative measure of the
enthalpic stability of an interaction which can be compared to other systems.
Equally, however, this quantity gives little indication of the driving forces that
lead to the interaction energy we observe.

A number of approaches have been developed that aim to identify these driving
forces. Energy decomposition analysis (EDA) refers to the set of methods that de-
compose the interaction energy into physically relevant energy components which
add to the full interaction energy. Few studies have applied EDA approaches to
larger systems in the thousand-atom regime, with the vast majority of investi-
gations focussing on small system studies (less than 100 atoms in size). These

methods have shown varying degrees of success.
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In this work, we have evaluated the suitability of a selection of popular EDA
methods in decomposing the interaction energies of small biomolecule-like sys-
tems. Based on the results of this review, we developed a linear-scaling EDA
approach in the ONETEP code that separates the intermolecular interaction
energy into chemically distinct components (electrostatic, exchange, correlation,
Pauli repulsion, polarisation, and charge transfer). The intermediate state used
to calculate polarisation, also known as the absolutely localised molecular orbital
(ALMO) state, has the key advantage of being fully antisymmetric and variation-
ally optimised. The linear-scaling capability of the scheme is based on use of an
adaptive purification approach and sparse matrix equations. We demonstrate the
accuracy of this approach in reproducing the energy component values of its Gaus-
sian basis counterparts, and present a remedy to the limitation of polarisation and
charge transfer basis set dependence that is based on the property of strict locali-
sation of the ONETEP orbitals. Additionally, we show the method to have mild
exchange-correlation functional and atomic coordinate dependence.

We have demonstrated the high value of our method by applying it to the throm-
bin protein interacting with a number of small binders. Here, we used our scheme
in combination with electron density difference (EDD) plots to identify the key
protein and ligand regions that contribute to polarisation and charge transfer. In
our studies, we assessed convergence of the EDA components with protein trun-
cation up to a total system size of 4975 atoms. Additionally, we applied our EDA
to binders that had been partitioned into smaller fragments. Here, we accurately
quantified the bonding contributions of key ligand moieties with particular regions
of the protein cavity. We assessed how accurately the ligand binding components
are reproduced by the fragment contributions using an additivity measure. Using
this measure, we showed the fragment binding components to add up to the full
ligand binding component with overall minimal additivity error. We also investi-
gated the energy components of a series of small thrombin S1 pocket binders all
less than 30 atoms in size. In this study, we demonstrate the EDA and EDD plots
as tools for understanding the relative importance of different binder structural
features and positionings within the pocket.

Overall, we show our EDA method to be a stable and powerful approach for the
analysis of interaction energies in systems of large size. The application of this
method is not limited to biomolecular studies, and we expect that this approach
can be readily applied to analyses within other fields, for example materials, cat-

alysts, and nanostructures.
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Introduction

Intermolecular interactions are key in the formation of many systems of interest,
determining the overall structure and properties of materials [1; 2]. Many fields of
science benefit from the insights gained studying these interactions, for example
biomolecular [3; 4] and supramolecular chemistry [5; 6], as well as condensed
matter physics [7; 8]. Understanding the chemical phenomena that give rise to
these interactions (e.g. electrostatics, polarisation and charge transfer) would
be of great value to such investigations, providing key insight into the driving
forces of binding. Unfortunately, these quantities are not accessible by physical
experimentation alone. With the development of first principles methods however,

the opportunity to calculate these quantities using in silico methods has arisen.

Energy decomposition analysis (EDA) is a valuable analytical tool that partitions
the intermolecular interaction energy into energy components of chemical interest,
typically electrostatic, exchange, correlation, Pauli repulsion, polarisation, and
charge transfer contributions. Applying such a separation of the intermolecular
interaction energy is not without complication and there is not a single, universal
approach by which this separation is applied. As such, a high degree of diver-
sity [9-18] exists in the EDA schemes described within literature. With such
diversity, the EDA schemes may also display greater strengths to particular ap-
plications, for example transition metal and halogen bonding [19-22] or forcefield

development [23-25].

In this work, we have sought to investigate the strengths and weaknesses of the
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popular EDA approaches presented in literature, in particular focussing our stud-
ies on the application of EDA to biomolecular systems. Biomolecular systems are
often very large (e.g. proteins) and therefore difficult to calculate using conven-
tional density functional theory (DFT) approaches which typically scale cubically
with system size. To overcome this limitation, we have developed a new EDA
scheme capable of analysing interaction energies of systems many thousands of
atoms in size which we have implemented within the linear-scaling ONETEP
DFT package. We have demonstrated the high value of our method by applying
it to a wide range of systems including a thrombin protein system 4975 atoms in
size. We also demonstrate the high level of information obtained using electron
density difference (EDD) plots which show the key charge redistributions that oc-
cur during polarisation and charge transfer. This work has provided a new EDA
method which we expect to be highly valuable not only in the field of drug design,
but also in the wider scientific disciplines such as materials science (e.g. studies of

catalysts, polymers, and nanostructures).

A chapter-by-chapter outline of the work contained in this thesis now follows.

Thesis outline

This Ph.D. thesis is arranged as eight chapters. In Chapters 1 and 2, we outline
the theories and approximations of quantum mechanics upon which this work
is based. Specifically, we introduce the theories of quantum mechanics used to
develop the theories of ab initio calculations in Chapter 1, and further detail the

DFT framework and linear-scaling ONETEP approach in Chapter 2.

Following this, in Chapter 3 we present an overview of the popular EDA approaches
in literature which we consider to show high relevance for biomolecular studies.
Here, we present the theory of these methods using a common framework of shared

quantities which allows for their simple comparison.
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We have sought to investigate the strengths and weaknesses of the EDA approaches
for biomolecular studies in Chapter 4. We attempt to comprehensively assess
the schemes by benchmarking against six test sets of systems. These test sets
are composed of pairs of small molecules that display a variety of biomolecule-
like interactions, such as m-7 stacking and dispersion interactions. Here, we also
consider the various treatments for dispersion which may be used alongside the

EDA approaches.

In Chapter 5 we introduce our EDA approach which has been implemented within
the ONETEP code. Here, we also present our extension based on adaptive purifi-
cation that results in the computational cost of this method scaling linearly with
system size. Our EDA scheme is validated against its Gaussian basis set EDA
counterparts, and its sensitivity to basis set, exchange-correlation functional, and
atomic coordinates quantified. Within this chapter we also introduce and demon-
strate the high value of EDD plots. These plots are used to identify key regions
of systems where electron density redistributions occur through polarisation and

charge transfer effects.

We apply our EDA scheme to a number of large thrombin systems up to 4975
atoms in size in Chapter 6. Here, we use the EDA results to identify the key driv-
ing forces of thrombin-ligand binding, and also assess the convergence of the EDA
components with system size. In this chapter, we also demonstrate application
of the EDA to fragment molecules. Specifically, we partition a set of thrombin
binders into small fragments and study their interaction with the thrombin pro-
tein using our EDA. In doing this, we are able to gain insight into the important
contributions of specific ligand moieties to binding. The error associated with
the EDA components due to ligand fragmentation is also quantified, allowing us
to evaluate the effect of the approximations we make. We also present a study
of the binding components of small S1 pocket binders interacting with thrombin
using the EDA and EDD plots. By considering the interactions of relatively sim-
ple molecules, we are able to comprehensively analyse the results we obtain and

understand the driving forces of the interactions.
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In Chapter 7 we provide a summary of our investigations and detail future work
that we consider to be of important value for the field of biomolecular simulation

and task of interaction energy analysis.
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Chapter 1

Quantum mechanical principles

Quantum mechanics, the foundations of which were developed in the early 20"
century, is a branch of science that describes the physics of very small systems
on the atomic scale. Through applying the equations of quantum mechanics to
physical models of scientific interest using computational means, we are able to
gain insight into the properties and behaviours of systems. In this chapter, we pro-
vide a brief introduction to the quantum mechanical theories of key relevance to
our work. We begin by describing the wavefunction, used within the Schrodinger
equation. Next, we introduce the approximation of Born and Oppenheimer that
separates the nuclear and electronic problem into the more feasible subject of
electronic wavefunctions in an external potential. The framework provided by the
variational principle is discussed which enables the equations of quantum mechan-
ics to be solved. Finally, we introduce the Hartree-Fock approximation which is

used to estimate the ground state energy of a system.

1.1 The wavefunction

The wavefunction is a central concept in the theory of quantum mechanics. This
quantity provides a complete quantum mechanical description of a system and

is a function of particles’ coordinates and time [26]. The wavefunction is not

7
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itself an observable, and quantum mechanical operators must be applied to the

wavefunction in order to calculate physical properties.

We now describe a number of important properties of the wavefunction. The
probability density for a (normalised) wavefunction W of a system of one particle

with coordinate r, spin s and time t is defined as
(e, s D (1.1)

Integrated over all space, the probability will be equal to 1 as the particle must

exist within space, i.e.,

/OO |U(r,s,t))?dr=1 . (1.2)

1.2 The Schrodinger equation

In quantum chemistry calculations, we typically seek to obtain the (approximate)

solution to the non-relativistic time—independent Schrédinger equation,

HU = EU
= E\Il(rlar%'” y N, 81,892, - 7SN7R17R27"' 7RNnucusl752a"' 7SN1,UC>
(1.3)

where H is the Hamiltonian operator, E is the total energy of the system, W
is the wavefunction for a system of N electrons and N, nuclei each with spin
s and S and coordinate r and R respectively. The Schrodinger equation is an
eigenvalue problem for a system of interacting particles of electrons and nuclei,
with the Hamiltonian operating on the wavefunction to obtain the total energy as

our observable.
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~

The Hamiltonian of the system is expressed using the kinetic energy operator, T,

~

and the potential energy operator, V',

~

H=T+V (1.4)

Defining T. and T, as the electronic and nuclear kinetic energy operators, and
Vee, Vne, and Vnn as the electron—electron, nuclear—electron, and nuclear—nuclear

potential energy operators, the molecular Schrodinger equation is re-expressed as,

(To 4 Ty + Vie + Vi + Vi) ¥ = BV (1.5)

N
T.=-Y -V? 1.6
NHUL 1
T,=— \% 1.6b
> v (1.6b)
NNy
Vee2+22— (1.6¢)
im1 j>i U
N Nnuc 7
Vie=—3_ Y =4 (1.6d)
im1 A1 A
Naue N
. nuc nuc ZAZB
Vin=+>_ > (1.6¢)
A=1 B>A Rap
where the position vectors r;;, 7,4 and R4p are given by,
Tij = ’I’i - I'J| (17&)
ria = |r; — Ry (1.7b)
RAB = ’RA — RB’ (1.70)

and where M, is the mass ratio of nucleus A to an electron, Z, is the atomic

number of nucleus A, and V? and V% are both the Laplace operator involved in

'In atomic units, i = me = e = 4meg = 1
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differentiation with respect to the coordinates of electron i and nucleus A,

0? 0? 0?
2 _
Vi = ors. + ory, + ar,, (1.8a)
2 2 2
4 0 0 0 (1.8b)

= + +
arxA 3ryA arzA

where the Cartesian coordinates r = {rx,ry,r,}.

1.3 The Born-Oppenheimer approximation

We may simplify the Schrodinger equation that contains five operators to a form
that involves only three. The Born-Oppenheimer approximation [27] is a funda-
mental backbone of quantum chemistry that approximates the molecular Schrodinger

equation as separable into electronic and nuclear parts,

V({xi}, {xa}) = Yeree({Xi}, {Xa}) Vane({X4}) (1.9)

where the spatial and spin coordinate is given by x = {r,s}, V.. is the nu-
clear wavefunction, and where W, is the electronic wavefunction that depends

parametrically on the nuclear coordinates.

This approximation, also known as the adiabatic approximation, is grounded in
the fact that electrons are significantly less massive than the nuclei they orbit. This
mass difference results in the nuclei moving significantly slower than the electrons,

so much so that the electrons may be treated as moving in the field of fixed nuclei.

When we apply this approximation, the kinetic energies of the nuclei are approx-

imated to zero and the nuclear—nuclear potential Vnn becomes a constant value.
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The total system energy E' is therefore representable as a correction to the elec-

tronic energy Fegoc by the energy of nuclear—nuclear interactions FE,. as,

E = Egee + Fuue (1.10a)
N, N,
nuc nuc ZAZB
Eue=»_ > (1.10Db)
4o b fas

with the total electronic energy expressed as,

(Te + Vee + Vne>\yelec = elec({XA}) ‘Pelec({xi}; {XA}) (111)

As the scope of this work does not consider the vibrational or rotational problems
of the nuclei, we consider solely the electronic problem given in Eq. 1.11 from this
point onwards. We therefore now discontinue use of the subscript label ‘elec’ and

refer only to the electronic Hamiltonians and wavefunctions. 2

1.4 Antisymmetry of the wavefunction and the Pauli ex-

clusion principle

Antisymmetry of the electronic wavefunction is an important quantum mechanical
property that relates to the exchange of electrons in a system. To demonstrate
this principle, we now consider the case of an N electron wavefunction with two
exchanging electrons ¢ and j. Due to the indistinguishability of electrons, the

probability of finding both electrons in space must remain constant, and therefore
(W (xy, Xy Xy, X)) = (X, %, X, X)) . (112)

In the case of integer spin bosonic particles, the wavefunction is symmetric with
respect to coordinate exchange. For half-spin fermionic particles (and therefore

electrons), the wavefunction must be antisymmetric with respect to coordinate

2 Additionally, the parametric dependence of Wee. on the nuclear coordinates will not explicitly appear
in the form of Wejec from this point onwards.
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exchange, and so
\I/(le"'7Xi7"'7Xj7"'7XN>:_\II<X1;"'7X]'7"'7Xi7"'7XN) . (]_]_3)

This antisymmetry principle demonstrates respect of the Pauli exclusion princi-
ple [28] that no more than one electron can occupy the same state, as in the case
of two electrons occupying the same state (i.e. i = j) the wavefunction would

vanish.

1.5 The variational principle

The variational principle states that for a normalised wavefunction ¥ satisfying
boundary conditions the Hamiltonian expectation value <\II|H |\IJ> is an upper

bound to the exact ground state energy, Ey, i.e.
<\I! ’H’ \D> > B, . (1.14)

As this means that the energy of any approximated wavefunction is always too
high, a trial wavefunction can always be improved by finding another wavefunction
with lower energy. This fact gives rise to the variational method, in which we begin
with a (normalised) trial wavefunction and optimise its parameters to minimise
the value of <\IJ‘lf[ ’\I!>, which we take as our estimate of the exact ground state

energy.
We begin the proof of this theory by observing that there is an infinitely large set
of exact solutions to the Schrodinger equation, i.e.

H|V,) = E|¥,) a=0,1,...,00 (1.15)

where « refers to a solution of the Schrodinger equation, and where we use FEj
to refer to the ground state energy (ie. Ey < E; < ... < E, < ...). Due

to the Hermiticity of the Hamiltonian operator H, the eigenfunctions {¥,} are
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orthonormal
(Uo|Ug) =dap - (1.16)
Pre-multiplying Eq. 1.15 by <\I/g‘ and taking into account Eq. 1.16, we observe
(Up|H| Vo) = Eubas - (1.17)

Noting completeness of the set of the eigenfunctions {W¥,} (due to the Hermiticity
of H ), we can express any function ¥ satisfying the same boundary conditions as

{U,} as a linear combination,

W) = " [Wa)ea = Y [Ta)(Ta|T) (1.18a)
(U] = e Ta] =D (T[T W (V| . (1.18h)

e} «

For a given normalised trial wavefunction \11, we note using Eqgs. 1.16, 1.18a and

1.18b that

(U0 =1

=3 (W[ W) (W | W) (05| 0

af
=D (U]Wa)das(Ws|¥)
af
=D (0| Wa) (VD)
AL

(1.19)
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Similarly, using Eqgs. 1.17, 1.18a, and 1.18b we also note

i

W) (V5| ¥)

(W] H|¥) =Zﬁ<@}%><%

= (0|0 Esbas(Ws|)

- E, <\Ifa|\ff>‘2 (1.20)
Finally, by noting that E, > E, for all a;, we find
Y ~ 12
(V| AT) = 3 Eo|(¥a|D)
e -2
(BH[B) = By Y [(wa] B)
(U] > B, (1.21)

where we have taken into account the requirement of wavefunction normalisation

given in Eq. 1.16.

This principle tells us that because our wavefunction is approximated, the ground
state solution to the Schrodinger equation obtained will have an energy above the
true ground state energy. Therefore, the lower the energy we obtain, the ‘better’
our approximated wavefunction represents the exact ground state wavefunction.
The variational principle allows for what is known as the variation method: by
varying the parameters of a normalised trial wavefunction until the expectation
value reaches a minimum we are able to estimate the energy of the exact ground

state.

1.6 The Hartree-Fock equations

In this section, we introduce the important Hartree-Fock (HF') approximation [29;
30] that is used to find the wavefunction and ground-state energy of a system.

This approach serves as a grounding for more sophisticated wavefunction based
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techniques, and is also the framework used by many of the EDA schemes discussed
later in Chapter 3 of this thesis. For further in-depth details of this method, we

refer the reader to the comprehensive literature of Szabo and Ostlund [26].

In the HF approach, the exact electronic wavefunction of a many—electron system
is approximated using a number of single electron wavefunctions in what is known
as a Slater determinant. This determinant properly expresses the antisymmetry
requirement described by Eq. 1.13, as a determinant will change sign on exchanging
two columns or rows. The expression of the electronic wavefunction is given as

the antisymmetrised product of N orthonormal spin orbitals x(x) by

xi(x1)  xe(x1) o0 xw(xi)
1 [xi(x2) xa(x2) - xw(x2)

Upp = W (1.22)
xi(xn) xe(xn) -0 xwv(xn)

where the prefactor is included to ensure normalisation (Eq. 1.2). As previ-

1
V' N!
ously discussed, both the spin and spatial coordinate must be specified in order to

fully describe an electron. A spin orbital y(x) is constructed from a spatial orbital

(r) as

x(x) = or (1.23)
»(r)B(s)
where a(s) and ((s) are the spin functions that describe the spin state of the spin

orbital (spin up or spin down). These spin functions are orthonormal, i.e.

{aB) =0 (1.24a)
(a|a) =1 . (1.24Db)

In the case of restricted theories, the spatial orbitals are doubly occupied (i.e. two

spin orbitals share a single spatial orbital), as will be discussed later.
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Within HF theory, the Slater determinant is used as an approximation for the
exact electronic wavefunction of the system and its energy minimised using the

variational theorem to estimate the exact ground state energy of the system,
Eyr = <\IIHF|I:I|\I]HF> : (1.25)

In this approach, the one-electron problems for the electron in the field of the
nuclei and remaining electrons are solved using a series of one-electron Schrodinger

equations,
fil)xi(xi) = eixi(x) (1.26)

where ¢; represents the energy of this one—electron wavefunction y;, and the Fock

operator ﬂ represents the Hamiltonian as,
fA —1 CA 2 E + ’DHF i (1 27)
2! " '

where Ogp; is the Hartree Fock potential acting on the one—electron wavefunction
Xi- The HF potential is the (repulsive) potential felt by the ith electron in the
field of all the other N — 1 electrons of the system that simplifies the Hamilto-
nian potential Ve described by Eq. 1.6c with an average representation. This is

expressed in terms of Coulomb (.J) and exchange (K) operators as

UHF X1 Z j X1 ( )) . (128)

The Coulomb operator,

)I/wdxz (1.29)

represents the potential felt by an electron at coordinate x; due to the average
distribution of charge by an electron in the spin orbital x;. We observe that

through Eq. 1.1 this operator weights the repulsion felt by an electron at x; by
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the probability of an electron being present at x5, This is integrated over all space
in order to evaluate the repulsion felt by the average distribution of charge by an

electron in x;. The expectation value of the Coulomb operator is given by

Z] - <XZ Xl ’J ‘Xz X1)>

/ / X (1) (ox2) xa (%1 ) x (X2) dxudxs

12

= (ijlig) . (1.30)

The exchange operator K ;(x1) has no classical interpretation. We represent this

operator by considering its action on a spin orbital x;(x;)

Kj(xl)xi(xl) = {/ Md}@ X;(x1) (1.31)

12

From this expression, we observe the non-local nature of this operator: the action
of K ; on X;(x1) results in exchange of the coordinates of the spin orbitals x;(x1)
and x;(x1), and therefore the result is dependent on the value of x; at all spatial
coordinates due to the integration. This is not the case for the Coulomb operator
(in which the result of applying .J;(x;) on x;(x;) is dependent only on the value of
X: at x1) and hence is referred to as local. The expectation value of the exchange

operator is given by

Kij = (xi(xa) | K (1) | xa(x1))
_ / / X; (e); (3c2) x (361 i (3¢2)

T12

dX1 dX2

— Gijlji) - (1.32)

We note that the exchange term arises due to antisymmetry of the Slater determi-
nant, and the exchange interaction only exists for electrons of the same spin which
we now demonstrate. By observing that the 7, term is independent of spin, the
exchange integral can be separated over the product of two spin orbitals. We now

consider the integral for such a product using two different spin orbitals, y; with
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spin up and x; with spin down i.e.

Xi(x) = ti(r)a(s) (1.33a)
X;(x) = ¥;(r)B(s) (1.33b)

If these spin orbitals depend on the same coordinate x5, we observe that the
spin function integral becomes zero due to orthogonality of the a(s) and ((s)
spins (Eq. 1.24), and therefore the exchange interaction only exists for same spin

electrons,

Kj(x1)xi(x1) = / WC&?} X;(x1)
: / wj(rz)ﬁ(S)wi(rz)a(S)dxz} ()

_ / %d@/md&} X;(%1)

S

=0 . (1.34)

For systems in which all the electrons are paired (closed-shell systems), it is pos-
sible to express the wavefunction using spatial orbitals that are the same for both

the a and [ spins, and with each spatial orbital occupied by two electrons

|\I’0> = ’X1X2X3X4 e XN—IXN>
= WS s - PRt - (1.35)

This form of the HF approximation is termed the restricted HF (RHF) approx-
imation. For open-shell systems in which the number of electrons is odd (e.g.
CH;"), or even but without pairwise occupation of a spatial orbital (e.g. a 32;
oxygen molecule), then two possible solutions exist. In the restricted open-shell
HF (ROHF) approach, the singly occupied orbitals are treated as such, and the
remaining orbitals are treated using the RHF' approximation. In the unrestricted
HF (UHF) approach, every spin orbital has its own spatial orbital, with the «

and 3 orbitals each experiencing unique HF potentials. A diagram showing the
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application of RHF and UHF approximations to a hydrogen molecule is provided
in Fig. 1.1, in which we observe the RHF approximation to fail outside of the

closed-shell regime close to the equilibrium geometry.

>

“RHF

Energy (relative to dissociated H,)

Figure 1.1: A representation of the relative energy of H, during dissociation
when calculated using the RHF and UHF approximations.

The Fock operator fl (Eq. 1.27) is used with a set of trial orbitals and the one-
electron Schrédinger equations (Eq. 1.26) self-consistently solved (due to the de-
pendence of the Fock operator on the molecular orbitals being calculated). Due
to the orbitals being derived by optimisation in their own field, the HF method is

also referred to in literature as the self-consistent field (SCF) method.

Expanding Eq. 1.25 and applying the variational principle, the optimal spin or-

bitals minimise the (restricted) HF energy

Nnuc

EHF:i —lﬁ?—zé +lii(J~—K--) (1.36)
2 7 ot Tia 9 - - ) )

(2

where the ¢ and j iterate over N occupied spin orbitals. Importantly, we observe
that the j = i term in the double summation (that would relate to the interaction

of an electron with itself) is permitted. This is because the Coulomb and exchange
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integrals reduce to

o X (x1)x; (%2) X3 (X1) i (%) < dx
Jir = // 12 1%y
= Ky (1.37)

and as a result J; and K;; cancel out in the double summation of Eq. 1.36.

Having calculated the ground-state HF electronic energy, the nuclear—nuclear in-
teraction energy is lastly added to obtain the HF approximation of the total exact

ground state energy of the system Eror

Eror = Enur + Eyye - (1.38)

The HF model has been further developed in the post-HF set of methods that

treat for the missing electron correlation energy expressed by

Ecorr = EO - EHF . (139>

Methods that seek to include this energy include Mgller-Plesset perturbation
theory [31], coupled cluster [32], configuration interaction (CI) [33], or multi-
configurational self-consistent field (MCSCF') approach (e.g. CASSCF [34]).
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Density functional theory

Knowing the exact form of the many-body wavefunction provides us with di-
rect access to all the information we require of our system under study. The
Hartree-Fock (HF') approach [29; 30], discussed in Section 1.6, is a valuable tool
for quantum mechanical calculations that approximates the many-body wavefunc-
tion as an antisymmetrised Slater determinant of single electron molecular orbitals
(MOs). Unfortunately, however, the wavefunction is an intrinsically complicated
quantity. This is because the wavefunction depends on 4N variables (three spatial
variables and one variable for spin) for a given N electron problem, and therefore
for systems of appreciable size wavefunction based approaches quickly become

computationally unwieldy.

Equally, our Hamiltonian operator H relies on use of only one and two particle
operators. This very fact suggests that the wavefunction is a quantity that con-
tains information redundant for our purposes, and that it is possible to avoid the
need for the wavefunction in calculations altogether. Density functional theory
(DFT) is a powerful framework that successfully achieves this accomplishment. In
DFT, the central quantity used to solve the Schrédinger equation is the electron

density, which depends on simply 3 spatial dimensions. The electron density can

21
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be calculated by integration using the many-body wavefunction as

n(r>:N/-.-/yx1/(r,r2,~ cen)Pdra, - dry 2.1)

This powerful approach is made possible by the fact that the Hamiltonian operator
of a given system is uniquely defined by the electron density itself, and therefore
this quantity is all that is needed for molecular properties to be completely de-

scribed.

The early foundations of DFT were provided by the Thomas—Fermi model [35; 36]
in which electronic structure information is obtained from the density alone. In
this model the kinetic energy is accounted for using the uniform electron gas, with
additional contributions included for the nuclear-electron and electron-electron
interactions cast in terms of the electron density, and all terms of the energy
expression rely on the electron density alone. This model was later augmented
by Dirac to account for electron exchange interactions, resulting in the Thomas—

Fermi-Dirac energy functional [37].

Although these models provided the groundwork for a quantum mechanical ap-
proach based on the electron density alone, it was not until 1964 that the pioneering
theorems of Hohenberg and Kohn [38] were published, setting out a practical and
general method for obtaining accurate chemical information of systems. More re-
cent progress made within the field of DFT has produced new methods that scale
as O(N) with system size. These linear scaling methods, which exploit the near-
sightedness of matter, present the opportunity to calculate properties of systems

many magnitudes larger than is possible using conventional DFT.

In this chapter, we introduce the framework of density functional theory and the

underlying theory of the ONETEP linear-scaling DFT code [39].
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2.1 The Hohenberg-Kohn theorems

The existence of modern day density functional theory owes much to the seminal
work of Hohenberg and Kohn [38] in which the theorems that permit this frame-
work are laid out. The first of these theorems demonstrates that the electron
density uniquely determines the Hamiltonian operator. The second Hohenberg-
Kohn theorem shows that the variational principle may be applied to find the
(approximate) ground state using the electron density as a basic variable. We now

describe these theorems in detail.

2.1.1 Theorem 1

The first Hohenberg and Kohn [38] theorem states that the electron density
uniquely determines the Hamiltonian operator and therefore the total energy of
the system. The simple proof of this theorem is based on reductio ad absurdum,
i.e. we assume that the external potential is not unequivocally determined by the
density and show this to result in a contradiction. We begin by assuming the

existence of two different external potentials ve(r) and vl (r) with respective

ext
ground state wavefunctions ¥, and ¥ which give rise to the same density n(r).
We assume these potentials to differ by more than a constant, and therefore the

wavefunctions of Ve (r) and v/ (r) must differ, i.e.

ext
Uy £ T (2.2)

Defining the Hamiltonians of ¥, and ¥j, as H and H' respectively, with energies

Ey and Ej, and using the variational principle we find

EYy = (Uo|H'|T) < (Wo|H'|Wo) = (To| H|To) + (Wo|H' — H|To)  (2.3)



24 Chapter 2 Density functional theory

and therefore
Ey < Ey +/ [V (T) = Vext (T) | m2(T)dr (2.4)
Interchanging the primed and unprimed quantities, we equivalently find
Ey < E| +/ [Vext (1) — VL (x) [ mo(r)dr (2.5)
Adding Eq. 2.4 and Eq. 2.5 yields the absurdity
Ey+ E| < Ey + E| (2.6)

thus demonstrating the first theorem.

2.1.2 Theorem 2

The second Hohenberg and Kohn [38] theorem states that the energy E[n| obtained
for a given density n is the lowest energy if and only if n is the true ground state

density ng, i.e.
Efn) > Elno] (2.7)
The proof of this theorem relies on the first Hohenberg—Kohn theorem. We begin

by noting that for the density to preserve the number of particles N which it

describes, the following equation must hold true

/n(r)dr =N . (2.8)

Through the first theorem of Hohenberg and Kohn, for a non—negative density

n(r) normalised to N we can define its energy E as a functional of this electronic
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density as
Eln] = / (1) Ve (r)dr + Fn) (2.9)

where v (r) is the external potential, uniquely determined by n(r), and where
F[n] is a universal functional of the electron density that contains electron-electron

interaction and kinetic energy terms, i.e.

A ~

Fln(r)] = (V|T + Vee|¥) . (2.10)

The energy functional E|[n| is equivalent to the wavefunction energy functional

B[] = (U[Vie| ) + (U|T + Ve T) (2.11)
We note that E[¥] will be at its minimum when V¥ is the exact ground state
wavefunction, Wy. If ¥ is not the exact ground state wavefunction then using the

variational principle

E[V] > E[V,] = Ey (2.12)
and applying this analogously to the electron density provides us with the equation,
E[n] > E[nog) = Ey . (2.13)
This therefore demonstrates that the ground state solution may be found varia-

tionally using the electron density as a variable.

2.2 The Kohn-Sham equations

Whilst the Hohenberg-Kohn theorems provide an argument for central use of the
density in obtaining the ground state, these present little applicability for finding
the solutions to problems as the exact form of the universal functional F'[n] is not

known. The pioneering work of Kohn and Sham [40] presented a practical means
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by which the solutions to physical problems could be found. This was achieved by
representing the interacting electron system at hand in terms of a fictitious system
of non-interacting electrons moving in an effective potential, where this fictitious
system reproduces the exact ground state density of the system of interacting

electrons.

In Kohn-Sham density functional theory, the electron density has the form

n(r) = > (o)l (214

where 1;(r) are the one-electron Kohn-Sham (KS) orbitals of a fictitious system
of non-interacting electrons which is constructed in such a way that its density
is the same as the exact density of the system of interest which has interacting

electrons.

A key advantage of Kohn-Sham DFT is that one can calculate exactly the kinetic
energy of the non-interacting system 7 as a functional of the orbitals, which can
be used as a starting point for calculating the kinetic energy of the interacting
system T'. The kinetic energy of the non-interacting reference system is given by

1
i v
2

T.ln) =i <¢i

¢¢> : (2.15)

We introduce an exchange-correlation energy functional F,. that accounts for the
missing kinetic and correlation effects by repartitioning the Hohenberg-Kohn uni-

versal functional as

Fln] = T[n] + Vee[n]
= T'[n] + Ti[n] — Ti[n] + Euln] — Euln] + Vee[n]
— Tu[n] + Euln] + (T[n] — Tu[n] — Euln] + Veo[n))
= T.[n] + Ex[n] + Ex[n] (2.16)

Eeln] = Tln] — Tu[n] + Vieln] — Exln] (2.17)
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where Fy[n] is the Hartree energy (see Eq. 1.30) and where the exchange-correlation
energy is a functional of charge density which is approximated in practice due to

lack of a known analytic form of this functional.

In the KS formalism, we aim to calculate the density n(r) that minimises Fkg
for a given KS effective potential veg(r) acting on a system of non-interacting
electrons. This density is defined by the KS orbitals obtained by solving the set

of one-electron Schrodinger equations
iLKS¢i(r) = &;thi(r) (2.18)
with the Kohn-Sham Hamiltonian
~ 1 9
hKS = — §V + Ueg(r) (219)

which contains an effective potential veg such that the ground state Kohn-Sham
density equals the true ground state density. We define the KS effective potential

as,

n(r’
Vet (T) =Vext (T) + / " (_ 2,| dr’ + vy (r) (2.20)
with exchange-correlation potential,
dEyc[n]
xC = 2.21
alr) =52 (221)

On calculating veg from a guessed density n(r) using Eq. 2.20, a new density is
found using Eqgs. 2.14 and 2.18. These equations are known as the KS equations
and are solved in a self-consistent manner to obtain new densities until energy

convergence is achieved. The total electronic energy is calculated at each iteration
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using the KS energy functional,

] =T / (1) Ve (1)

n] +
—|—%// %drdr’ + Exc[n] (2.22)

where the factor of half is present to correct for double counting.

2.3 The exchange-correlation functional

Within Kohn-Sham DFT, the complexities of the interacting system are contained
within the exchange-correlation functional. As previously discussed, the exact
form of the exchange-correlation functional Ey.[n] is unknown, and this presents
a central problem within the Kohn-Sham model. Many approximate forms of
the exchange-correlation functional have been proposed, primarily specialised to
solving the particular problem at hand. Here, we briefly introduce a selection of

popular functionals used in Kohn-Sham DFT calculations.

We begin by noting the separable nature of the exchange-correlation functional

into its exchange Fy[n| and correlation parts E.[n], i.e.

Eyc[n] = Ex[n] + E¢[n] . (2.23)

At its simplest, the exchange-correlation functional depends on the local electron
density alone without any consideration of local features (for example density
gradient). This is the basis for the local density approximation (LDA), in which the
exchange-correlation energy is modelled by extrapolation using the per-electron

exchange-correlation energy for the uniform electron gas, i.e.

ELPA ) = / n(r)e-PA (n) dr (2.24)
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LDA

XcC

where €. (n) is the per-electron exchange-correlation energy of the uniform elec-

LDA

p(¥

tron gas with density n. The function e:”*(n) is separable into its exchange

LDA

e ( c

n) and correlation e;°*(n) parts as

DA () = elPA(n) 4 EPA(n) . (2.25)

LDA

XcC

The exchange contribution to e./”*(n) is analytically known, and is given using

the Dirac functional [37]

ex(n) = =7 (_) ni(r) . (2.26)

A number of proposals have been made for the correlation part of e“PA(n). Ex-
amples of popular LDA correlation parameterisations include the Vosko, Wilk and
Nusair (VWN) [41] and Perdew and Wang (PW92) [42] models. As may be ex-
pected from the simple LDA functional that uses a uniform electron density system

as its reference, the highest accuracy results are obtained for systems with more

smoothly distributed electron densities.

To improve exchange-correlation functionals beyond the limits of the LDA func-
tional to be able to accurately calculate properties of systems for which the electron
density is more non-uniform, we may also include the gradient of electron density,
Vn(r), in our calculations. Doing so yields the so called generalised gradient ap-
proximation (GGA) class of exchange-correlation functionals. Here, the form of

the exchange-correlation energy is

ESCAIp) = /GSCGA(H(I'),VH(I‘))dI‘ (2.27)

GGA

XC

where €% (n(r), Vn(r)) is the GGA exchange-correlation function that depends
on the electron density gradient in addition to the electron density. Examples of
GGA functionals include the Perdew and Wang (PW91) [43], and Perdew, and

Burke and Ernzerhof (PBE) [44] functionals.

The GGA functional model can be extended further to also encompass the higher
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order electron density derivatives. Such functionals are known as meta-GGA func-
tionals, for example

Ereta=GGAT,T — / emeta=GGA (n(r), Vn(r), V2n(r))dr (2.28)

Xc

Examples of meta-GGA functionals include the Perdew, Kurth, Zupan, and Blaha
(PKZB) [45], and Filatov and Thiel (FT98) [46] functional.

It is also possible to define exchange-correlation functionals that include a con-
tribution from the exact HF non-local exchange energy calculated using the KS
states. A popular example of such a hybrid functional is the B3LYP functional [47],

in which the form of the functional is given by

EZ ) =(1 = ap — ay) By n] + ao B3 [{ui}] + 0 7 0] (2.29)

+(1— ac)EXWN [n] + OéCEiJYP [n]

where EXPA[n] is the LDA exchange energy, EXF[{1;}] is the exact HF non-local
exchange energy (which depends on the occupied KS orbitals), EE%[n] is the B88
exchange energy of Becke [48], EYWN[n] is the VWN correlation energy, EXYF[n]

is the correlation of Lee, Yang and Parr [49], and where oy, a, and «. are the

functional parameters of Stephens et al. [50].

2.4 Basis sets

In order to describe the one-electron MOs we use mathematical functions known
as basis functions. The one-electron MOs are expanded as a linear combination of

basis functions as

Yi(r) = Z Clidu(r) (2.30)

where K is the number of basis functions, and C}; is an expansion coefficient for
the basis function ¢,(r) of the basis set. The choice of basis set is an important

consideration in ab initio calculations, as this is usually a key determining factor
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in the speed and accuracy of the calculation. In the following section, we briefly

discuss a number of important basis set functions used in DFT calculations.

2.4.1 Slater-type orbitals

The Slater-type orbital basis function [51] was developed for use in early quantum
chemistry calculations. This function properly represents the correct form of the
cusp at the nucleus, however due to the high computational expense of calculating
solutions to integrals using these functions, Slater-type orbitals are in most cases

not favoured today. The form of a Slater-type orbital is given by [52],
0s(1,y. 2,1, j. k) = Na'y/ zbem eV (2.31)

where N is the normalisation constant, ¢, j, and k£ are non-negative integer pa-
rameters that determine the description of the orbital along the Cartesian axes,
and ( is a constant relating to the effective nuclear charge on the atom this basis

function represents.

2.4.2 Gaussian-type orbitals

A more commonly used basis set function is the Gaussian-type orbital [53], de-
veloped to attempt to correct the difficulty using Slater functions in evaluating

integrals. The functional form of a Gaussian orbital is given by,
by, 2 a0, j, k) = Nty e e+ +2%) (2.32)

where « is an exponent parameter that determines the orbital width. As well as
displaying the incorrect representation of zero slope at the nucleus, this function
decays at a much faster rate than Slater functions far away from the nucleus. To
solve this problem, Slater-type orbitals are approximated using a linear combina-

tion of Gaussian-type orbitals, referred to as contracted Gaussian functions.This
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approximation has proved to be very successful, with a large number of DFT codes
adopting this as their primary basis set choice (e.g. Q-CHEM [54], NWCHEM [55],
GAMESS-US [56]).

2.4.3 Plane waves

An alternate basis set to Slater and Gaussian-type orbitals is the plane wave basis
set. This basis set is typically adopted for calculations involving periodic systems,
for example bulk solids, surfaces and crystals, as plane waves are solutions to
the Schrodinger equation for a particle in a periodic box. The plane wave basis

functions normalised to a cubic cell with side length [ are given by

|~

ta(r) = e/ (2.33)

N

where G is the wave vector. Examples of DFT codes that adopt this basis set
include CASTEP [57] and QUANTUM ESPRESSO [58]. As will be shown in Sec-
tion 2.8.1, the psinc basis set used in the ONETEP code [39; 59] is fundamentally

linked to the plane wave basis.

Many hundreds (or even thousands, depending on the cell and grid parameters)
of plane waves are used as basis functions in a typical plane wave calculation.
A specific advantage of using plane waves as a basis set is the lack of basis set
superposition error, which we discuss below in Section 2.5. This is due to the basis
functions being present in all regions of space, resulting in the basis set being fully
balanced throughout binding energy calculations. However, this fact also results
in empty space within the cell effectively having its own associated computational
cost. This can be notably disadvantageous when approximating open boundary
conditions using the supercell approximation, in which the cell is made additionally

larger in order to avoid the system interacting with its own periodic image.
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2.5 Basis set superposition error

Basis set superposition error (BSSE) is an error that arises in the calculation of
binding energies due to the incompleteness of the basis set. As EDA calculations
are grounded on binding energy calculations, appreciation of BSSE is equally im-
portant within these types of calculations also. The (BSSE-uncorrected) binding

of two molecules A and B that form the complex AB may be expressed as

AE(AB) = Eap(AB) — Ea(A) — Eg(B) (2.34)

where E(X) is the energy of the molecule or complex X, and where the subscript
denotes the basis set used during the energy calculation. The BSSE error arises
from the inconsistent treatment of the isolated molecules that are able to access the
functions of the partner molecules [60]. This unbalanced basis set which provides
the complex with greater variational freedom than the isolated molecules allows
the complex to reach an artificially lower energy, therefore resulting in an artificial

increase in the calculated binding energy.

The Boys and Bernardi counterpoise correction (CP) [61] for BSSE attempts to
re-balance the basis sets used in the binding energy calculation. The CP correction
to the binding energy, A Fpssg, may be expressed as the total of the CP corrections
for the molecules A and B, AFEgssg(A) and AFEgsse(B) respectively, as

AEBSSE<A) = EA(A) — EAB<A) (235&)
AEgssu(B) = Eg(B) — Eap(B) (2.35h)
AFEpssg = AEBSSE(A> + AEBSSE(B) . (235C)

The CP-corrected binding energy is therefore given by

AE(AB) = Esp(AB) — E4(A) — Eg(B) + AFEpssg

= Eap(AB) — Eap(A) — Eap(B) . (2.36)



34 Chapter 2 Density functional theory

This correction has been argued to overestimate the error [62] due to the fact that
basis functions on the partner molecule will be occupied and so should not be
available, whilst others argue the problem to be a reflection of other errors [60].

Additionally, this correction is one of a number of possible treatments for the

BSSE [60].

2.6 Core electrons

The core electrons of an atom are those other than the valence electrons. Since
the valence electrons determine almost all of a given system’s electronic structure,
we may simplify our picture of the core electrons and reduce the computational
cost of calculations significantly. This can be done while at the same time still
maintaining high physical accuracy. Additionally, the problem of modelling the
electron states close to the nuclear centres is an important reason for making this
approximation. Due to the requirement for the wavefunctions of the core electrons
to be orthogonal, rapid oscillations in the core electron wavefunctions are observed
near to the nucleus. Describing these wavefunctions accurately in plane wave DFT

would therefore be highly expensive.

The pseudopotential method [63; 64] is an approach that seeks to simplify the
core region by describing the core electrons and nucleus by more approximate
means. Commonly, pseudopotentials are determined using conventional wave-
function methods, and it may not be immediately clear whether or not such pseu-
dopotentials are suited to DFT calculations. However, in practise this has been
shown not to present an issue for example in the work of Russo et al. [65]. Pseu-
dopotentials may incorporate relativistic effects, in which case they are referred
to as ‘relativistic’ pseudopotentials. These effects are of important consideration
in heavier elements, as in such elements the electrons closer to the core travel at

velocities close to the speed of light.
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Norm-conserving pseudopotentials are those that satisfy the condition of norm-
conservation. The condition of norm-conservation is expressed by the charge den-
sity within the core region for the pseudo wavefunction gzNS(r) equalling that of the

all-electron wavefunction ¢(r), as

/0 6P = /0 " () Pdr (2.37)

where r. is the cut off distance from the nucleus that defines the core region. This
is a desirable property of the pseudopotential, designed to reproduce the scattering

properties of the nuclei and maximise transferability to different systems.

The pseudopotential Vps can be split into a local Vioe and non-local Vy part as

~

Vi)s = Vioc + an . (238)

The local potential is simple to calculate, but the non-local part is less easily
calculated. The Kleinman-Bylander [64] form of the non-local potential is given

by

VKB - ‘A/loc + ~
Im <¢lm’§‘/”¢lm>

(2.39)

where ¢y, are the pseudo-atom wavefunctions and 8V} is an operator dependent

on the angular momentum /.

An alternative type of pseudopotential used in plane wave DFT calculations is the
ultrasoft pseudopotential [66], in which smooth pseudo wavefunctions are used
which require lower kinetic energy cut-offs. These pseudopotentials are not norm-
conserving. A different approach to the use of pseudopotentials for modelling
the core electrons is the projector-augmented wave method (PAW) approach [67],

which typically uses the frozen core approximation to model the core electrons.
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2.7 Linear-scaling density functional theory

Scaling of ab initio methods with system size is an important consideration when
performing calculations as this will largely determine limitations of the size of
computable systems. For example, in Hartree-Fock calculations the computational
cost scales as O(N?) with respect to the number of basis functions due to the
bottleneck in calculating the two-electron integrals (without approximations). For
other wavefunction-based methods this scaling can be even more prohibitive, e.g.
third-order Mgller-Plesset perturbation theory (MP3) in which the cost scales as
O(N®). In Kohn-Sham DFT the cost scales as O(N?) due to the bottleneck of
diagonalisation of the Hamiltonian matrix, as well as multiplication and inversion

of matrices that are dense.

Clearly, performing conventional electronic structure calculations on large systems
using these methods would be extremely challenging using the computational re-
sources available today. Examples of larger systems that are of importance for
study include proteins, biomolecules and nanostructures. It is clear that in or-
der to investigate such systems, approximations that reduce the computational
cost are necessary. From this need, linear-scaling methods (O(N)) have been de-
veloped. For further in depth discussions of linear-scaling methods, we refer the

reader to the reviews of Goedecker [68] and Bowler and Miyazaki [69].

In this section, we briefly introduce a number of key concepts that relate to the
formulation of linear-scaling DF'T approaches, and in particular the ONETEP
approach.

2.7.1 The near-sightedness of electronic matter

The near-sightedness of electronic matter in many-atom systems was recognised
and discussed qualitatively by Walter Kohn in 1996 [70; 71]. This is the idea that
regions of large systems are local, i.e. that they are effectively isolated from the

interaction from other regions when separated by a large enough distance.
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This important concept can be applied in the development of linear-scaling meth-

ods. We begin by introducing the one-particle density matrix p(r,r’) for a set of

MOs {9},

N’d}(occ)

) = 3 i) x) (240)

where Ny(oce) is the number of (singly) occupied orbitals (= N). The electronic

density is obtained from the diagonal elements of the one-particle density matrix

p(r,r’) as,

n(r) = Y Gi(e)i(r) = plr,r) . (2.41)

Ismail-Beigi and Arias [72] showed the density matrix p(r,r’) to decay exponen-

tially for insulating systems
p(r,r') oc eIl (2.42)

where 7 is a constant that depends on the band gap of the system. From this we
can expect that truncating elements of p(r,r’) that are above a certain threshold

distance r., apart, i.e.
p(r,r") =0 when |[r — r'| > rey (2.43)

will reduce computational cost (as we will no longer need to evaluate these ele-
ments) with minimal introduction of error (as these interactions provide the least

contribution).

2.7.2 Localised orbitals

Another typical requirement for linear-scaling capability is the spatial truncation

of the basis set to within a localisation region. For delocalised basis sets such as
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plane waves, localisation must be enforced by certain means. The expansion of
the nonorthogonal generalised Wannier function (NGWF) [59] basis set within a
specified localisation sphere in ONETEP [39; 59] is used to enforce localisation

of the basis functions, as will be discussed later.

2.7.3 The Li-Nunes and Vanderbilt method

The Li-Nunes and Vanderbilt (LNV) method [73; 74] is an approach to obtaining
the variational solution to the density matrix whilst maintaining idempotency. The
enforcement of idempotency of the density matrix is necessary and is equivalent
to ensuring orthonormality of the Kohn-Sham states. This is achieved by making

use of the McWeeny transformation [75], which is based on the formula
P =3P?-2pP% . (2.44)

With truncation of the density matrix (Eq. 2.43) and use of sparse algebra the
computational cost of the LNV approach has the capacity to scale linearly with

system size.

2.8 The ONETEP package

The work described in Chapter 5 of this thesis has been implemented in the
ONETEP quantum chemistry package. This is a parallelised, linear-scaling Kohn-
Sham DFT code based on a reformulation of the plane wave pseudopotential
method and is well suited to calculations of systems of very large size using high-

performance computing systems.

ONETEP uniquely differs from conventional DFT approaches in two fundamental
ways. Firstlyy, ONETEP uses a strictly localised basis set that is truncated to
within a given localisation sphere. Through this, ONETEP exploits the near-

sightedness of electronic matter and is able to achieve linear-scaling with respect
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to system size. Secondly, the basis set itself is self-consistently optimised during
the energy minimisation procedure. Additionally, this plane-wave like basis set

affords ONETEP very high accuracy in its results.

In this section, we introduce the theory of the ONETEP approach required to

describe our EDA method implementation.

2.8.1 The non-orthogonal generalised Wannier function basis set

Here we introduce the non-orthogonal generalised Wannier functions (NGWFs)
that are used as a basis set in ONETEP calculations. In the following equa-
tions, the Einstein convention of implicit summation over repeated Greek indices

is adopted unless stated otherwise.

We begin expressing the NGWFs {|¢,)} by their expansion in a basis of N, peri-
odic cardinal sine (psinc) functions [76; 77] {D,},

Pa(r) = Z Dy(r)Cpa (2.45)

where ¢, are the expansion coefficients. The psinc functions are centred on a
regular grid that spans the whole simulation cell, and the grid point each psinc
function is centred on is given by the index p. These cell-periodic psinc functions
can be expressed as a sum over a finite set of plane-waves. The expression for a

psinc function located at the grid coordinate vector r, is given by

Dy(r) = D(r —1p)

1 S
= i1G-(r—rp)
-V Z e (2.46)
G

where G is a reciprocal lattice vector which is iterated up to the cutoff wavevector

G.. The reciprocal lattice vector G is given by

G = m1b1 + m2b2 -+ m3b3 (247)
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where my, my and mg are integers and by, by and bs are the primitive lattice vectors
of a reciprocal Bravais lattice. The modulus of the cutoff wavevector G., which
determines the quality of the psinc basis set, is related to the plane-wave kinetic

energy F. by
1
Ee=|G[" . (2.48)

Increasing the value of the kinetic energy cutoff increases G. and therefore in-
creases the completeness of the basis set (see Eq. 2.46). A one-dimensional plot of

the function Dy(r) is displayed in Fig. 2.1.

Figure 2.1: A one-dimensional representation of the Dy(r) psinc function cen-
tered at 0, with 15 grid points in the cell dimension.

During the optimisation of the NGWF basis functions, strict localisation is en-

forced by repeated truncation of the expansion coefficient contributions c,, outside
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of a localisation sphere R,, i.e.
o =0 if |Ry—1, > R, (2.49)

where R, is the centre of the localisation region of the NGWF ¢,, r, is the

coordinate of the psinc basis function, and R, is the NGWF localisation radius.

In the ONETEP formalism, the set of KS orbitals {|¢;)} can be considered as
linear combinations of the set of strictly localised NGWFs {|¢,)} as,

bi(r) = da(r) M . (2.50)

where {M%} are the KS MO expansion coefficients.

Orthonormality of {|i;)} is a necessary physical constraint for the Pauli principle

to be respected, which can be expressed as,
o5 = (Yil;) = (MT),® aﬂMBj = 0yj (2.51)
where the NGWEF overlap matrix S,3 is given by,

Sap = (Pal?s) (2.52)

By substitution of Eq. 2.50 into Eq. 2.40, we introduce the density kernel K% as

the representation of the density operator in terms of NGWFs,

pr, 1) = ga(r) K7g5(x") (2.53)

where the density kernel matrix K is given by,
Ny

K7 =" Mo fi(MT),” (2.54)

where f; are the MO occupancies which are equal to 1 for the occupied MOs. In

an analogous fashion to truncation of the psinc expansion coefficients outside of
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the localisation sphere, the density matrix is also truncated when NGWF centres

are separated by more than a specified cutoff radius.

2.8.2 The ONETEP Kohn-Sham energy expression

In ONETEP, a number of different calculation tasks are available. These include,
for example, geometry optimisation, population analysis, electrostatic potential,
and charge density calculations. Running EDA calculations, such as the approach
we have implemented in ONETEP described in this thesis, generally involves
performing a series of total energy calculations on a given system under study,
and subtracting these energies to yield the EDA energy components. The specific
theory of our EDA implementation is described in further detail in Chapter 5,
however it is necessary to first introduce the total energy calculation in ONETEP

that underlies this approach.

In ONETEP, we typically use pseudopotentials to model core electrons, and
calculate the ion-ion interactions using an Ewald sum. The expression of the total

energy in ONETEP is given by,

E[n] = T[n| + En[n| + Ewen| + Euln] + Exc[n] (2.55)

where T' is the kinetic energy, E,; and Ej,. are the non-local and local components
of the pseudopotential energy, Fy is the Hartree energy and E.. is the exchange-

correlation energy.

The calculation of the total energy in ONETEP is organised as two nested loops.
Having constructed an initial set of NGWFs with expansion coefficients {c,q }, and
a density kernel K*?, the inner loop begins by minimising the energy of K? with
the NGWFs held fixed until convergence. In the outer loop, the kernel is held
fixed and the expansion coefficients {c,,} optimised. Convergence of both loops

yields the ground-state density with ground state energy Ej.
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2.8.3 Inner loop optimisation: the density kernel

During minimisation of the inner loop, constraints must be placed on the kernel
to ensure both physicality of the quantities and linear-scaling capability [78]. The

kernel must respect the localisation condition
K* =0 when |R,— Rgs|> Reu (2.56)

where R, and Ry are the centres of the localisation regions of the NGWFs ¢,
and ¢g, and Ry is the kernel cutoff radius [39]. Additionally, the idempotency

constraint
K*'S sK% = K (2.57)

is used to fix the orbital occupancies to one and zero and ensure orbital orthog-
onality. Finally, the number of electrons in the system must also be conserved

as
2r[K*7S, 5] = N (2.58)

for a spin unpolarised system.

The LNV method makes use of the McWeeny transformation [75] to enforce the
necessary physical constraint of idempotency on the density matrix. As described
earlier, enforcing idempotency of the density kernel is equivalent to imposing or-
thonormality of the Kohn-Sham orbitals. An auxiliary matrix o is used to define

the density matrix p as
p(r,r') = 30%(r, 1) — 20%(r, 1) (2.59)
where ¢ is defined in terms of the auxiliary density kernel L as

o(r,v') = Ga(r)L95(r') . (2.60)
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Given an auxiliary kernel L with occupancies in the range ([1’2\/5} , [Hz\/‘?’}), a
‘weakly idempotent’ kernel K (i.e. with occupancies in the range [0, 1]) is produced

using the purification transformation
K =3LSL —2LSLSL . (2.61)

By optimising the auxiliary kernel L to minimise the energy FE[p], the density
kernel will automatically be driven towards idempotency. This approach therefore
avoids the O(N3) problem of matrix diagonalisation, which would otherwise be

needed for orbital orthonormalisation.

At each inner loop iteration m, a new auxiliary density kernel L™V is found
by line-search using a direct energy minimisation method such as the conjugate-
gradients or steepest-descents techniques. The search direction for this direct

energy minimisation is based on the gradient [79]

% — 6(SLH + HLS) o — A(SLSLH + SLHLS + HLSLS)go .  (2.62)

Whilst the LNV approach is used to drive the density kernel to idempotency in
ONETEP, conservation of the number of electrons is also enforced. The chemical
potential u is used as a Lagrange multiplier to solve this problem and ensure that
the functional minimum has the correct electron count. Instead of minimising
the energy, we now seek to minimise the grand potential 2 = E — yN. During
the minimisation, x4 remains an unknown quantity. Three methods are used in
ONETEP to impose this normalisation [78]. Firstly, the purified electron number

may be constrained as (for the spin unpolarised case)

2tr(p) = 2tr(KS)
— 2tr(3LSLS — 2LSLSLS)

=N . (2.63)
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Secondly, the unpurified electron number may be constrained as,

2tr(o) = 2tr(LS)

=N . (2.64)

Thirdly, a normalised and purified density kernel can be directly constructed by

rescaling using the purification transformation

302 — 20°

_ 2.65
P 2tr(302 — 203) (2.65)
The gradient of the electron number is expressed as
ON

and is used to fix the electron count to remain constant during the calculation.

At each step m, a new auxiliary kernel L™+ is calculated, and the McWeeny
purification transformation (Eq. 2.61) used to construct a near-idempotent density
kernel K™V This procedure has linear scaling cost, enabled by the sparsity of

H, L and S due to the localisation constraints imposed during the calculation.

2.8.4 Outer loop optimisation: the NGWFs

Having converged the inner loop to obtain the optimised kernel K for the set
of NGWFs {|¢,)}, the outer loop optimises the expansion coefficients ¢,,. This
optimisation is performed whilst imposing the constraints of strict localisation of
the functions (using Eq. 2.49), idempotency of the density kernel, and conservation
of the electron count. A line-search step is performed to minimise the energy with
respect to the NGWFs. The search direction is again calculated using direct energy

minimisation methods using the gradient [79] of the NGWFs,

= 2[H;(r) K™ + d5(r)Q™] (2.67)
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where,
Q=3LHL—-2LSLHL —-2LHLSL . (2.68)
For a fully converged density kernel, the Hamiltonian and density kernel commute,
HKS =SKH, (2.69)
and the kernel has the relationship
KSK=K=L=LSL (2.70)

due to convergence of K and idempotency of this quantity. These two relationships
can be used to simplify the expression of () given in Eq. 2.68 above. Substituting
Eq. 2.70 into Eq 2.68 yields

Q=3KHK -2KSKHK —2KHKSK
=3KHK -2KHK —2KHK
=-KHK

=-KHKSS™ (2.71)
and by substituting Eq. 2.69 into this expression we obtain

Q=—-KSKHS™!

=-KHS™' . (2.72)

The derivative of the electron number with respect to the NGWF's is given by

% = 12¢%(r)(SLS — SLSLS)% (2.73)

and is used to constrain the electron number of the system during the NGWF

optimisation step. On convergence of the NGWF gradient, which indicates that
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the psinc basis has been optimised, the ground-state energy has been found.

ONETEP uses sparse algebra in calculation of the quantities involved during
the optimisation of the inner and outer loops. By also using a kernel cutoff with
the strictly localised basis functions, the code achieves an overall linear-scaling
cost. ONETEP is also highly parallelised and able to efficiently partition the
computational problems that must be solved over many CPUs. For this reason,
ONETEP is highly suited to the calculation of large-scale systems using high-

performance computing systems.






Chapter 3

Current biomolecular energy
decomposition analysis

approaches

A primary aim of this work is to identify the EDA method or methods with greatest
suitability to the analysis of interaction energies in biomolecular systems. Towards
this goal, we introduce here the theory of a selection of important EDA approaches
and assess their theoretical strengths and weaknesses. In Chapter 4 that follows
this, we quantify the success of these EDA approaches by benchmarking against

six test sets of molecules that display biomolecular-like interactions.

The EDA schemes can be categorized by the nature of their underlying theory.
The character of the schemes may be described as either variational, in which the
interaction energy is decomposed by use of intermediate wavefunctions or electron
densities, or alternatively as perturbation based, in which the interaction between
the fragments is seen as a perturbation to the non—interacting fragments and the
interaction is constructed as corrections resulting from different physical effects.
In this chapter, we begin by providing an overview of notable studies applying
EDA in literature. Next, we introduce a number of common quantities which
we use to describe the theory of the EDA approaches. Using this framework, we

49
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describe the variational and perturbation based EDAs, and summarise each of

these approaches.

3.1 Previous applications of energy decomposition analysis

Investigations using EDA approaches are naturally well suited to evaluations of
molecular bonding forces, and EDA has been used in a wide range of applications in
quantum chemistry. The EDA studies in literature typically feature systems of rel-
atively small size (up to tens of atoms) for both the variational [12-15; 80-89] and
perturbation approaches [90-93], and for biomolecular systems approaches such as
molecular mechanics (MM) are sometimes combined with the QM region [94; 95].

Here we discuss a number of these applications in literature.

EDA calculations in the literature have typically been performed to evaluate newly
developed EDA methodologies, to quantify the driving forces of association in the
studied systems, or for both reasons. The water dimer has been frequently adopted
as a theoretical test model for the purpose of evaluating new EDA approaches [12;
13; 15; 80; 81; 83; 84; 96] as this system is exemplary of a typical hydrogen bonding
interaction. Other small interacting systems also studied include the benzene
dimer system [14; 88; 93], the water — alkali metal cation series [15; 80; 82; 83]

and the ammonia — hydrogen fluoride [81; 86; 90] system.

EDA calculations of drug — water clusters have also been performed. For exam-
ple, investigations were performed by Esrafili and Behzadi [97] on the hydrogen
bonding interaction of aspirin (and fluorine-substituted aspirin) with (water),—;_s.
This work included symmetry—adapted perturbation theory (SAPT) and natural
bond orbital (NBO) second—order perturbation theory analyses, as well as density
partitioning using Bader’s quantum theory of atoms in molecules (QTAIM) [98]

approach.
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Investigations of larger biomolecules are also noted in the EDA literature. These
are typically performed by EDA calculations on smaller derived truncated sys-
tems, rather than on the whole biomolecular system itself. Truncated active—site
systems of a Cl”/H" exchange transporter protein (EcCIC) were studied with
Kitaura-Morokuma (KM) EDA and natural EDA (NEDA) by Church et al. [99]
for example. A number of EDA investigations of cytochrome P450 have also been
performed [94; 95; 100]. Thellamurege investigated the interaction of a water
molecule with cytochrome P450, specifically with the ferric heme group and com-
pound I intermediate of this biomolecule [100]. This investigation was performed
using the LMO EDA [14] and the extended transition state (ETS) EDA developed
by Ziegler and Rauk [101-103]. The results revealed electrostatic and polarisation

effects to be dominant in the interactions within these systems.

The possibility of EDA on larger systems also has been evidenced. Hirao per-
formed an EDA of the ONIOM(B3LYP:AMBER) QM /MM interaction energy of
the compound I intermediate of cytochrome P450cam to investigate the effect of
the protein environment on this state [95]. This work found electrostatics to be
the most dominant contribution to the interaction energy, followed by van der
Waals and polarisation contributions. The calculations of this investigation in-
volved thousands of atoms present in the protein environment, and even though
this involved a QM/MM-based variant of EDA, this study offers an example of
EDA application to an entire protein. An earlier investigation by Hirao using this
method was also performed on the non—heme diiron enzyme myo—inositol oxyge-
nase [94]. The aim of this investigation was to assess the effects of the protein
environment and intracluster dispersion in the process of oxygen binding to this
enzyme. This found dispersion to be the most dominant contribution to the in-
teraction energy, which was enhanced to a lesser degree by electrostatic, van der
Waals, and polarisation effects. This work notes that because entropic effects do
not favour the bonding of oxygen, overall this process is almost thermoneutral.
This demonstrates a limitation of pure interaction energy investigations: the in-

teraction energy (or enthalpy) itself is also one of the components that control the
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thermodynamics of binding, the other being the entropy of binding.

Another established approach to large scale energy calculations is the fragment
molecular orbital (FMO) framework of Kitaura et al. [104-107]. This approach
involves the partitioning of a system into a number of smaller fragments, with
the total system energy calculated using the FMOs of these fragments. This frag-
mentation reduces computational cost whilst maintaining accuracy and a number
of studies have been performed on important protein-receptor systems using the
FMO approach investigating binding affinities and the interaction energies of frag-
ments. Examples of these studies include calculations performed on the human im-
munodeficiency virus type 1 (HIV-1) protease complexed with lopinavir [108; 109],
the HIV-1 antibody 2G12 [110; 111], the influenza virus surface protein hemag-
glutinin [112-122], prion protein [123-125], the estrogen receptor [126-128], the
vitamin D receptor [129-132], and the retinoid X receptor [133-135]. The pair
interaction EDA (PIEDA) scheme [96] has been developed in the FMO frame-
work, and a discussion of the PIEDA approach is included later in this chapter.
The PIEDA scheme has been used to investigate contributions to stabilisation in
various conformers in the evolution of amide stacking in larger ~-peptides [136],
and to investigate DNA recognition modulation in artificial zinc—finger proteins

using PIEDA maps [137].

Investigations are not limited to low atomic mass compositions. EDA calculations
of the bonding in more exotic systems have been published, such as in the transi-
tion metal-oxime bond [138] and the transition metal-imine bond [139] by Bayat
et al., and work by Marjolin et al. [140] has sought to seek the components of in-
teractions within mono aqua complexes of various lanthanide and actinide cations.
This work investigating lanthanide and actinide cation interactions was achieved
using a modified constrained space orbital variation (CSOV) EDA scheme [11; 141]

with small and large core pseudopotentials.
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3.2 Common EDA wavefunctions

It is useful to adopt a unified notation of the wavefunctions (and their derived
charge densities) shared between the EDA schemes we consider in this chapter.
Starting with the direct calculation of the interaction energy, we define the com-
monly used electronic Slater determinant wavefunctions \IJ%’AB, \IJ%’AB and Uup
and other related intermediate wavefunctions used to express the EDA theory.
We denote the lower index as distinguishing the fragment(s) described by the
wavefunction, and the upper index as distinguishing the basis in which the MOs
of the wavefunction are expanded. The upper index zero describes wavefunctions
constructed using the optimised MOs of fragments in isolation. The Boys and
Bernardi [61] counterpoise (CP) corrected binding energy calculation may be ex-

pressed as,
AE = E[U 5] — E[0%*P] — B[0%4P] (3.1)

where W 4, \IJ%AB, and \IJ%’AB are the variationally optimised wavefunctions for the

AB complex and the isolated monomers A and B calculated in the full AB basis.

. . . 0 ABOCC O,AoccB O:ABvir
Furthermore, two similar sets of wavefunctions W B and W

\II%’AV“B may be derived to facilitate the partitioning of the CP correction into a
contribution from ghost occupied orbitals of the adjacent fragments and from ghost
virtual orbitals of the adjacent fragments. These wavefunctions are constructed
in the same manner as \I/(A’AB, and \II%’AB, but using either the occupied or virtual

orbitals of the adjacent fragments as given by the upper index. We define the

wavefunctions for the monomers calculated in their own basis as,
on A
vit = A (H w;) (3.2a)
on B
vhP = A <H wg) (3.2b)
b
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where A is the antisymmetriser and {¢/,} and {1} represent the optimised MOs

of the isolated monomers A and B respectively.

A number of many-electron intermediate wavefunctions are defined for the com-
plex AB using combinations of the MOs of the monomers A and B. The first set

0,A/B,Hartree

of wavefunctions of this type, ¥, 5 and @O, Hartree

, are constructed as

the Hartree product of the individual monomer Slater determinant wavefunctions.

This means that interfragmental exchange is not included in the energies of these

two wavefunctions. As before, a key feature of these wavefunctions is the basis in

which the individual monomer MOs are optimised. The wavefunction W'/ #-Hartree

is constructed using the MOs of the individual monomers A and B optimised in
0,AB,Hartree

isolation in their own basis, and the wavefunction ¥ ;5 is constructed using

the monomer MOs optimised in isolation in the full AB basis:

0,A/B,Hartree JA ,B
O/ B Hartree _ [\IJOA -\If%] (3.3a)

q]%gB,Hartree _ |:\I,0A,AB . \IJ%AB} ) (33b)

) . 0,A/B AB 1.
The second set of wavefunctions of this type are ¥ AB/ and \II%B which are
. 0,A/B,Hart _AB,Hart .
constructed in the same manner as ¥, B/ e and \IIOA 50 hut taking the

antisymmetric product of the monomer MOs as,

0,A/B _ ; (q,0,A 1,0,B

WAE — 4 (\IJA Y, ) (3.4a)
0,AB _ ; (1,0,AB 1,0,AB

o :A(\IJA oY ) . (3.4b)

These wavefunctions do not obey the Pauli exclusion principle due to lack of or-

thogonality of the MOs between the different fragments. This presents a source of

difficulty when attempting to rigorously ascribe physical meaningfulness to energy

components that are calculated using these wavefunctions.
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3.3 Common EDA charge densities

In this section we describe the charge densities corresponding to the intermediate
wavefunctions above which are used to provide a description of the NEDA scheme
theory [12; 13; 82; 83]. Similar to the wavefunction indices’ definitions, we use
the lower index to denote the fragment(s) described by the charge density and the
upper index to denote the basis in which the density is constructed. The construc-
tion of charge densities within the NEDA scheme proceeds by decomposition of
the charge density of the AB supermolecule rather than by construction from the
monomer charge densities, and all charge densities of this scheme are calculated
in the full AB basis. We also distinguish densities optimised in isolation by an

upper index zero.

The charge densities n45, n?L{AB and n%’AB describe the charge densities of the

fully optimised AB supermolecule and the isolated monomers A and B respec-
tively. The descriptions of these charge densities complement the commonly used
wavefunctions W43, \I/?L{AB and \I/%AB respectively. The charge density of the AB

supermolecule, n45, is given by,

on A on A
nAB(T) = Zab(r —Ra) =2 [ta(r))?
on B on B

£ 37 Zad(r—Rg) =23 () (3.5
Jé] a

where the nuclei of A and B are located at coordinates R,, and Rz with charge Z,
and Zz respectively, and where {1, } and {t,} are the MOs of A and B respectively.
The isolated monomer charge densities n%"?(r) and n%*”(r) are constructed in a

similar manner as,

on A on B
nGMP (1) = Zad(r —Ra) =2 [¥)(r)]? (3.6a)
on B on B

gt (r) = Zsd(r —Rg) =2 [ (r)) (3.6b)
E b
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where a and b span the MOs {¢/} and {¢;} of the isolated monomers A and B,

and where these MOs have been variationally optimised in the full AB basis.

3.4 Kitaura-Morokuma EDA

The KM scheme [142; 143], extended from the scheme of Morokuma [9], is one
of the earliest energy decomposition analysis schemes developed. This scheme is
a widely used variational scheme limited to the RHF level of theory and which

therefore excludes electronic correlation terms within the decomposition.

3.4.1 Kitaura-Morokuma EDA theory

The decomposition of the interaction energy within the KM EDA consists of the
following terms [142; 143]:

AFE = AFgs + AFgx + AEpor, + AEct + AEyix (37)

where AFgg is the electrostatic interaction between the monomers with their
charge distributions undistorted, A Fgx is the exchange repulsion contribution that
describes the interaction of exchange between the undistorted monomer charge dis-
tributions (and includes the short-range repulsion resulting from orbital overlap
between the two fragments), AEpqy, is the polarisation interaction on distorting
the charge distributions of the monomers in the presence of their neighbouring
monomer, AFEcr is the charge transfer energy that results from electron transfer
from the occupied MOs of one monomer into the virtual MOs of its neighbouring
monomer, and where the term AFyx describes contributions to the interaction

energy that are not ascribable to a particular component.

We express the components of the KM EDA scheme except the charge transfer
component in terms of energy functionals of the common wavefunctions described

above. The electrostatic energy, AFEgg, is evaluated as the Coulomb energy on
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taking the relaxed charge densities of the monomers in isolation to complex geom-

etry,
ABps = B[Wp ") — BV - BVE"] (3.8)

The exchange energy, AFEgy, is taken as the energy on forming the fully antisym-

metrised wavefunction from the Hartree product intermediate wavefunction,
ABix = BN "] = B (3.9)

The definitions of the electrostatic and exchange terms take this general form in
the majority of EDA schemes we discuss. After calculating these two components,
the energy change on restricted variational optimisation of the Hartree product in-
termediate wavefunction leads to calculation of the polarisation energy component

AFEpor,

AEPOL _ E[\Dﬁ/BB,Hartree] . E[\Ij%g/B,Hartree] (31())

A/B,Hartree
B

where the intermediate wavefunction U, is constructed by relaxation of

the fragment orbitals of the Hartree product intermediate wavefunction \11?4’;‘/ B,Hartres
in the field of the neighbouring monomer. This term is denoted A Epr, within the
original KM EDA, but to ensure continuity with the other schemes discussed in

this thesis we term this component AFEpor,. A diagram of the KM EDA scheme

electrostatics, exchange and polarisation components is given within Fig. 3.1.

The charge transfer component is calculated as the energy resulting from charge
transfer from the occupied MOs of one monomer to the virtual MOs of the other
and vice versa. The calculation of this component may be described as the en-
ergy difference between two intermediate wavefunctions: one that includes this
interfragmental interaction, and one that does not. The calculation of this energy
component is more clearly demonstrated by use of modified overlap and Fock ma-

trices for the AB complex. The charge transfer energy component of this scheme
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Figure 3.1: The Kitaura-Morokuma electrostatics, exchange and polarisation
EDA components for the AB complex.

is calculated by setting to zero certain blocks of the complex Fock and overlap
matrices that express specific chemical effects during the iteration cycles. The
matrices of the complex are partitioned into blocks that involve the occupied and
virtual orbitals of each monomer. The contribution of charge transfer effects to
the interaction energy may be calculated as the difference between the energy of
an intermediate set of matrices that have non-zero diagonal blocks which we name

‘ESX’ blocks that give an energy E&5%

, and another set of intermediate matrices
that involve both the diagonal ‘ESX’ blocks and those blocks required to describe
charge transfer effects which we name ‘CT’ blocks with energy E®SX+CT  These

matrices are shown diagrammatically within Fig. 3.2.

ABEcy = EPSXTCT — pESX (3.11)
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occ Avir A occ B vir B occ Avir A occ B vir B
occ A|ESX occ A|ESX CT
vir A ESX vir A ESX| CT
occ B ESX occ B CT |[ESX
vir B ESX| virB | CT ESX

(a) (b)

Figure 3.2: The partitioning of the Fock and overlap matrices for the KM EDA
scheme for the evaluation of the charge transfer component. The set of matrices
(a) that involve only the diagonal exchange and electrostatics interactions pro-
duces the energy E™X and the set of matrices (b) that involve these diagonal
blocks and also the charge transfer blocks produces the energy EFSX+CT  The
labels ‘occ’ and ‘vir’ denote the sets of orbitals that are occupied and virtual
on the monomers A and B.

A remainder ‘mixing’ term is defined to describe the contribution to the interaction

energy not ascribable to any particular component of the scheme,

AEMIX =AF — (AEES + AEPOL + AECT + AEE)() . (312)

The KM theory described herein follows the implementation of Chen and Gor-
don [84]. Treatment of BSSE in this scheme applies the CP correction to the
AFEgx and AEct terms only and the components AFEgs, AEpor, and A FEyx re-
main as in the original KM EDA scheme. This treatment splits the CP correction
to the interaction energy into two: one correction for the exchange component
calculated by including the set of occupied orbitals of the adjacent fragments, and
a second correction for the charge transfer component calculated by including the

set of virtual orbitals of the adjacent fragments. The CP corrections to the AFgx
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term are given as,

AFEgssgEx(4) = B[4 — B[05A ] (3.13a)
AFgssprxp) = E[W)7] — B[0%er] (3.13b)
AFEgssepx = AEBsseex(a) + AEBSsEEX(B) (3.13¢)

and the correction to AFEcr is given as,

AEBgssp.cra) = B[O — B[O%P] (3.14a)
AFgssuorp) = B[WS7] — B[w) 7 (3.14b)
AEgsspcr = ABpssecr(a) + ALBssecrs) - (3.14c)

The calculations of these BSSE components are further described within Fig. 3.3 and 3.4.

0,A/B, Hartree
W AB GD

Pl AE,,
\
0,AB,,. A Epsp JEX(A)
vy, | —» 0
~ /
—_—
—= > BSSE
/
[ \ IIIO’AO“B AEBSSE,EX(B) \PO’B J
N /
~—

0,A/B
lpAB @D

Figure 3.3: The treatment of BSSE for the exchange term within the KM EDA
scheme. A BSSE correction due to the presence of the occupied orbitals of
adjacent monomers is introduced to the exchange term.
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Figure 3.4: The treatment of BSSE for the charge transfer term within the KM
EDA scheme. A BSSE correction due to the presence of the virtual orbitals of
adjacent monomers is introduced to the charge transfer term.
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3.4.2 The extended transition state approach

It is relevant at this point to mention Ziegler and Rauk’s equally important ETS
EDA scheme [101-103] which was developed independently but around the time of
the KM EDA and which share a number of similarities. This scheme approaches
the problem of decomposing the interaction energy by describing an electrostatic
energy component (identical to the AEgg energy component of the KM EDA),
a Pauli exchange repulsion energy term AFp,,;, and an orbital interaction term

AEﬂorb:

AFE = AEgs + AEpai + AEqg, . (3.15)

This decomposition also includes a geometric deformation energy term to distort

the fragment equilibrium geometries to their geometries when in complex. To
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maximise consistency of the definition of AF in this thesis, and due to the simple
evaluation of this component, we do not include this term within Eq. 3.15. The
Pauli exchange repulsion term is related to the exchange energy component of the
KM EDA scheme (see Eq. 3.9), with its evaluation at the DFT level calculated as
the exchange—correlation energy difference between a version of the wavefunction
A/ B Hartree

s in which all the orbitals are Lowdin orthogonalised [144] and the

fragment wavefunctions W% and w%”, [19]
ABpuu =Exe[ W53 ) = (B0 + E€3%]) . (3.16)

The final orbital interaction term contains interaction energy information relating
to the charge transfer and polarisation interaction components and other orbital
mixing interactions. This term is somewhat similar to the mixing term of the
KM EDA as it is calculated as a remainder term that is required for the energy

components to add up to the full interaction energy.

3.4.3 Assessment

A number of issues are observed that relate to the KM EDA scheme. The definition
of the mixing term has no physical equivalent and has the potential to be even
greater in magnitude than the total interaction energy itself [145]. The components
of this decomposition are also observed to be highly basis set dependent and
the charge transfer and polarisation energies are numerically unstable with large
basis sets and at short intermolecular distance [146-148]. This is a result of the
improper antisymmetrisation of the intermediate wavefunctions used in evaluating
these terms: electrons from one fragment are permitted to occupy space already
occupied by the electrons of the other fragment and so the Pauli exclusion principle
remains unenforced [149]. Later EDA schemes such as the reduced variational
space (RVS) analysis [10; 84], CSOV [11; 141], and NEDA [12; 13; 82; 83] schemes

have been developed which attempt to overcome these limitations.
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As seen within other schemes, the description of AFgrg and AFEgx as individual
terms remains problematic due to their wavefunction definitions not obeying the
Pauli principle. These terms are often combined in schemes derived from the KM
EDA to produce a new term that is defined by the addition of the electrostatic
and exchange terms. This combined term avoids the problem of using improperly
antisymmetrised wavefunctions in the decomposition. The AEqcr and AEpor, KM
EDA components are also observed to share the problem of using improperly an-
tisymmetrised wavefunctions in their calculation. These terms may be combined
as a new AFcrprx term which is defined by the addition of the polarisation and
charge transfer components with inclusion of the exchange integral: this is per-
formed in an alternative scheme [150] intended for the analysis of strong transition

metal — ligand interactions.

The ETS scheme has been coupled in recent years with the natural orbitals for
chemical valence (NOCV) approach [151-154] in what is termed ETS-NOCYV [19].
This method allows the orbital interaction energy AF,; to be divided into its
orbital origins and visualised. In this approach, a deformation density matrix de-
scribing the change in density of the AFE,,, interaction is constructed and diago-
nalised to yield NOCVs [19]. Complementary pairs of NOCVs are used to visualise
the interactions, with energetic estimations of these interactions computed from
the KS matrix of a transition state density (midway between the supermolecule
and fragment densities). This approach therefore provides both a qualitative and
quantitative analysis of chemical bonding. The ETS-NOCV scheme has been
applied to organometallic [21; 155-157] and coordination compounds [20; 155—
157], as well as metal-metal bonding [19; 156] and boronic [158; 159] systems.
More unusual organometallic analyses have also been performed using the ETS—
NOCYV approach, including systems involving gold [160] and silver [161] interac-
tions for example. The ETS EDA scheme has also been applied to purely or-
ganic molecules, for example in investigating conjugation and hyperconjugation

stabilisations in conjugated molecules [162], heterobenzene molecules [163; 164],
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benzene [164], five-membered aromatic compounds [164], cyclic and acyclic con-
jugated carbenes [164], and hetero— and anti-aromatic compounds [164]. Addi-
tionally, a number of review articles have been published on applications of the
ETS scheme to both inorganic [165; 166] and organic systems [85; 167]. Other
approaches that seek to provide a measure of the electron density delocalisation
between molecules include the NBO approach [168-172], Bader’s QTAIM [98; 173],
the electron localisation function [174; 175], and the Hirshfeld analysis [176], as

well as the various population analysis schemes [144; 170; 177].

3.5 Reduced variational space EDA

The RVS scheme [10; 84] corrects a number of the unsatisfactory tendencies of the
KM scheme that result as a consequence of the terms not correctly satisfying the
Pauli exclusion principle in their calculation [149]. The CSOV analysis [11; 141] is
similar to the RVS scheme and differs subtly in its treatment of charge transfer and
polarisation. By ensuring proper antisymmetrisation of the wavefunctions of the
decomposition, the Pauli exclusion principle within the RVS scheme is enforced
correctly. Effectively, this scheme combines the electrostatics and exchange terms
of the KM EDA and modifies the evaluations of the polarisation and charge transfer

components.

3.5.1 Reduced variational space EDA theory

The RVS EDA method is closely related to the KM scheme but has a small number
of distinct differences. The first is the inclusion of the electrostatic and exchange
terms as a single ESX contribution (due to the fact that the wavefunctions cor-
responding to the isolated AFEgs and AFEgx not obeying the Pauli principle) [84].
The second is the different restrictions of variational space available for orbital
optimisation to the KM EDA scheme. Lastly, the treatment of BSSE in the RVS
EDA is slightly more complicated than in the KM EDA scheme. Notably, the
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equivalent mixing term, AFygx, to that in the KM EDA scheme has a much
greater tendency to become so small that it becomes insignificant in the RVS

scheme.

The form of the RVS EDA interaction energy partitioning is,
AFE = AFgsx + AEpor, + AEct + AFEMix (3.17)

where the AFggx term is equal to the sum of the AFgrg and AFEgx components

of the KM EDA,

ABgsx = E[W3"] — B[} - E[03”] (3.18)

. . . : 0,A/B
and where the construction of the intermediate wavefunction W, B/ ensures or-

thogonality between the monomers by Gram—Schmidt orthogonalisation [10; 84].
A number of other schemes apply this reduction of terms, including the ALMO
and BLW EDA schemes discussed within this chapter.

The remaining components are modifications to their KM EDA equivalents. The

polarisation energy component differs from the KM EDA evaluation by varia-

tional optimisation of the fully antisymmetrised wavefunction \If%g/ B (rather than

the non—antisymmetrised wavefunction \Ilg{g/ B’Hartree). The subspace available for
variational optimisation of the orbitals is reduced by freezing the occupied orbitals
of the neighbouring monomer and omitting its virtual orbital subspace to prevent
charge transfer. For the two—fragment system AB, orbital optimisation in the

field of the neighbouring monomer produces two wavefunctions \PIZZS_POL(A)’A/ B

and \I/i\];S*POL(B)’A/ B relating to the polarised states of fragments A and B respec-
tively. The polarisation energies for these two wavefunctions are then calculated by
subtraction of the energy of the non—polarised state wavefunction \11?4’2/ B from the

energies of these polarised state wavefunctions. Addition of these two polarisation
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energies produces the total polarisation energy Epor,.

ABporay = B[Why TOMOAB) _ proe%a/?) (3.19a)
AEPOL(B) _ E[mi\gS—POL(B),A/B] . E[qj%g/B] (3.19b)
AEpor, = AEpoL(a) + AEpoL) - (3.19¢)

This is formally a similar process to that within the KM EDA. Within the KM
scheme however, this interaction instead effectively involves the simultaneous po-
larisation of the orbitals of each fragment in the field of their neighbouring fragment

and also excludes an interfragmental exchange contribution.

Repeating a similar process of orbital optimisation but with extension of the vari-
ational space to include the virtual orbitals of the neighbouring fragment allows

RVS—CT(A),A/B

charge transfer to occur, producing the two wavefunctions ¥, and

\Ili\];S_CT(B)’A/ B relating to the polarised and charge transferred states of fragments
A and B respectively. The difference between the energies of these wavefunctions

and their polarised—only counterparts, \IIIZ\JQ,S_POL(A)’A/ P and \IJZ\JQS_POL(B)’A/ B

, pro-
vides the charge transfer energies of fragments A and B. The BSSE contributions
from each fragment for charge transfer are introduced at this point in the decom-
position. We denote the CP corrected charge transfer energies Epsse cr(4) and
FEgsse,ct(p) for the CP correction to charge transfer originating from monomers A
and B respectively, and the total of these two energies as AEpgsp cr. The BSSE
contributions from each fragment are introduced in a form similar to Eqs. 3.14a

and 3.14b. This CP correction is referred to as the CP correction with virtual

orbitals (VCP) in literature [84]. Addition of the BSSE contributions from the
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fragments produces the total charge transfer energy Ecr.ipssE:

AEcrypsspa) =E[Whyy CTAAIB) _ pgRys-roL.a/s

+ AEBssE,cr(4) (3.20a)

AEcTiBssEB) :E[\yi\;s—CT(B),A/B] _ E[\IIE\ES—POL(B),A/B]
+ AEgssk,cr(n) (3.20b)
Acrspsse =AFcrw) + ALorw) - (3.20c)

In the RVS EDA literature [84], the charge transfer component is labelled simply
Ecr. To reinforce that this component includes a BSSE correction contribution

we have relabelled this component as A Ecr,pssg-

The mixing component, A Eyrx, of the RVS EDA is calculated as the difference be-
tween the CP corrected interaction energy and the total of the energy components.

The form of the RVS EDA residual energy is given as,
AEMIX = AER\/S — (AEESX + AEPOL -+ AECT) . (321)

In the RVS literature [84], this residual energy component is termed AFEgrgs. To
maintain consistency with the naming convention of the mixing term of the KM

EDA, we refer to this component as AFEyix.

The CP correction applied to the interaction energy is not the full CP correction,
and its calculation involves use of the virtual orbitals of the partner monomer

rather than its full set of orbitals. The form of the RVS EDA CP corrected

interaction energy is therefore,

AEgys =E[U 4] — E[¥%*) — E[U%P] + AEgsse.cr (3.22)

=BV 5] — B[U5AP] — BlwhAeP] (3.23)

where AFEpgsp cr is the CP correction to the charge transfer component. As the

interaction energy is defined with a partial CP correction, the interaction energy
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obtained from the RVS EDA differs to the interaction energy calculated from the
KM EDA (in which the full CP correction is applied).

3.5.2 Assessment

This approach partially remedies the shortcomings of the KM EDA by use of fully
antisymmetrised intermediate wavefunctions, and the Pauli exclusion principle
is fully enforced within this scheme. However, by reducing the electrostatics and
exchange contributions to one term the level of information provided by the scheme
is decreased. This advantage and disadvantage is present in all KM EDA derived
schemes in which the electrostatic and exchange terms may be combined. Also
the theoretical description of polarisation is extended to include some exchange,
and this may be useful or not depending on the chemical interpretation attributed

to this term.

Despite its improvements upon the KM EDA, this scheme is however currently
limited to the HF level of theory. The closely related CSOV scheme typically used
in the investigation of metallic systems has been used with multi—configurational
SCF (MCSCF) wavefunctions [178], and has been extended from its original HF
implementation [11; 141] to the DFT level [179; 180] by simply using the KS
orbitals in the EDA procedure. Subtle difference in the CSOV analysis theory
cause the polarisation and charge transfer energies to be slightly dependent on
their order of evaluation. Two CSOV analyses are therefore possible for any one
system, and in some cases it is convenient to perform both calculations to validate

results [141].

3.6 Pair interaction EDA

The PIEDA [96] scheme is a reformulation of the original KM EDA approach
in the FMO description of Kitaura et al. [104-107]. The PIEs referred to by

PIEDA are the interaction energies of the fragments produced, and for this reason
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PIEs are also known as interfragment interaction energies (IFIEs) [181]. The FMO
prescription is one that is also naturally well suited to the analyses of large systems

(such as proteins) and hence is of interest for the study of biomolecular systems.

The FMO framework is implemented at many levels of theory, namely the RHF,
DFT, second—order Mgller—Plesset perturbation theory (MP2), CC, MCSCF, time—
dependent DFT (TDDFT), and configuration interaction (CI) theories [182]. This
is also partially inherited within the PIEDA approach and the ability to access
the MP2 and CC correlated levels of theories [106; 182] is of merit to the ap-
proach. The KM EDA-type energy components are however limited to evaluation
at the RHF level of theory, with the addition of a dispersion term AEp; to en-
sure a correct representation of the interaction energy at these correlated levels of

theories.

3.6.1 The fragment molecular orbital and the pair interaction energy

The FMO [104-107] framework is adopted within the PIEDA approach of Fedorov
and Kitaura [96]. There are two different approaches to the construction of the
fragments within FMO theory: an approach based upon the use of hybrid orbital
projection (HOP) operators [104] known as the HOP method, and an alternative
approach using the adaptive frozen orbitals (AFO) [183] scheme. The FMO ap-
proach we describe here is the HOP method which is used in PIEDA and serves

as an introduction to the FMO formalism.

In the FMO approach, selected chemical bonds are detached at an atom with the
two bonding electrons assigned to one of the fragments. Ideally, this detachment
should avoid regions of delocalised charge such as C-N amide bonds in order to
maintain the localised nature of the fragments. The atom retaining this bond is
named the bond attached atom (BAA), and the atom from which this bond is
detached is named the bond detached atom (BDA) [183]. Essentially, the HOP
technique is used in order to prevent the BDA electron density from occupying

the region of the bond that is now occupied by the BAA.
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On the BAA fragment, a pseudoatom replaces the BDA to provide the basis func-
tions used to describe the bond and a proton from the BDA is formally transferred
to this pseudoatom. This transfer does not affect the electrostatic field surrounding

the fragment, and so the total properties of the system remain unaltered.

A brief description of the general FMO formalism and FMO system energy calcu-

lation is as follows [181] :

1. The system is partitioned as determined by the user into a number of frag-

ments with BDAs and BAAs.
2. Initial monomer electron densities are constructed for optimisation.

3. Monomer Fock operators are subsequently constructed using these densities,
and the monomer energies evaluated in the electrostatic field of the surround-

ing fragments.

4. These energies are self-consistently minimised to a converged electrostatic

potential.

5. Two—fragment energy calculations (FMO2) are performed in this potential
and used to evaluate the total energy of the system. These dimer energies

are calculated using the converged fragment densities.

6. Three-fragment calculations (FMO3) may also be performed and used to
calculate the total system energy including three-body effects. Similarly,

these trimer energies are calculated using the converged fragment densities.

The FMO2 total system energy is expressed as a many—body expansion up to

second—order as,

Nfrag Nfrag
EFM02 - ZE[—l— Z(E[J—EI—EJ) (324)
I 1>J

where Np,e is the number of fragments comprising the FMO system, E; and E;

refer to the monomer energies of step 4, and F;; refers to the (non self-consistently



Chapter 3 Current biomolecular energy decomposition analysis approaches 71

obtained) dimer energies of step 5. We can re-express this equation in terms of
pair interaction energies (PIEs) of the fragments by separating out the electrostatic

potential term as,

Nfrag Nfrag Nfrag
EfMO2 =N B+ > (B, - B — E)) + Y tr(ADM V) (3.25)
I I>J 1>J

where £} and E’, are the monomer internal energies and E’; are the dimer inter-
nal energies which exclude the electrostatic interaction energy of the surrounding
fragments, and where tr(AD!7V17) is the interaction energy on density relaxation

in the electrostatic potential of the surrounding fragments, with the density matrix

difference AD!’ given by,
AD" = D" — D' ¢ D’ (3.26)

where D!, D7, and D!’ are the monomer and dimer density matrices respectively
and V17 is the electrostatic potential matrix of the other fragments acting upon
the dimer I.J [182]. The monomer and dimer internal energies are obtained by
subtracting the electrostatic interaction energy due to the surrounding fragments
from the monomer and dimer energies E;, E; and Ej; respectively. For example

in the case of the fragment dimer,
B}, = Er; —tr(DYV!) (3.27)

where tr(D?/V17) is the electrostatic interaction of the surrounding fragments

given by their electron density and nuclei.

The FMO2 energy form of Eq. 3.25 can be re-expressed in terms of internal

monomer energies and PIEs; AE® | as,

Nfrag Nfrag
E™MO2=N"E;+ Y AEY (3.28)
1 1>J
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The PIE of any arbitrary fragment pair I.J is given by,
AE™ = (B}, — B} — E}) + tr(AD"V!) (3.29)

and it is these interaction energies that are decomposed within the PIEDA scheme.

3.6.2 Pair interaction EDA theory

The PIEDA approach divides the interaction in a manner derived from the KM
EDA approach, with the addition of a dispersion term for analyses at levels of

theory above RHF.

PIEDA is available in two types. The first type begins using the densities obtained
by an FMO calculation. The FMO densities are already polarised by construction,
and so PIEDA follows using the KM EDA components described within Eq. 3.7 but
without inclusion of the polarisation component [107]. Within PIEDA, the charge
transfer component is also combined with the mixing component to produce the
component AFcrvrx. An additional dispersion component A Epy is also included
in the PIEDA decomposition. This is added in a straightforward manner when
running a PIEDA calculation at the MP2 or CC levels of theory, and describes
the correlation energy of these theories [182]. PIEDA has also been developed for
system calculations in solution [184]. A solvation contribution AFEgory is calcu-
lated using an approach combining the polarisable continuum model (PCM) with
the FMO framework known as PIEDA /PCM. This contribution describes the sol-
vent screening of the PIEs and is important for obtaining meaningful interaction

analyses [185]. The full form of this PIEDA type is
AEY} = AEgs + AEpx + AEcriwmix + AEpr + AEsory (3.30)

where the interaction energy definition used by PIEDA is the pair interaction

AFE™ described in Eq. 3.29.
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The second (full) type of PIEDA adds a polarisation component AFEpop, to the
EDA components [182]. The calculation of polarisation requires an additional
description of the free state of the fragments. For molecular clusters this is simply
obtained as the molecules in isolation, however for systems that involve bond
partitioning the description is ambiguous. The state for these bond partitioned
fragments uses minimally possible caps, for example in the case of a C-C bond a

methyl cap would be used.

The polarisation energy is separated into a destabilising contribution from the
monomer internal energies F7, and a stabilising contribution from the electro-
static energy component AFEgg of the first PIEDA [96]. A number of polari-
sation coupling terms are included in this EDA, namely polarisation—exchange,
polarisation—dispersion, polarisation—charge transfer and many—body polarisation

terms.

3.6.3 Assessment

As well as the advantage the use of the FMO framework within PIEDA provides by
enabling EDA of larger systems, the use of FMO also allows the evaluation of EDA
components for select regions of molecules through the localised description of the
FMOs. This is a particular benefit of the PIEDA method. The PIEDA method
also includes a number of mixing and coupling terms which may be problematic
to interpret as within the KM EDA. BSSE within the PIEs is also not treated
in the original PIEDA scheme. However, attempts have been made to reduce
the BSSE within the PIEs for example through using model core potentials [186]
and by using a CP approach [123; 187]. A limitation of using a CP approach to
estimate BSSE in fragment based calculations is that many extra calculations are
required to evaluate this. A novel approach that uses a statistical model has also
been proposed [188] to estimate fragment BSSE contributions, thereby reducing

the number of additional calculations required.
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3.7 Absolutely localised molecular orbital EDA and block-

localised wavefunction EDA

3.7.1 The absolutely localised molecular orbital and block—localised

wavefunction

A description of a charge transfer restricted intermediate wavefunction is given by
the ALMO EDA scheme [189] and similar BLW EDA scheme of Mo et al. [80; 89] by
restricted expansion of the MOs in terms of only atomic orbitals (AOs) localised
to a particular fragment. This yields MOs that are localised to each fragment
and that are non—orthogonal between the fragments. The following provides a
description of the construction of a set of ALMOs for two fragments A and B,

with the procedure for the construction of BLW orbitals very similar.

For the subset of AOs localised to each of the fragments A and B, we denote
the basis function index within a given subset as p. The occupied MOs of each

fragment are expanded in terms of their respective localised AOs,

|¢AZ> = |¢AM>MA£Z' (331&)

Vi) = |pp) ML, (3.31b)

where M A]’;i represents the MO coefficients which are constrained to equal zero for
A # B, and where |1)4;) represents a MO localised on fragment A [189]. This or-
bital expansion constraint ensures a localised MO description on the fragments in
a similar fashion to the localisation of AOs on atoms. This expansion also ensures
no borrowing of AOs from other fragments to compensate for basis set incomplete-
ness, therefore following this description does not result in basis set superposition

error (BSSE) and consequential artificial lowering of interaction energy.

The theory underlying the construction of ALMOs is closely related to that of
the block-localised MOs of Mo et al. [80; 89] (the BLW method). The ALMO

and BLW wavefunctions may be considered almost identical in their construction,
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differing by the method of orbital optimisation within the theories. The procedure
by which the ALMOs are variationally optimised is known as SCF for molecular
interactions (SCF MI) [189-191]. Orbital optimisation within the BLW approach
may follow a similar procedure [190; 192-194], or may be achieved by successive
Jacobi rotation [195]. Despite the similarities that exist in the construction of these
wavefunctions, a number of small differences are observed in the EDA schemes they

are used within as we discuss in the sections dedicated to each method.

3.7.2 Absolutely localised molecular orbital and block—localised wave-

function EDA theory

In the ALMO EDA decomposition, the total binding energy AFE is expressed by

addition of the individual decomposition components [15],

AFE = AEFRZ + AEPOL + AECT (332)

where the frozen density component AFEprz describes the exchange and electro-
static interaction of the frozen charge densities when taken to complex geometry
and is retermed the Heitler-London energy AFEy;, within the BLW EDA [89]. We

refer to this component as AFpryz within this thesis.

In order to evaluate the polarisation and charge transfer components, intermediate
wavefunctions WAEMO and WBLW are constructed for the system. This construction
given earlier within Eq. 3.31 follows similar processes within both the ALMO and
BLW approaches. Relaxation of the MOs of the common wavefunction \Ilg"g/ &
ensuring conformity to the restricted MO expansion requirement of these ALMO
and BLW descriptions when applied to each fragment results in construction of

the new intermediate wavefunctions WAEMO and WBLW respectively.

Both the ALMO and BLW EDA schemes include a geometric distortion energy
term associated with the distortion of the monomer nuclear geometries at infinite

separation to that found when in complex which provides an additional energy
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contribution to AE. Within the ALMO EDA scheme this energy component is
referred to as the geometric distortion term, A Egp, and as the deformation energy
AFEq4er within the BLW EDA scheme (of significantly different physical interpreta-
tion to that of the term of the same name in the NEDA scheme). Including such
an important term has obvious implications on the evaluation of the interaction
energy. As this term may be considered a simple additional component to our
standardised description of the interaction energy, we will not include these terms

within our discussion of the theory of the schemes.

Similarly, a dispersion contribution A Eg;s, obtainable as a simple ad-hoc procedure
is introduced within the BLW EDA scheme and therefore is also not included
within our theory discussion. This term is simply evaluated as the difference
in energy obtained on performing higher level QM calculations that account for

correlation effects above the HF and DF'T theory EDA level of theory.

We may express the components of the ALMO and BLW EDA schemes in terms
of energy functionals of the common wavefunctions and the wavefunctions W4EMO
and WEBDW described above. The frozen density component, AFEpgyz, is defined

simply as the energy change on complexation of the monomers without allowing

for orbital relaxation,
AFEgprz = B[0P — E[W%4) — B[0P . (3.33)

The frozen density term may also be expressed also as a sum of a Coulomb (A Fgg)
term and an exchange term within HF theory or an exchange-correlation term

within DFT (AEEX/XC) as,
AEFRZ = AEES + AEEX/XC (334)

where these components are not computed explicitly in the ALMO implementa-
tion [15] but are within the BLW implementation [89]. The BLW EDA descrip-

tions of these electrostatic and exchange contributions are noted as being identical
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in their evaluation to that of their KM EDA counterparts given within Eqgs. 3.8
and 3.9. The exchange—correlation analogue to the Hartree product is adopted at

the DF'T level to evaluate AFxc. Within the ALMO and BLW literatures, this

electrostatic component is termed Agrs and Age respectively.

The use of ALMOs in the expression of E[W4EMO] constrains the variations to
intramolecular contributions. Charge transfer is prevented through use of this in-
termediate wavefunction description whilst allowing polarisation of the MOs. The
energy lowering from \Il?q’g/ P to WALMO g therefore equal to the energy stabilisation

on orbital polarisation,

AFEpor, = E[U4MO) — B[0%a/P] (3.35)

The final energy component of the decomposition is the charge transfer energy.

The contribution of charge transfer is calculated as,
AFEcr = B[V 5] — E[VARMO] + AEgsse (3.36)

This term includes the CP correction accounting for the BSSE. The introduction
of the BSSE at this stage in the decomposition is justified by the fact that this
error needs to be corrected for and that it can be considered as an artificial type

of charge transfer. The BSSE associated with this interaction is defined as,

AFgsse(A) = B[W%" — E[0%Y7) (3.37a)
AFEgsse(B) = B[93°] — B0} (3.37b)
AFEgssg = AEpsse(A) + AEpsse(B) . (3.37¢)

Similar approaches are also taken to evaluate the AFEpor, and AFEcr components
of the BLW scheme, instead using the intermediate wavefunction E[¥B3V] rather
than E[U4EMO]. The decomposition of AE into these three energy components is

shown within Fig. 3.5 and 3.6.
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Figure 3.5: The ALMO EDA and BLW EDA scheme for a complex AB.

3.7.3 Assessment

The ALMO EDA scheme relies solely on the use of fully antisymmetrised wave-

functions, therefore obeying the Pauli exclusion principle and avoiding related

issues that are observed within the KM EDA and similar schemes. The wavefunc-

tion ¥

0,A/B,Hartree

adopted within the BLW EDA scheme does not satisfy the Pauli

exclusion principle and so the electrostatic and exchange components (which this
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Figure 3.6: The treatment of charge transfer within the ALMO EDA and BLW
EDA schemes. The (positive) BSSE is introduced to the charge transfer term be-
cause both BSSE and charge transfer are effects resulting from the delocalisation
of monomer MOs, caused by including basis functions from the neighbouring
fragments.

wavefunction is used to calculate) are often combined to form one single energy
component as within the ALMO EDA to avoid its use. It is however noted that
the combining of these terms by the ALMO EDA and other schemes may limit the
information provided, with schemes that make this separation such as the BLW
EDA scheme providing greater partitioning ability at the cost of less well defined

electrostatic and exchange energy components.

A relatively recent extension to the ALMO EDA [196] has been developed that al-
lows the isolation of forward and back charge donation quantities using the concept
of chemically significant complementary occupied—virtual orbital pairs. The orig-
inal ALMO EDA scheme also provides a treatment for the charge transfer back

and forward donation energies. This involves performing a single non-iterative
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Roothaan step correction to estimate charge transfer between the fragments of
the system, with a higher order correction included to ensure the fragment charge
transfer energies add up to the full ALMO EDA charge transfer energy [15]. Charge
transfer has also been quantified in BLW EDA studies by Mulliken, Lowdin and
natural population analyses [197-199]. The ability to evaluate charge transfer
quantities in addition to energies further enhances the picture of chemical bond-

ing these methods provide.

3.8 Natural EDA

The NBO approach of Weinhold et al. [168; 170] is used as the basis in the
NEDA [12; 13; 82; 83] scheme. The use of the NBO basis results in a wave-
function which follows the classic Lewis interpretation of bonds and lone-pairs.
Although a number of the components of this scheme are similar to those within
the KM EDA scheme, NEDA does not variationally optimise any of its intermedi-
ate wavefunctions and this results in a number of artefacts in the values observed

when using the NEDA scheme that will be discussed later.

In the following sections, we introduce the concept of the NBO, following which we
provide a detailed overview of the NEDA approach. In its latest implementation
NEDA takes the form of both a five-term energy decomposition [82] and a three-
term energy decomposition [83] by reformulation of the components of the five-

term energy decomposition.

3.8.1 The natural bond orbital basis set

The NBO basis of Weinhold et al. [168; 170] adopted within the NEDA scheme [12;
13; 82; 83] describes a set of almost doubly occupied localised orbitals formed by
transformation of the full set of MOs. In this way an optimal Lewis description

of the electronic wavefunction under study is produced. The vast majority of
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total charge density is accounted for by the bonding NBOs, with the remainder
described by Rydberg and antibonding NBOs.

Construction of the NBO basis involves the progressive transformation of the
atomic orbital basis into localised functions. This begins with the initial transfor-
mation of the atomic orbital basis set into natural atomic orbitals (NAOs) of opti-
mised occupancy by occupancy—weighted symmetric orthogonalisation (OWSO) [169;
170; 200]. For a set of atomic orbitals {|¢;)}, a set of NAOs {|%;)} is constructed

as,

{100} = {l¢:)} Cowso (3.38)

where Cowso is a coefficient matrix that orthogonalises the initial basis whilst

variationally minimising the square root deviation
> wili — ol (3.39)

between this basis and the orthogonalised basis in an occupancy-weighted manner,
where w; > O is the occupancy of orbital ¢;. The process ensures that low oc-
cupancy orbitals are able to freely distort in the orthogonalisation transformation

whilst high occupancy orbitals maintain their shape [170].

This set of high-occupancy core and valence orbitals and low-occupancy Rydberg
orbitals are then linearly combined to form an optimal orthonormal set of natural

hybrid orbitals (NHOs) {hx} which are directional and point along chemical bonds,
hx(r) = Z “a;’pi(r) (3.40)
ieX

where %; are the expansion coefficients of the NAOs and where the expansion

spans all NAOs on the atom X.
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Linear combination of the NHOs results in construction of a set of 2-centre bonding

NBOs,
QOXy(I‘) = axhx(r) + ayhy<r) (341)

where the polarisation coefficients ax and ay satisfy a% + a3 = 1. Construction
of similar antibonding NBOs to orthogonally complement the bonding NBOs is

achieved as,
(pxy*(r> = (thx(r) — ayhy<1‘) . (342)

The polarisation coefficients describe the polarisation of the NBO, and it is possible

for one—centre NBOs to exist where ax = 1 and ay = 0.

3.8.2 The five—term natural EDA theory

In the five-term NEDA scheme, the decomposition of the interaction energy is of

the form,
AFE = AFEgs + AEpor, + AEct + AEE)(/XC + AEpgp (343)
where AFgx/xc is the exchange or exchange-correlation contribution in the HF

and DFT cases respectively.

From the common charge densities described earlier, the (CP corrected) interaction

energy may be expressed using energy functionals as,
AFE = E[n4%] — Em%*?] — En%*?] (3.44)

where E[n] denotes a KS energy functional of charge density n(r) and where

n%*P (r) and n%*” (r) represent the charge densities of the unperturbed monomers

A and B.
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The intermediate charge densities used in the evaluation of the NEDA components

are calculated after transforming the KS matrix of the supermolecule to the NBO

basis. The charge density associated with the monomer A perturbed in the field
AB

of the other monomer B, n%”(r), is calculated from the variationally optimised

AB supermolecule state and is expressed as,

on A on A

PAP() =3 Zab(r = Ra) =23 [alr) (3.45)

where summations occur over all nuclei and orbitals comprising monomer A only
and where 1, are the eigenvectors of the (diagonal) monomer A block of the
full NBO KS matrix with these orbitals mutually orthogonal across each of the
individual monomers [13; 83]. The equivalent charge density for monomer B,

naB(r), is constructed in a similar fashion.

The localised (CT-restricted) charge density nfEAB(r) is calculated from the charge

densities associated with the individual perturbed monomers as,
iyt (r) = P (r) + ng”(r) (3.46)

This differs from the total charge density of the fully interacting state as the
AB NBO KS matrix is observed to be block non-diagonal, with the presence of
off-diagonal elements representing interfragmental delocalisation interactions (as

shown in Fig. 3.7).

From the charge densities described we can define the charge transfer (AEct) and

deformation (AEpgr) components of the NEDA scheme as,

AEor = E[njg] — Elni;""] (3.47)
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Figure 3.7: The partitioning of the NBO Fock matrix for the AB complex
involved in the construction of the nngB(r) charge density. Delocalising in-
teractions described by the hashed blocks of the Fock matrix are not included
in this charge density construction, where the labels ‘occ’ and ‘vir’ denote the

sets of orbitals that are occupied and virtual on the monomers A and B.

AEpgr) = B[ni"] — E[n""] (3.482)
AEpgrs) = Elng”] - Elng"”] (3.48h)
AEpgr = AEpgr(a) + AEprr®) - (3.48¢)

Whilst the charge transfer and deformation components of the NEDA scheme
implemented at the DFT and HF levels of theory are identical, differences exist
in the interpretation of the remaining contribution to the interaction energy [13].
The remaining contribution to the interaction energy given by Eq. 3.44 is shown

to be that of the interaction of the perturbed monomer charge densities,
AF — AEcr — ABpgr = En'sy??] — (B4P] + E[ng?]) . (3.49)

We can consider this to represent both the classical Coulombic interaction of the

permanent and induced multipoles of the monomer units (i.e. a combination of the
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Figure 3.8: The evaluation of AEpgr for a complex AB. Non—classical effects of
polarisation are captured within the AFEpgr component along with intrafrag-
mental electrostatic energy effects.

electrostatic (AFgs) and polarisation (AEpoy,) contributions), and the quantum

exchange-correlation (AFExc) contribution,

AFE — AEct — AEpgr = AFEgs + AFEpor, + AExc . (350)

The classical contribution to this remainder of the interaction energy can be ex-

pressed simply as,

AB AB (..
AEgs + ABEpop, = / / o |ir):1fl|(r)drdr’ . (3.51)

The electrostatic (AEgg) contribution is isolated from this contribution as,

0,AB 0,AB/_/
ABpg = / / D4 |(r)”B &) grar’ (3.52)

r—r|

where A Fgg describes the interaction of the unperturbed monomer charge den-
sities and therefore the interaction of the permanent multipoles of the monomer

units [83]. The AEpoy, contribution may similarly be partitioned and expressed
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as,

OAB OAB( /)
AFEpor, = // |I‘ — I"| d dr’ — // |I‘ - drdr’ . (3.53)

where A Epor, describes the extra electrostatic interaction on polarising the charge
densities of the separated fragments in the field of the other fragments when in
complex [82]. In this regard, we can consider AEpor, to be an interfragmental
interaction and A Epgr to be an intrafragmental interaction. The remaining A Fxc

term accounts for the intermolecular electron exchange—correlation interactions,
A
ABExc =Ex [0'55"7] — (Be[n4P] + Exc[ni?]) (3.54)

where within the HF /NEDA scheme this term is substituted with the term AFEgx

of HF exchange origin,

onAonB

ABgx = =2 ) (ablba) (3.55)

which neglects the electron correlation contribution [13; 82].

3.8.3 The self polarisation energy term and the three—term natural

EDA

A penalty term associated with the energy cost to polarise the unperturbed monomers
to their perturbed charge densities is also included within the NEDA scheme
named the self (polarisation) energy, (AFEsg) [83]. Interpretation of the AFEpgr
component is somewhat problematic as this component includes both the contribu-
tion of Pauli repulsions to the interaction energy, as well as the contribution from
the self energy penalty. It is sometimes useful to separate these contributions as the
isolation of this penalty energy from the AFEpgr component allows the reduction of
the interaction energy expression of Eq. 3.43 into three components: an electrical

interaction (AFEgy), charge transfer (AEct), and core repulsions (AEcorg)-
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The induced monomer charge density on monomer A, Any(r), is defined as the
difference in the charge densities associated with the perturbed and unperturbed

monomer A,
AndP(r) =n4P(r) — a5 (r) . (3.56)

From this we define the self energy as the energy cost in forming the induced

monomer charge density in the presence of the other monomers, [83]

AnA
ABgp(n) = // A |r_r,| 50 (3.57a)

AFEsg =AEspa) + AEsg®) (3.57Db)

where the self energy for monomer B is evaluated in a complementary manner
to that for monomer A. The calculation of this interaction is also shown within

Fig. 3.9. The reformulation of the energy decomposition in terms of electrical inter-

Ve
\/ AniB,ngB
N

Figure 3.9: The evaluation of self energy component for a monomer A in the
field of monomer B. This component is a portion of the deformation component
that is electrical in origin, with the remainder of the deformation component
resulting from Pauli repulsion contributions.



88 Chapter 3 Current biomolecular energy decomposition analysis approaches

action (AFEgy), charge transfer (AEqr) and core repulsions (AEcogrg) is achieved

by collection of terms as, [83]

AFg;, = AFEgs + AFEpor, + AFEsk (358&)
AFEcorg = AEprr + ABxc — AEsy (3.58b)
AFE = AFg, + AEct + AEcore - (358C)

The five-term NEDA scheme can also be described schematically as within Fig. 3.10.

3.8.4 Assessment

A number of notable differences exist between the NEDA and KM derived schemes.
One key difference is that the NEDA scheme undertakes the decomposition using
only wavefunctions originating from the complex and fragment Fock matrix, avoid-
ing use of variationally optimised intermediate wavefunctions. Lack of variational
relaxation of the intermediate wavefunctions leads to a general overestimation of
charge transfer values and underestimation of polarisation values [15; 80]: varia-
tional optimisation of the equivalent localised state used to evaluate the charge
transfer and polarisation terms of the ALMO and BLW EDA schemes avoids this

problem for example.

Significantly, the polarisation term of the NEDA scheme is purely electrostatic in
origin, while intramolecular electron exchange (or exchange-correlation) effects of
polarisation are captured within the deformation component AEpgr (Fig. 3.8),
and the remaining intermolecular exchange contribution contained within a por-

tion of the exchange component AFEgx /xc.
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Figure 3.10: The NEDA scheme for a complex AB.

3.9 Symmetry-adapted perturbation theory

3.9.1 SAPT theory

In contrast to the intermediate wavefunction approach of the variational based

EDA schemes, symmetry-adapted perturbation theory (SAPT) is presented as
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a perturbative expression of the interaction energy in terms of components of

chemical interest [17; 18].

The description of SAPT here will focus upon what is usually termed the SAPT(0)
approach. The approach assumes the Mgller-Plesset fluctuation operators, W, and
Wg, to not contribute to the interaction energy and provides a concise introductory

description of the SAPT formalism.

The SAPT expression for the Hamiltonian of a complex AB is
H=Hy+ Hg+EEWa+Wg+(CV (3.59)

where the intermolecular Coulomb operator is expressed as

onA onB on B on A

vzzzﬁ+zm<b>+2@3<a>+vﬁ (3.60)
a b a b a

where,

R Zo
on B
. Z Z
B

and where V{ is the nucleus—nucleus interaction energy between fragments A and

B [201].

A symmetrised Rayleigh-Schrodinger (SRS) perturbative expansion with respect
to the perturbation parameters &, n, and ( defines the SAPT approach with the
interaction energy expressed as
AE =" (B +EW) (3.62)
i=0 j=0
where the El(;é) are the polarisation expansion terms and j is the monomer fluc-

tuation potential index and 7 the intermolecular perturbation index. The SRS
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expansion results in each EI%) term having an associated exchange term, Eéi{:)h,
to force antisymmetrisation in order to project away Pauli—forbidden components

from the interaction energy [18].

Within the SAPT(0) approach, the conditions of £ = n = 0 are enforced. This

results in an interaction energy SRS expansion of the form

(Wo|cV A | w(0))
AB(() = -
(wo|dan|w(0))

where W is the Hartree product of the monomer wavefunctions and ¥, is equal to

(3.63)

U evaluated with the restriction ¢ = 0. The antisymmetriser A ap 18 introduced

to project away the Pauli—forbidden components of the wavefunction .

The SAPT(0) interaction energy up to the second-order with renaming of terms

(cf. Eq. 3.62) may be expressed as

+ E2)

exch

AESAPT(0) _ E(l) + E(l)

elst exc

w+ B

pol

(3.64)

. . . 2 . .
The second—order energy correction polarisation term, E;()o)p is formed of an induc-

tion and a dispersion contribution

E(2) _ E.(2C)1 + E(2)

pol — i disp

(3.65)

where Ei(i)i is the energy of polarising each monomer in the field of the frozen

charge density of the other monomer, and where Egs)p is the dispersion correction
of the MP2 correlation energy—like form. The induction energy may be expressed

as
EZ = EZ(A «— B) + EZ)(B « A) (3.66)

where A <« B represents polarisation of the charge density of A in the field of

the frozen charge density of B and B « A represents polarisation of the charge
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density of B in the field of the frozen charge density of A [17]. Specifically for the

polarisation of A in the field of the frozen charge density of B,

ESN (A« B) =2 to(wp)ar (3.67)
where,
(WB)ar =(0B)ar + Z (ablrb) (3.68a)
b
tyy = WB)ar (3.68b)
€4 — €

The case of the polarisation of B in the field of the frozen charge density of A is
of similar but opposite form. The second—order correction for dispersion is given

by

on A onB

(ab|rs) (rs|ab)
: 3.69
dlbp Zzs:ga—i_gb_ar_gs ( )

The second—order exchange correction similarly contains dispersion and induction

(2)
components L 7, .

found in the literature [17; 18].

q and Eexih disp Tespectively, and the forms of these may be

Substituting the SAPT(0) MOs with KS MOs in the above equations results
in a method named SAPT(KS) [202]. The SAPT(KS) approach is noted how-
ever as failing to properly reproduce the dispersion energies of the original SAPT
scheme [25; 203-205]. This scheme differs from the SAPT(DFT) [25; 203-205] ap-
proach in which the dispersion interaction of Eq. 3.69 are obtained from frequency—

dependent density susceptibility (FDDS) functions from TD-DFT calculations.

3.9.2 SAPT treatment of polarisation and charge transfer

Normally, the polarisation and charge transfer contributions to the interaction

energy are described within the induction energy. These components may be
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isolated in an ALMO-like approach that considers the induction energy as repre-
senting solely the polarisation contribution when evaluated with the basis set of
each fragment limited to its own basis functions [90; 206]. This basis is termed
the monomer—centered basis set (MCBS) and the basis with each fragment able
to use all basis functions of the full supermolecule is termed the dimer—centered
basis set (DCBS). The partitioned charge transfer (E.;) and polarisation' (Ep)

terms of SAPT are calculated as

1

Epol = E'(jc)i,MCBs (3.70a)

2 2
Ee = E'(nc)l,DCBS - Ei(nc)l,MCBS (3-7Ob)

1

2§’DCBS are the induction energies Ei(fc)l calculated in the

where Ei(rii,MCBS and Ei(n

MCBS and DCBS respectively. Exchange parts of the polarisation and charge
transfer terms are calculated in a similar manner from the exchange induction

correction E'? q in the MCBS and DCBS also.

exch—in

3.9.3 Assessment

With recent developments permitting SAPT at the DFT level of theory, this
method is becoming a viable alternative to the variational based approaches [203;
204]. As a perturbative treatment of the interaction energy, SAPT inherently dif-
fers from the variational approaches in a number of ways. Notably, the SAPT
descriptions of polarisation and charge transfer differ from the variational meth-
ods we have discussed by implicitly including dispersion contributions within this

term [15].

! We note that the polarisation term Epor is different to the second—order energy correction term
EE}?I described earlier.
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3.10 Natural bond orbital second—order perturbation the-

ory analysis

A notable asset of the NBO package (of which NEDA belongs) is its ability to cal-
culate second—order perturbation theory energies for a particular donor-acceptor
NBO pair [172; 200]. This low—order perturbative correction provides an estimate
for the charge transfer contribution of an NBO pair (from a bonding to an anti—
bonding NBO) to the total interaction energy. This energy is expressed by the
equation,

—w;| Fjj|?
D D)

@) _
AEY = (3.71)

J (2

where w; is the donor orbital occupancy (approximately 2), F;; is Fock matrix ele-

ment for the donor-acceptor orbital interaction, and €§L) and 5§-NL)

are the energies
of the donor and acceptor orbitals respectively. In this manner, the chemist is able
to gain useful insight into the non-Lewis interaction of an atom within a molecule

with neighbouring functional groups, and therefore allows the study of particular

functional groups of chemical interest.



Chapter 4

An evaluation of current
biomolecular energy
decomposition analysis

approaches

A primary focus of the work in this thesis concerns the development of an EDA
scheme for the analysis of large-scale biomolecular systems. As such, we begin
by investigating the advantages and disadvantages of a number of popular EDA
schemes using a series of systems of interest within the field of drug design. We
aim to identify the EDA approaches which are most suitable for biomolecular ap-
plications by considering a number of criteria. These criteria include the schemes’
abilities to describe the interaction energy with chemically useful energy compo-

nents, physically reasonable energy values, and with minimal basis set dependence.

Specifically, we have calculated the energy components using the Kitaura-Morokuma
(KM) EDA, reduced variational space (RVS) EDA, absolutely localised molecular
orbital (ALMO) EDA natural EDA (NEDA), and symmetry-adapted perturbation

theory (SAPT) schemes applied to 23 small test systems of biomolecular relevance.

95
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As the PIEDA scheme is essentially identical to the KM EDA for molecular frag-
ments, we did not include this in our study. Also, because the NBO second—order
perturbation theory is a charge transfer analysis tool and not a full variational or
perturbation EDA scheme we have not included results of this approach in our

work.

The test systems we have included for study have been selected based on their
relevance to biomolecular studies whilst maintaining small size. These model sys-
tems express key interactions typically found within ligand—host systems, such as
hydrogen bonding, 7—7 and halogen interactions. These chosen systems are im-
portant to understanding trends in the EDA results and to correlate these with
chemical common sense. Of key consideration in drug design are effects resulting
from hydrogen bonding and dispersion interactions [207; 208]. We have included
a number of systems in our work that express these interactions, which we have
arranged into 6 congeneric series test sets that are expected to follow key trends

in bonding character.

4.1 Calculations

Starting geometries were chosen with the expectation that the test sets would ide-
ally follow a congeneric trend on geometry optimisation. Geometry optimisation
was performed at the BLYP-D3/6-311G* level of theory on all structures using the
NWCHEM ab initio package [55]. The —D3 correction for dispersion of Grimme
et al. [209] was used in order to properly model the dispersion interactions espe-
cially observed in the case of the 7— interacting systems. The BLYP functional
was chosen due to its minimal mean absolute deviation (MAD) [209] for the S22

benchmark dataset [210] when using the ~D3 correction.

EDA was subsequently performed on the geometry optimised structures at the
same BLYP-D3/6-311G* level of theory at which the geometries were optimised
for the ALMO EDA, NEDA and SAPT(KS) schemes, and at the HF /6-311G* level
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Table 4.1: Test set 1 (hydrogen bonding interactions) BLYP-
D3/6-311G* geometry optimised systems for EDA (intermolec-
ular distances are given in A)

System Figure

1.91
Water — Water

Water — Methanol

é
Methanol — Methanol
1.89
%

Water — Ammonia

for the KM EDA and RVS EDA schemes. The KM EDA polarisation component
does not obey the Pauli principle and it is possible for valence electrons to collapse
into the partner fragment’s core orbitals [146-148]. To prevent this and to allow
energy convergence, the calculations of the KM EDA and RVS EDA components
for the benzene — Lit system were performed without d polarisation functions on
the lithium atom. The optimised geometries of the systems studied using EDA
are shown within Tables 4.1 to 4.6, and further information of preparation of the

systems in test set 6 is provided in the footnote! below.

!The systems of test set 6 were obtained in a manner that maintained a geometric trend in the series.
These were obtained by finding the BLYP-D3/6-311G* energy minima with regard to intermolecular
separation of the frozen monomers when in the T—shaped conformation. The frozen monomer geome-
tries were taken as the monomer structure’s geometry optimised in isolation at the BLYP-D3/6-311G*
level. The T—shaped conformation is described by the benzene monomer at a 90° angle to the partner
halogenated benzene monomer, with the halogen in the axis of the benzene 7 cloud (i.e. directly centred
above the geometric average of the benzene carbon atoms). The benzene — fluorobenzene system is the
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Table 4.2: Test set 2 (water—cations) BLYP-D3/6-311G* geom-
etry optimised systems for EDA (intermolecular distances are
given in A)

System Figure

1.60
Water — Ammonium
1.84
Water — Lit
2.21
Water — Na™t
W

Water — KT

NEDA, KM EDA and RVS EDA calculations were performed on the structures us-
ing the GAMESS-US [56] ab initio package and ALMO EDA and SAPT(KS) [201;
211] calculations were performed using the Q-CHEM [54] package. The locally pro-
jected SCF equations of Gianinetti [189; 190] were used in the ALMO approxima-
tion of the ALMO EDA, and partitioning of the charge transfer and polarisation
components of the SAPT(KS) approach from the induction energy was achieved
using Egs. 3.70a and 3.70b.

only system of test set 6 not to have a o hole present on the halogen, and using this approach allows us
to compare the effect of the o hole feature on the EDA components.
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Table 4.3: Test set 3 (ammonium-7 systems) BLYP-D3/6-311G* geometry
optimised systems for EDA (intermolecular distances are given in A)

System Figure

Ammonium — Benzene?

Ammonium — Thiophene

Ammonium — Furan

2.94

Ammonium — Pyrrole 2.94

& The benzene — ammonium system of test set 3 is also contained within test set
4.

4.2 Analysis

Within this section, we compare the trends of the various EDA components within
each congeneric series. Our goal is to examine the chemical relevance of each EDA
method for the different series. An ‘ideal’ EDA would be expected to produce

results that agree with chemical intuition in obvious cases and produce sensible
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Table 4.4: Test set 4 (m—cations) BLYP-D3/6-311G* geometry
optimised systems for EDA (intermolecular distances are given in

A)
System Figure

Benzene — Ammonium?

Benzene — LiT

3.16

Benzene — Nat

Benzene — Kt 3.78

& The benzene — ammonium system of test set 3 is also contained within
test set 4.

energy components in more difficult cases where chemical intuition is less obvious.
Plots of the EDA results for the test sets are given in Fig. 4.1, 4.2 and 4.3, and

energy values are provided in Tables A.1 to A.9 of the Appendix.
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Figure 4.1: Converged EDA component values (in kcal/mol) of the test sets 1
and 2. The results of test set 1 are given by plots (a), (c), (e), (g) and (i), and test
set 2 by plots (b), (d), (f), (b) and (j). The EDA results of the electrostatic com-
ponents are shown within plots (a) and (b), the exchange/exchange—correlation
components within plots (c) and (d), the Heitler-London interaction compo-
nents within plots (e) and (f), the polarisation components within plots (g) and
(h), and the charge transfer components within plots (i) and (j). The NEDA
polarisation energies corrected with self energy term are given by POL+SE
within plots (g) and (h). The green bars of the polarisation and charge trans-
fer plots (g)—(j) represent the SAPT(KS) contributions, where the non-hashed
bars represent the electrostatic contribution of this term only and where the
hashed bars also include exchange in this term. The full BLYP-D3/6-311G*

level interaction energy AFE is given within plots (a) and (b).
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Figure 4.2: Converged EDA component values (in kcal/mol) of the test sets 3
and 4. The results of test set 3 are given by plots (a), (c), (e), (g) and (i), and test
set 4 by plots (b), (d), (f), (h) and (j). The EDA results of the electrostatic com-
ponents are shown within plots (a) and (b), the exchange/exchange—correlation
components within plots (c) and (d), the Heitler-London interaction compo-
nents within plots (e) and (f), the polarisation components within plots (g) and
(h), and the charge transfer components within plots (i) and (j). The NEDA
polarisation energies corrected with self energy term are given by POL+4SE
within plots (g) and (h). The green bars of the polarisation and charge trans-
fer plots (g)—(j) represent the SAPT(KS) contributions, where the non-hashed
bars represent the electrostatic contribution of this term only and where the
hashed bars also include exchange in this term. The full BLYP-D3/6-311G*
level interaction energy AFE is given within plots (a) and (b).
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Figure 4.3: Converged EDA component values (in kcal/mol) of the test sets 5
and 6. The results of test set 5 are given by plots (a), (c), (e), (g) and (i), and
test set 6 by plots (b), (d), (f), (h) and (j). ‘Bz Bz (p-displaced)’ represents the
parallel displaced benzene dimer. The EDA results of the electrostatic compo-
nents are shown within plots (a) and (b), the exchange/exchange—correlation
components within plots (c¢) and (d), the Heitler-London interaction compo-
nents within plots (e) and (f), the polarisation components within plots (g) and
(h), and the charge transfer components within plots (i) and (j). The NEDA
polarisation energies corrected with self energy term are given by POL+SE
within plots (g) and (h). The green bars of the polarisation and charge trans-
fer plots (g)—(j) represent the SAPT(KS) contributions, where the non-hashed
bars represent the electrostatic contribution of this term only and where the
hashed bars also include exchange in this term. The full BLYP-D3/6-311G*

level interaction energy AF is given within plots (a) and (b).
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Table 4.5: Test set 5 (7 interacting systems) BLYP-D3/6-311G*
geometry optimised systems for EDA (intermolecular distances
are given in A)

System Figure

Benzene — Benzene
(T—Shaped)

Benzene — Benzene
(Parallel Displaced)

Benzene — Pyridine

Benzene — Pyrimidine

Benzene —
Dimethylacetamide

4.2.1 Test Set 1: Hydrogen bonding interactions

This test set focusses on the hydrogen bonding interactions of water dimer derived

systems, specifically the water dimer, water — methanol, methanol — methanol,
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Table 4.6: Test set 6 (halogenated systems) BLYP-D3/6-
311G* geometry optimised systems for EDA (intermolec-
ular distances are given in A)

System Figure

Benzene —
Fluorobenzene

Benzene —
Chlorobenzene

Benzene —
Bromobenzene

and water — ammonia systems in the geometries shown in Table 4.1. A number
of studies concerning the covalency of hydrogen bonding in water have been pub-
lished [212-219]. EDA allows insight into the covalency of this interaction through

the charge transfer component.

In Fig. 4.1(a) we observe that the electrostatics of the water dimer, water —
methanol and methanol dimer systems are similar (within 0.52 kcal/mol at the
NEDA/SAPT(KS) level and 1.05 kcal/mol at the KM EDA level), and that the
water — ammonia system electrostatic energy is more stabilising than the water —
methanol system by 3.81 kcal/mol at the NEDA/SAPT(KS) level and 5.44 kcal/-
mol at the KM EDA level. We would expect that as oxygen is more electronegative
than nitrogen this would give rise to a greater dipole moment than for the final
nitrogen containing ammonia interacting system and hence a higher electrostatic
component for the first three systems. The oxygen containing molecules also pos-

sess 2 lone pairs rather than the 1 lone pair found on the nitrogen of ammonia,
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and this would also support expectations of a lower electrostatic component for
the ammonia interacting system. This trend therefore contradicts our chemical
expectations. A similar yet opposite in sign trend is observed for the exchange
component of Fig. 4.1(c), with the AFprz and AFEgsx terms showing the elec-
trostatic energy to be more dominant than exchange by similar amounts for the
water dimer and water — ammonia systems. Polarisation (displayed in Fig. 4.1(g))
is shown to become more stabilising across the set fairly consistently, with a gain
observed in stabilisation from the methanol dimer to the water — ammonia system
for all but the NEDA (0.41 kcal/mol to 0.68 kcal/mol increase in stabilisation
for all other schemes). For the NEDA of these two systems, polarisation (with
the self-energy correction) is shown to be less stabilising by 1.08 kcal/mol for the
water — ammonia system. This may be seen due to a number of reasons including

lack of variational optimisation of the intermediate wavefunctions of NEDA.

We expect charge transfer to be increasingly dominant across the first three sys-
tems due to increasing presence of the electron donating methyl substituents. This
is shown in Fig. 4.1(i) and is noted to increase consistently and at a slower rate
than for the polarisation component across these systems. Charge transfer for the
ammonia system is expected to be similar to the water dimer system due to its
similar size. Due to the greater electronegativity of oxygen in comparison to nitro-
gen, we may expect charge transfer to be greater from the ammonia molecule due
to its greater ability for electron donation. These features are also observed, with
charge transfer indicated as falling for the final water — ammonia system by all
schemes but the NEDA and SAPT(KS). For all but the RVS EDA scheme, charge
transfer effects are greater for the water — ammonia system than the water dimer
system. The NEDA values for charge transfer are also noted as being excessively
large (up to -18.35 kcal/mol), almost an order of magnitude larger than the other

methods and do not appear chemically credible.

The results suggest electrostatics to be the most dominant driving force of hydro-
gen bonding, with exchange greatly countering this contribution. Charge trans-

fer remains the next most dominant driving force, except for the SAPT(KS) for
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which on including exchange corrections the polarisation component is slightly
more dominant across the set (up to 0.49 kcal/mol more dominant). Overall
our results therefore suggest the hydrogen bonding interactions of this set to be
characterised by dominance of the electrostatic energy component but with signif-
icant contribution from the charge transfer component and minimal polarisation
contribution. This is a very interesting observation as hydrogen bonds are often
described by necessity (e.g. forcefields) as arising only due to electrostatics without
involvement of charge transfer effects. Notably, Weinhold and Klein [220] recently
characterised a set of hydrogen bonding complexes in which the electrostatic in-
teraction is interpreted as repulsive. Such “anti-electrostatic” hydrogen bonding
complexes include interacting fluoride and bicarbonate anions, with the hydrogen
bond presence evidenced by near linearity of the FHO unit bond (157.1°), sig-
nificant vibrational red shift at voy, Bader’s QTAIM [98] analysis and natural
bond critical point analysis. There exists a significant repulsive penalty in order
to form the bond (56.75 kcal/mol at the B3LYP /aug-cc-pVTZ level), with a shal-
low metastable “hydrogen bond” local minimum AE = -0.05 kcal/mol. This is
also further supported by our own ALMO EDA calculations at the B3LYP /aug-
cc-pVTZ level and using the same geometry as Weinhold and Klein, in which we
observe a strongly repulsive frozen density interaction of 64.27 kcal/mol with rel-
atively small polarisation (-8.49 kcal/mol) and charge transfer (-3.81 kcal/mol)
contributions. A re-examination of the electrostatic and resonance phenomena
of this system by Frenking and Caramori [221] using the ETS EDA [101-103] at
the B3LYP-D3/TZ2P+ level gave a deeper energy well (-0.77 kcal/mol) which
was interpreted as a stabilising electrostatic interaction. In reply to Frenking and
Caramori, Weinhold and Klein [222] argue that their viewpoint is different. This
is a clear example that within the chemistry community a variety of EDA interpre-
tations are in use which are not always compatible. This class of systems demon-
strates the complex nature of hydrogen bonding (and equally the complex nature of
EDA interpretations also), and shows that the presence of stabilising electrostatic

interactions may not be necessary for hydrogen bonding between molecules.
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4.2.2 Test Set 2: Water—cations

With the presence of charged monomers in the systems, we would expect this set to
be dominated by electrostatic interactions. We would additionally expect the con-
tribution of electrostatics to fall with increasing cation mass due to the increased
intermolecular distance. This is observed in the EDA results, with the electrostatic
energy contributions ranging between -44.14 kcal/mol and -23.66 kcal/mol across
the set as displayed in Fig. 4.1(b), where we consider interactions between water
and ammonium, lithium, sodium and potassium cations in the geometries shown

in Table 4.2.

The trend in exchange (which includes both processes of electron exchange and
orbital orthogonalisation, and hence describes a Pauli repulsion—-type contribu-
tion) shown in Fig. 4.1(d) remains slightly less clear in its origin, as factors of
intermolecular distance, electron count and energy costs of orthogonalisation all
contribute to the value of this component. Nonetheless, we can rationalise the
EDA results as both the energy cost of orthogonalisation and the exchange itself

decay with increasing intermolecular distance.

For the alkali metals, we expect polarisation to be most significant for the lithium
interacting system due again to the strong electrostatic energy interaction seen for
this system as discussed above. The lithium ion is the smallest of the metals and
hence is able to approach the water fragment more closely. We would therefore
expect this ion to be able to polarise the water molecule charge density more
effectively than the remaining metals. This trend is observed within the EDA

results as shown in Fig. 4.1(h).

Polarisation is observed to be less stabilising for the ammonium interacting sys-
tem than for the lithium interacting system, whilst charge transfer is conversely
observed to be the most stabilising (excluding SAPT(KS)) for the ammonium in-

teracting system as shown in Fig. 4.1(j). The decrease in polarisation contribution
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is possibly a result of the increased r(O-N°*) distance in comparison to the (O
Li*) distance, and the greater charge transfer contribution of this system may
arise through the ability of the ammonium molecule to diffuse its charge over a

much larger volume than the alkali cations.

For the charge transfer component of the alkali metals, we again expect the prop-
erties of the lithium ion to be significant in determining the trend observed. We
would expect the lithium ion to be more effective at withdrawing charge from
the partner water molecule, and hence expect the EDA results to display a more
stabilising charge transfer component for the lithium ion that decreases down the
group 1 metals. This is observed to an extent in Fig. 4.1(j): between the lithium
and sodium ion interacting systems the charge transfer contribution falls for all
but the SAPT(KS) scheme without the exchange correction. We also note that
for the RVS EDA scheme the charge transfer energy is positive and unphysi-
cal for these two systems (0.05 kcal/mol and 0.34 kcal/mol for the lithium and
sodium ion interacting systems respectively), seemingly through over-correction
by the CP correction. Interestingly, we observe charge transfer to increase be-
tween the sodium and potassium ion interacting systems for all but the NEDA
and SAPT(KS) schemes. It is unclear why this is observed, however through the
analysis of the charge transfer BSSE contributions of the schemes that display
this unexpected trend it appears that the increase also arises due to an artefact of

these schemes’ CP corrections.

The charge transfer KM EDA component is indicated as increasing for the final
water — potassium system. This observed break from the trend may be due to the
known instability of the KM EDA with larger basis sets and smaller intermolecular
distances [146-148], whereby a state with occupied orbital occupation number
greater than 2 is possible. Whilst the water — cation distance is the greatest for
the potassium system, the increase in the extension of the 6-311G* basis with
the extra electron shell may be large enough to give rise to this artefact of the

KM EDA scheme. This highlights the contradictory observation that using an
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incomplete basis set with the KM EDA can give rise to results with more physical

relevance.

4.2.3 Test Set 3: Ammonium—7 systems

We have considered the interactions of ammonium with benzene, thiophene, furan
and pyrrole in the geometries shown in Table 4.3. The results suggest electrostatic
effects to be the most dominant interactions for this set followed by exchange, as
shown in Fig. 4.2(a) and 4.2(c). Polarisation followed by charge transfer are ob-
served to be the next most dominant interactions as shown in Fig. 4.2(g) and 4.2(i).
These observations are supported by a similar EDA analysis of this test set by As-
chi et al. [87] using the RVS EDA method. The electrostatics of the benzene and
thiophene are observed to be similar in magnitude and lie between the interaction
magnitudes of the furan and pyrrole interacting systems, closer to the furan sys-
tem. In fact the thiophene and benzene interacting systems display similar EDA
component profiles across the range of the EDA schemes, evidencing their similar
bonding character and possible functional group interchangeability within drug
design. The similar components seen for these two systems are expected through
the very similar electronegativities of carbon and sulphur and the similar aromatic

structures of these systems.

We would chemically expect the vast majority of polarisation to result by effect
of the ammonium ion on the aromatic fragment. Aschii et al. [87] support this
expectation quantitatively with greater than 98.5% of polarisation contributed by
the aromatic fragment and describe the polarisation interaction as “exclusively an
ion—induced multipole interaction”. Polarisation is observed to fall slightly (up to
0.59 kcal/mol) between the benzene and thiophene interacting systems, and again
between the thiophene and furan interacting systems (up to 1.31 kcal/mol). For
the pyrrole interacting system polarisation is observed to increase in stability. The
NEDA scheme predicts this stability increase to be small (0.23 kcal/mol) with the

contribution of polarisation lying between the thiophene and furan contributions.
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However, for the remaining schemes this is suggested to be more significant, with
the polarisation contribution of the pyrrole interacting system the greatest for this

set.

The magnitude of charge transfer effects is dependent on the electron donating
ability of the aromatic system. Based purely on the electronegativities of carbon,
sulphur, oxygen and nitrogen (and therefore their electron donating ability into
the aromatic ring), we would expect charge transfer to the ammonium to be of the
order furan < pyrrole < benzene = thiophene. Our expectations using this model
partially confirm this, with the trend supporting similar charge transfer values for
the benzene and thiophene interacting systems, and smaller furan charge transfer
than for pyrrole. Our model does not account for the less clear effects resulting
from the aromatic geometries and constituents however, and this may be the reason
for the inaccuracy of our expectations. For the ALMO, KM and RVS EDAs and
SAPT(KS), charge transfer is indicated as within a reasonably small range across
the set (within 2.60 kcal/mol) but increasing significantly from -12.33 kcal/mol to
-18.89 kcal/mol for the NEDA scheme. This large range of NEDA charge transfer

energies is unexpected and indicates a lack of stability of this component.

4.2.4 Test Set 4: m—cations

In this set we consider the interactions of benzene with ammonium, lithium,
sodium and potassium cations in the geometries shown in Table 4.4. The set
is similar to the systems in test set 2 through shared cation molecules, and similar
component profiles are observed as a result of this. From a chemical perspective,
we would expect similar but less stabilising electrostatic components for the ben-
zene interacting systems of this set than the water interacting systems of test set
2. This is due to a more strongly interacting dipole moment of water in compari-
son to the quadrupole moment of benzene with the cations. This is confirmed by

electrostatic energies between -6.94 kcal/mol to -22.61 kcal/mol across test set 4
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compared with electrostatic energies between -23.66 kcal/mol to -44.14 kcal/mol

for test set 2.

Exchange effects (Fig. 4.2(d)) are expected to be generally less significant than for
test set 2 due to the greater intermolecular distances of the systems of test set 4.
This is observed across the set, notably however exchange is not shown to fall in a
consistent manner. This observation possibly arises due the comparatively small
intermolecular benzene — lithium separation that results in a greater exchange

component.

Polarisation within test set 4 (Fig. 4.2(h)) is shown to be approximately twice
the magnitude of polarisation within test set 2 (Fig. 4.1(h)). This observation is
explained from a chemical perspective by the greater polarisability of benzene (o =
10.74 A®) in comparison to water (o = 1.45 A3) [223]. The polarisation component
of the lithium interacting system is shown to stabilise the system by more than
400 kecal/mol through the KM EDA using the 6-311G* basis set. Removing d
polarisation functions from the lithium basis reduces this component to a more
reasonable value (-25.86 kcal/mol). This artefact is believed to originate in the
ability of valence electrons to collapse from one fragment into the core orbitals of
the other fragment, enabled through the use of intermediate wavefunctions that
do not satisfy the Pauli exclusion principle [146-148]. As the completeness of the
basis set increases, the polarisation component becomes extreme in magnitude as
this process of collapse becomes more significant. We have also included results
using the balanced 6-311G basis set in Table A.6 of the Appendix. These results
support the use of the modified unbalanced basis as reliable as an approximation

to the 6-311G* basis used in the remaining calculations.

Interestingly, charge transfer (Fig. 4.2(j)) does not follow the same trend as within
test set 2 (Fig. 4.1(j)) and the ammonium and lithium cations are reversed in their
charge transfer contribution trends. This observation is expected, as the hydrogen

atom of the ammonium molecule interacting with benzene is directed into the
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low electron region of the 7 cloud whereas for the water — ammonium system an

ammonium hydrogen atom is directed towards the oxygen of the water molecule.

Charge transfer within the benzene — lithium system is indicated as highly con-
tributing in comparison to the systems of the other sets. This contribution is
possibly due to the cation being able to access the electron—rich 7 cloud of the
benzene by siting itself within this on binding, and due to the charge of the cation
interacting with the benzene. A more rapid decrease in charge transfer contribu-
tion with increasing cation mass is observed than for the water — cation systems
of test set 2. This may be a result of the geometry of the set: the rate of fall in
intermolecular distance across the 7 — cation set (1.90A range of r) is greater than

across the water — cation set (0.77A range of ).

4.2.5 Test Set 5: 7 interacting systems

In this set we consider a number of systems interacting with the 7 ring of benzene.
Specifically we consider the parallel displaced and T—shaped benzene dimers, and
pyridine, pyrimidine and dimethylacetamide (DMA) interacting with benzene in

the geometries shown in Table 4.5.

A number of predictions can be made based on the compositions of the structures
of study. We would expect the energy components to increase in magnitude when
going from the benzene T—shaped to the parallel displaced conformers due to the
smaller intermolecular distance between the molecules. Generally this is observed
in the results. Notably, however, stabilisation through the KM EDA electrostatic
component is shown to fall by over 1 kcal/mol as shown in Fig. 4.3(a). The
charge transfer components of the ALMO EDA and SAPT(KS) (with exchange
correction) schemes are also observed to fall fractionally between these two systems
as shown in Fig. 4.3(i), however these energy changes are so small that they may

be considered negligible.
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The three m—7 interacting parallel displaced systems are structurally very simi-
lar and so deducing the expected component trends for these systems is slightly
less clear. With an increase in the number of nitrogen constituent atoms on the
interacting molecules we observe an increase in charge transfer effects, as also
shown in Fig. 4.3(i). This is expected: with increased substitution through ben-
zene, pyridine and pyrimidine the electron withdrawing abilities of these molecules
also increase, and so are able to withdraw more charge density from the 7 cloud
of the partner benzene molecule. In considering polarisation effects within these
three systems, we would expect a more significant electric moment in the plane
of the benzene interacting system with increased substitution to provide a more
polarising field for the benzene molecule. Polarisation across these three systems is
predicted to be enhanced through this effect. However, the polarisabilities of these
molecules themselves are shown to fall across the three systems (o = 10.74 A3,
9.15 A3 and 8.53 A® for benzene, pyridine and pyrimidine respectively) [223], and
so the final polarisation contribution becomes a balance of these two opposing
factors of polarisability and field strength. As shown in Fig. 4.3(g), polarisation
falls across the three systems for all but the NEDA scheme, therefore indicating
that the effect of falling polarisabilities outweighs the effect of more significant

polarising electric fields for the benzene.

For the final DMA interacting system, we observe moderately increased electro-
static and exchange energy contributions as shown in Fig. 4.3(a) and 4.3(c) re-
spectively. This is interesting to note as the DMA molecule to benzene distance is
similar to the intermolecular distances seen within the other systems. We may ex-
pect a greater polarisation contribution for this system due to the more extended
structure of the DMA molecule in comparison to the cyclic structures of the other
interacting systems. This is supported by the results shown in Fig. 4.3(g) for all
but the NEDA scheme. We expect the proton positioned above the 7 cloud to act
as a means for electron transfer to the DMA molecule, with the oxygen acting as

an electron sink stabilised through resonance of the amide bond. As a result of
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this, we predict charge transfer to be greater for this system. This is observed for

all but the HF level schemes (KM and RVS EDA), as shown in Fig. 4.3(i).

4.2.6 Test Set 6: Halogenated systems

We have considered a selection of halogenated benzene systems interacting with
another benzene molecule in test set 6. The halogens we have selected are fluorine,
chlorine and bromine and the system geometries are shown in Table 4.6. The sys-
tems have been constrained in a T—shaped geometry, with the halogens directly
interacting with the 7 ring through the halogen o hole [224]. For all our structures
the energy minimisation procedure we employed did not use the CP correction.
We note that the (BSSE corrected) interaction energy of the benzene — fluoroben-
zene system is positive as shown in Fig. 4.3(b), with this arising due to the CP
correction raising the interaction energy to the point that the interaction becomes
repulsive. Natural population analysis of these systems at the BLYP-D3/6-311G*
level reveals natural charges on the fluoro—, chloro— and bromobenzene halogens as
-0.326¢, -0.007e, 0.061e respectively, correlating with the presence of a ¢ hole on
the bromine and chlorine atoms. The o hole arises due to three unshared electron
pairs on the halogen arranging to produce a belt of negative potential around the
bond axis on the halogen, leaving a region of positive potential on the halogen
opposite to the halogen bond [224]. The presence of the o holes on the bromine
and chlorine atoms is expected to affect the EDA profiles of the systems of test
set 6, most significantly through enhanced electrostatics in the systems containing

these atoms.

We predict the electrostatic energy to increase from the fluorobenzene interacting
system through to the bromobenzene interacting system. This is because going
through the series the charge on the halogen becomes more positive, and so the
electrostatic interaction of the halogenated benzene molecule with the quadrupole
of the benzene will become more favourable. We expect the ¢ hole on the chlorine

and bromine atoms to enhance this effect, as the positive potential on these atoms
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is therefore concentrated to a region on the halogen that gives a more favourable
electrostatic interaction with the benzene m cloud. In fact, due to lack of a o
hole on the fluorobenzene molecule we may expect the electrostatic interaction
in this system to be destabilising. We also expect the increasing intermolecular
distances through the series to contribute to a decrease in electrostatic component
energy magnitudes. This factor opposes our expectations of increasing electrostat-
ics through the series due to increasing halogen charge. The electrostatic compo-
nent results are shown in Fig. 4.3(b). It appears that the increase in electrostatics
through the series arises due to increasing halogen charge, which more than com-
pensates for any weakening of this component through increased intermolecular

distance.

The exchange component is expected to fall through the series due to increased
intermolecular separation of the molecules. As halogen electronegativity decreases
through the series, we expect the charge on the halogenated benzene molecule
to become more localised on the 7 ring. This is expected to additionally reduce
the contribution of exchange, as exchange is distance dependent and the electrons
are now further from the partner benzene molecule. We observe a slight fall in
exchange that is in agreement with our predictions between the fluorinated and
chlorinated systems as shown in Fig. 4.3(d). However, exchange is approximately
as strong for the brominated system as the fluorinated system. This arises due to
the greater number of electrons on bromobenzene than on fluorobenzene. With
more electrons on the bromobenzene available to exchange with the benzene elec-
trons, the exchange interaction for bromobenzene can therefore be stronger despite

the greater intermolecular separation for this system.

Whilst polarisation effects are expected to increase through the set as a result of
increasing polarisabilities of the halogenated benzene molecules, the increase in
intermolecular separations of the systems is also expected to have an impact on
this component. The polarisability of fluorobenzene (o = 10.3 A?) is less than
that of chlorobenzene (o = 14.1 A®) and bromobenzene (o = 14.7 A3) [223]. How-

ever, the benzene 7 ring to halogen distance is more than 0.42A shorter for the
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fluorinated system than for the chlorinated and brominated systems as shown in
Table 4.6. The enhancement of polarisation through the smaller benzene — fluo-
robenzene intermolecular separation could be reasonably similar to the enhance-
ment in the benzene — bromobenzene through the effect of greater bromobenzene
polarisability, however we cannot predict by chemical reasoning alone which fac-
tor dominates. The intermolecular separations of the chlorinated and brominated
systems are reasonably similar, and we expect that polarisation effects will be
greater in the brominated system than the chlorinated system solely as a result
of differences in molecular polarisabilities. The polarisation results are shown
in Fig. 4.3(h). The NEDA results show polarisation to be smallest for the flu-
orinated system (-1.22 kcal/mol with the self-energy correction), indicating the
smaller intermolecular separation within this system to offer little enhancement
to polarisation. However, NEDA overestimates polarisation by an order of mag-
nitude compared to the other schemes. More importantly all other schemes show
polarisation to be slightly greater for the fluorinated system and therefore instead
indicate the smaller intermolecular separation to enhance polarisation to a small
degree. Our prediction of increased polarisation from the chlorinated system to

the brominated system is in agreement with all the EDA scheme results.

We expect the presence of a o hole on the chlorine and bromine atoms to enhance
charge transfer to a degree in these systems. This is due to the ¢ holes being located
in the high electron region of the benzene 7 ring. We predict the strongly electron
withdrawing nature of the fluorine atom to be more important than the presence of
a ¢ hole in enhancing charge transfer effects. Also, the smaller benzene — halogen
separation in the benzene — fluorobenzene system (2.97 A) is also expected to
enhance charge transfer effects in this system. The intermolecular separation is
slightly greater within the bromobenzene system than within the chlorobenzene
system, and chlorine is more electronegative than bromine. We therefore predict
the charge transfer interaction to be weaker for the bromobenzene system than
the chlorobenzene system. Our results of charge transfer for this test set are

shown in Fig. 4.3(j). The results of the SAPT(KS) scheme shows charge transfer
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to increase in strength going through the set from the fluorinated system to the
brominated system. This indicates charge transfer to be weakest in the benzene —
fluorobenzene system despite this system’s smaller intermolecular separation and
the greater electronegativity of the fluorine atom compared to the other halogens,
and therefore suggests the presence of a o hole to be significant in determining
charge transfer in these systems. The other schemes generally show similar or
greater charge transfer effects for the fluorinated system than for the brominated
and chlorinated systems. These schemes therefore instead suggest the presence of
a o hole on the halogen to contribute at least slightly to charge transfer effects
in the chlorinated and brominated systems. All schemes show an increase in
charge transfer between the chlorinated and brominated systems, confirming our

predictions for these two systems.

4.2.7 Dispersion energy treatments

In this section we consider the results of the various treatments of the disper-
sion energy contribution to the interaction energy. The dispersion component is
described as an explicit component of the SAPT(KS) scheme, but as an ad-hoc
correction term to the interaction energy of the other EDA schemes provided by
the empirical D3 correction of Grimme [209]. The results of our calculations
using these approaches are shown in Fig. 4.4. The form of the —D3 correction is
dependent on the choice of density functional used and therefore we note that it
is more suitable for the energies of this component to be considered with respect
to other —D3 energy values, rather than in direct comparison to the SAPT(KS)
dispersion energy values. Overall the SAPT(KS) and —D3 approaches to measur-
ing dispersion are generally in agreement with one another, except in the case of
the metallic cation systems of test set 4 shown in Fig. 4.4(d) for which the results
differ quite substantially. This inconsistency will be discussed below, in addition

to the dispersion component observations for the other test sets.
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Figure 4.4: The —D3 correction for dispersion (blue), and SAPT(KS) dispersion
(green) energy values (in kcal/mol). The energy values for test sets 1-6 are
given by plots (a)—(f) respectively. ‘Bz Bz (p-displaced)’ represents the parallel
displaced benzene dimer. The non—hashed green bar represents the electrostatic
contribution of dispersion only and the hashed bar represents the exchange plus
electrostatic contribution of this term.
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The dispersion interaction arises as a result of instantaneous polarisation dipoles
in the monomers forming and interacting. We would therefore expect greater
dispersion contributions for systems where both monomers have high polarisabil-
ities, as this would enable larger instantaneous dipoles to arise. Chemically this
component is also highly dependent on the intermolecular separation R, with its

magnitude decaying as R°.

For test set 1, we expect the determining factor of the trends to be the molec-
ular polarisabilities. This is because the intermolecular separations observed in
this set are similar, as shown in Table 4.1. The polarisability of methanol (o =
3.29 A3) [223] is more than twice that of water (a = 1.45 A®) [223] and therefore
an increase in dispersion across the first three systems of this set is expected. The
polarisability of methanol is greater than that of ammonia (o = 2.10 A®) [223] and
so we would expect dispersion within the water — methanol system to be greater
than within the water — ammonia system. The results of the dispersion compo-
nent for these systems are shown in Fig. 4.4(a), and our predictions are generally
confirmed. We note that our prediction of a greater dispersion component for
the water — methanol system than the water — ammonia system is observed in
the results of the D3 component, however for the SAPT(KS) scheme dispersion

remains nearly constant between these two systems.

We expect the induced electric dipole moment of the ammonium molecules to
be greater than for the metal cations for test set 2. This is because despite the
presence of more diffuse electrons on the metal cations, the ammonium molecule
is much larger and so we expect a larger dipole for this molecule to be able to
be induced. The intermolecular separations of the ammonium molecule and metal
cations are similar as shown in Table 4.2, and we therefore predict dispersion for the
ammonium interacting system to be the strongest. This is confirmed by the results
by both dispersion methods as shown in Fig. 4.4(b). In this set the intermolecular
distance between the potassium ion and the water molecule is 0.77 A greater than
for the lithium ion interacting system. As dispersion forces are very close range

interactions decaying as R~%, this component would fall to less than /gth of its
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original size if this geometric displacement were applied to the lithium ion. The
polarisability of a potassium atom (o = 43.4 A?%) [223] is nearly twice that of
lithium (o = 24.33 A%) [223] and we expect the difference in polarisability of their
ions to be similar in size. We would therefore expect that the strong dependence
on intermolecular distance for dispersion outweighs the greater polarisability of
potassium, resulting in a fall in dispersion across the set. Interestingly, however,
the opposite is observed in our results and dispersion instead increases across the

set.

As previously stated for our analysis of the remaining energy components of test
set 3, we expect the systems of this set to display similar dispersion energy values
due to the similar geometries and compositions of the structures. The polaris-
abilities («) of benzene [223], thiophene [225], furan [225] and pyrrole [226] are
10.74 A3, 9.96 A3, 7.20 A3, and 8.27 A3 respectively. We therefore expect a slight
fall in dispersion contributions from benzene to furan, and for pyrrole to have
a dispersion energy value between thiophene and furan. The results for this set
shown in Fig. 4.4(c) are in close agreement with our predictions, however for the
final pyrrole interacting system we observe a greater than expected contribution
by the SAPT(KS) approach and a slightly lesser than expected contribution by

the —D3 component.

We expect the systems of test set 4 to show similar dispersion component values
to the systems of test set 2 because these sets differ only through the interaction
of benzene rather than water. Our expectations for test set 2 were of a greater dis-
persion energy for the ammonium interacting system, and a decrease in dispersion
through the metal cation interacting systems due to the significant intermolecular
dependence of dispersion. The increase in intermolecular distances through the
metal cation interacting systems of test set 4 is much greater than in test set 2,
and so we expect an even greater fall in dispersion through these systems in test
set 4 than in test set 2. Our prediction of a greater dispersion component for the
ammonium interacting system is supported by the results shown in Fig. 4.4(d),

however the trends observed for the remaining metal cation interacting systems are
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significantly less supportive. In comparison to the results of the metal cation in-
teracting systems of test set 2 (Fig. 4.4(b)), the greater increase in intermolecular
distance through test set 4 appears to cause a comparatively weaker contribu-
tion of dispersion to the potassium interacting system by the SAPT(KS) scheme.
Interestingly the opposite is shown for the D3 component, with this energy un-
expectedly increasing significantly across the metal cation interacting systems of

test set 4 despite the rapid increase in intermolecular distances.

We note a significant dispersion contribution for the systems of test set 5 as shown
in Fig. 4.4(e). This is expected considering the 7 interacting chemical nature of
these systems. For the SAPT(KS) results of the benzene dimer, dispersion for
the parallel displaced conformation is almost double than when in the T—shaped
conformation. This is rationalise by the fact that the sum of the intermolecular
atomic distances for the parallel displaced benzene dimer system is less than in the
T-—shaped system. It is also noted that the parallel displaced benzene dimer sys-
tem features close proximity of the 7 rings of the benzene molecules. This is also
expected to contribute to the dispersion interaction. For the three m—m interact-
ing parallel displaced systems our chemical expectations are mixed. Polarisability
is noted to fall from benzene to pyrimidine (a = 10.74 A and 8.53 A® respec-
tively [223]), and so we expect dispersion to fall across these benzene interacting
molecules. However, the fall in intermolecular distances across these systems is
expected to enhance the contribution of the dispersion energy due to its signifi-
cant dependence on this parameter. The increase in dispersion across these three
systems indicates that the decrease in intermolecular distances is more significant
than the fall in polarisabilities of the molecules. For the DMA interacting system,
we expect dispersion to be approximately as contributing as in the other systems.
However it is difficult to give a precise prediction of this system’s relative value
due to the many possible chemical factors that affect dispersion. There exists
delocalised 7 systems in all the molecules of this set. In DMA the presence of this
feature is in the delocalised amide bond, and for the remaining molecules this is in

their aromatic 7 rings. However, for DMA the amide bond is located further away
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from the 7 ring of benzene and so dispersion resulting from this delocalised feature
is expected to be smaller. The structure of DMA is noted to be more extended
than the other molecules in this set, and therefore greater dipoles are expected to
be able to be induced in this molecules. This factor would be expected to favour
a greater dispersion contribution in this system. The intermolecular separations
of the systems (excluding the T—shaped benzene dimer system) are similar and
therefore the balance of the above two features is difficult to predict. For the -D3
component dispersion is shown to increase moderately, whereas for the SAPT(KS)

scheme this component falls by at most only 0.25 kcal /mol.

Within test set 6 we expect dispersion to be most contributing in the fluori-
nated system, followed by the chlorinated system, and finally the brominated
system. The polarisabilities of chlorobenzene (o = 14.1 A?) and bromobenzene (o
— 14.7 A3) are similar, with the polarisability of fluorobenzene much smaller (o =
10.3 A3) [223]. However, the intermolecular separation for the fluorinated system
(5.69 A) is also smaller than for the chlorinated (6.50 A) and brominated systems
(6.75 A), as also shown in Table 4.6. Due to the significant dependence of dis-
persion on distance we expect dispersion to be relatively strong in the fluorinated
system. For the chlorinated and brominated systems, we expect the chlorinated
system to show the greater dispersion contribution. The strong dependence of
dispersion on intermolecular separation combined with the similar polarisabilities
of chlorobenzene and bromobenzene leads us to expect the chlorinated system to
show a greater dispersion contribution than the brominated system. Our results
shown in Fig. 4.4(f) display opposite trends to our predictions. The —D3 com-
ponent shows an increase in dispersion from the fluorinated system (-2.54 kcal/-
mol) to the chlorinated system (-3.50 kcal/mol) and to the brominated system
(-4.15 kecal/mol). The SAPT(KS) results show an increase in dispersion from the
fluorinated system to the chlorinated system of over 0.8 kcal/mol, and from the
chlorinated system to the brominated system of over 1 kcal/mol. It is interesting
to note the greater dispersion contribution shown by the EDA results for the ben-

zene — bromobenzene system, and the less than expected dispersion contribution
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for the benzene — fluorobenzene system.

4.2.8 Observed EDA scheme advantages and weaknesses

In this section, we compare the features and artefacts of the different EDA schemes
studied in this thesis, as emerging by the theory and our tests. An overview of

our observations is provided in Table 4.7.

General observations The CP correction is known to overestimate the BSSE [62;
227] and many of the schemes we have included in our investigation apply the CP
correction to energy terms. It is important to note that as a result this correction
has the potential to give rise to unphysical results, as is observed in the case of the
charge transfer energies in the group 1 metal ion interacting systems of test set 2
for example. Over-correction of the RVS EDA charge transfer energies results in a
positive and unphysical energy for the lithium and sodium ion interacting systems,
as shown in Fig. 4.1(j). Also, on applying the CP correction to the ALMO, KM
and RVS EDA scheme charge transfer energy components the trend between the
sodium and potassium ion interacting systems reverses. This serves to highlight
the possible issues that may arise when applying the CP correction to EDA energy

components.

KM EDA. The KM EDA [142; 143] requires an unphysical residual mixing term
A Eyiix to account for the difference between the energy components and the total
interaction energy. This is a significant weakness as the mixing component values
are at times observed to be of the same magnitude as the chemically meaningful
terms. For example when including BSSE corrections, in the case of the metal
cation interacting systems of test set 2 the mixing component is greater than
the charge transfer term, and for test set 6 this component is greater than the

magnitude of the polarisation term. Attempts to reduce this problem have been



Table 4.7: A summary of the EDA approaches investigated

EDA MO Additional energy | Level Component artefacts and notes

scheme localisation®| components® of theory

Presence of the AFyrx energy unascribable to any particular component.
KM EDA - AFEnx HF only Problems of numerically unstable charge transfer and polarisation energies with

large basis sets and at short intermolecular distance [146-148].

Unphysical AFEyix present. Typical magnitude is insignificant, but possible

RVS EDA - AEMIX HF Ol’lly

for non—negligible magnitudes to be seen.

Combined electrostatics and exchange description of the frozen density com-
ALMO ALMO - HF/Correlated

ponent may reduce chemical insight.

Theoretical overestimation of charge transfer and underestimation of polarisa-
NEDA NBO AEDEF, AESE HF/Correlated

tion [15; 80]. Observed to provide unphysical charge transfer values.
PIEDA FMO - HF/Correlated®| Shares similar theoretical weaknesses of the KM EDA.

Observed overestimation of polarisation and underestimation of charge transfer.
SAPT(KS) | — E((ﬁs)p, Eéilh7 disp’ 4| HF /Correlated | SAPT(KS) overestimation of second-order energy components (induction and

dispersion) with the B3LYP functional [202].

2 Localisation methods include adopting an alternate basis to the MO basis (the NBO basis), an MO constraining method (ALMO), or a different
energy calculation method (FMO).

b Additional energy components to the electrostatics, exchange, polarisation and charge transfer (or similar) interaction components.

¢ The PIEDA scheme is implemented at the HF level (as the basis of this scheme is the KM EDA), with the dispersion component added as an
additional term, AFEpy.

4 SAPT descriptions of polarisation and charge transfer are calculated from the MCBS and DCBS induction energies (see Egs. 3.70a and 3.70b).
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discussed and implemented within the RVS and CSOV schemes, and the problem
altogether avoided in other schemes such as the ALMO EDA and NEDA.

Numerical instability problems of the charge transfer and polarisation energies
with large basis sets and at short intermolecular distances [146-148] are evidenced
in our results. For the benzene — LiT system of test set 4 convergence issues are
observed when using the 6-311G* basis set. For this system the intermolecular
separation is particularly small (1.88 A) and gives rise to unphysical polarisation
and mixing component energies. This is likely due to valence electrons collapsing

from one fragment into the core orbitals of the other fragment [146-148].

RVS EDA. The RVS EDA [10; 84] is similar to the KM EDA, but with modi-
fication to the calculations of the polarisation and charge transfer energies to use
fully antisymmetric wavefunctions in attempt to remedy the numerical instability

problems associated with these components in the KM EDA.

The AEgsx component of the RVS EDA scheme (and similar A Ergy component
of the ALMO scheme) presents a problem in terms of the analytic information
provided. This is because this energy component conceals the magnitudes of its
electrostatic and exchange parts. The combined term does however provide useful
indication of the dominance of its parts. For example, if this component is highly
repulsive this would indicate Pauli repulsions to be significant. Avoiding the use of
Hartree product intermediate wavefunctions involved in expressing the separated

components may be desired, however, due to it not obeying the Pauli principle.

The RVS EDA scheme shares a component of the KM EDA that describes a resid-
ual energy to the interaction energy. In our calculations the magnitude of the RVS
mixing component is typically less than 0.1 kcal/mol and therefore much smaller
than the KM EDA mixing component. However, for systems containing an am-
monium molecule the RVS mixing component is noted to increase significantly, for
example the ammonium — pyrrole system of test set 3 has an RVS mixing compo-

nent of -0.44 kcal/mol. Whilst the magnitude of this term is only a fraction of the
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KM EDA mixing term (3.76 kcal/mol with BSSE correction), this does indicate
that a notable level of ambiguity can still remain in the origin of a proportion of
the interaction energy. Overall, however, the magnitude of the mixing term for

any given system is more often than not negligible, and this helps to correct a

major weakness of the KM EDA.

In the RVS EDA scheme the BSSE is only partially treated and this may be
considered a weakness of the scheme. The interaction energy that is obtained
in this scheme omits the exchange BSSE correction of Eqs. 3.13a and 3.13b that
is treated in the KM EDA. By adopting the KM EDA BSSE correction for the
exchange component, it is possible to remedy this. This is possible because the
origin of the exchange component energy of these two schemes are the same, and
so the RVS exchange energy is compatible with this BSSE correction and will give

the fully BSSE corrected interaction energy.

ALMO EDA. The ALMO EDA scheme [15] used in our calculations provided
overall chemically sensible results. There are two possible disadvantages we note
of this scheme however. Firstly, as discussed regarding the AFggx component of
the RVS EDA scheme above, the ALMO EDA AFEgrz component similarly has
the potential to be limited in the analytic information it provides. Secondly, it
is theoretically possible for the charge transfer contribution to be repulsive on
inclusion of the CP BSSE correction. This is because the CP correction has a
tendency to overestimate the BSSE [62; 227] as discussed above. As noted by Mo
et al. [80], it may be appropriate to consider the ALMO (and BLW) EDA charge
transfer energies with and without the BSSE energy correction as the upper and
lower bounds of this energy. Our results otherwise show the ALMO EDA scheme

to consistently provide results in good agreement with chemical expectations.

NEDA. Our calculations using the NEDA scheme [12; 13; 82; 83] have shown
this to give often very large charge transfer and polarisation energy contribu-

tions. Theoretically the NEDA scheme is expected to generally overestimate
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charge transfer contributions and underestimate polarisation [15; 80]. This is
because in NEDA, the polarisation and charge transfer terms are calculated from
the monomer and supermolecule charge densities without variational optimisation
to an intermediate state. If we consider an alternative scheme such as the ALMO
EDA scheme (in which an intermediate state is produced in a constrained optimi-
sation procedure) we can see that the NEDA description of the intermediate state

is likely less desirable.

Another key observation of the NEDA scheme is its description of polarisation
effects. The polarisation term includes only electrostatic contributions as shown
in Eq. 3.53, and the exchange contribution is contained within the deformation
component. Furthermore, an electrostatic self energy penalty is also included in
the NEDA scheme that describes the energy cost of charge polarisation. This
partitioning of polarisation in NEDA may be advantageous or not depending on

the situation at hand.

SAPT(KS). The results of the SAPT(KS) scheme [17; 18] are observed to
remain in keeping with the trends shown by the other schemes and generally show
chemically relevant magnitudes. Polarisation energies of the SAPT(KS) scheme
are typically second in magnitude only to the NEDA scheme polarisation energies.
The SAPT(KS) is noted as overestimating the second-order energy components
(induction and dispersion) with the B3LYP functional [202]. This is suggested
to arise due to the poor suitability of DFT canonical virtual orbital energies in
the SAPT scheme. The first-order terms (electrostatics and exchange) are not

affected by this as their values depend on use of the occupied set of MOs only.

The arrangement of the SAPT energy components is different to within the vari-
ational based EDA methods. This organisation is arguably more intuitive than in
the other EDA schemes, with the SAPT approach separating the energy terms at
the different orders into exchange and electrostatic contributions. Equally, how-

ever, the theory of SAPT is also more complicated than the variational based EDA
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methods and many energy terms can be involved in describing the interaction en-
ergy. For example, Stone et al. [90]. have noted that in some cases exchange
uncorrected SAPT(DFT) charge transfer terms are overestimated by up to an or-
der of magnitude. The inclusion of the exchange part corrects and almost cancels
the charge transfer term. Indeed, this large correction to charge transfer by the
exchange part is observed in many of the results of our SAPT(KS) calculations.
For example, in the case of our hydrogen bonding water dimer system, SAPT(KS)
charge transfer is -5.60 kcal /mol and the exchange correction is 4.75 kcal /mol giv-
ing an overall corrected charge transfer energy of -0.85 kcal/mol. In this case,
the additional separation may have the potential to mislead. As discussed above,
the lack of consistency of term definitions between the EDA schemes (whether
variational or perturbational) can become problematic. For example, one scheme
may include exchange contributions in certain energy components while another
scheme may not. In SAPT, by partitioning each component into electrostatic and
exchange parts, the term descriptions are more clearly described as the terms are

explicitly partitioned into their classical and quantum energy contributions.

Whereas the variational EDA approaches we have studied do not include dispersion
contributions within the decomposition, the SAPT scheme explicitly includes this
energy as Ec(ﬁs)p. This additional description of dispersion is of merit to this scheme.
Our results comparing the SAPT(KS) dispersion energies to the -D3 component
energies showed reasonable correlation between the two approaches, as shown in

Fig. 4.4.

4.3 Summary

In this section we summarise the findings of our EDA investigation, the theories

of which have been described in detail earlier in Chapter 3.

During the past several decades, a wide range of EDA approaches have been

developed that decompose the interaction energy into many different chemically
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useful forms. Many of these methods have evolved from the early KM EDA of
Kitaura and Morokuma [142; 143]. These variational based approaches sometimes
share the problems of the KM EDA, such as the RVS EDA retaining a residual
unascribable energy as part of the decomposition. However, the problem of energy
component instability in the KM EDA has generally been solved in the more
recent schemes that build upon the KM EDA. Alternatively, perturbation based
approaches such those of the SAPT family may be used in which the interaction

energy is constructed as perturbative corrections to the isolated monomers.

In this chapter we have compared popular currently used EDA schemes of interest
to biomolecular application on six congeneric series test sets. The model systems
of these test sets were selected to express key interactions typically found within
ligand—host systems such as hydrogen bonding, 7— and halogen interactions. In
the variational approaches BSSE has been treated very differently between the
EDA schemes we have discussed. Whereas the NEDA scheme avoids the issue of
BSSE by calculating all energies in the full supermolecule basis set, the KM, RV,
and ALMO EDA schemes treat BSSE by applying a CP correction to the energy
components. The KM and RVS EDA schemes both share similar approaches in
which partial CP corrections are applied to specific energy components. These
corrections are calculated by partitioning the set of ghost orbitals used in the
calculation by their occupancies. The ALMO EDA instead applies the full CP
correction to the charge transfer component only. These treatments are unique
and provide further subtle differences in the definitions of the energy components

of the schemes.

One common problem that arises is the issue of energy component consistency. It
is often the case that an energy term described by one EDA scheme is significantly
different to that of another. Polarisation, for example, can be described as an
electrostatic—only effect or as also including exchange within its description. These
different descriptions can result in substantially different results. For example, on
including the exchange part of the energy components in the SAPT(KS) results,

we observe the energy components to often become a fraction of their original
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size. In fact, SAPT arguably decomposes the energy components more intuitively
in some regards, since each component is split into its electrostatic and exchange
constituent. The general inconsistency of term definitions is not necessarily ‘wrong’
as such, but this point highlights the complications that may arise through different

descriptions of chemical processes.

Despite the term definitions sometimes lacking consistency, we note a number of
meritable features of certain EDA schemes. The KM EDA, despite its theoretical
weaknesses, is observed to provide overall reasonably fair energy component val-
ues. However, the KM EDA charge transfer energy was extreme and chemically
unsound in the case of the benzene — lithium system with the larger 6-311G* basis
set. This problem is important to note as it counter-intuitively implies that using

more complete basis sets reduces the accuracy of the KM EDA results.

The RVS EDA scheme also performed well, and succeeds the KM EDA by its im-
proved theory that results in better numerical stability of the energy components.
Both the RVS and KM EDA schemes are limited to the RHF level of theory.
However in systems where correlation effects are important, it may be feasible to
perform an additional supermolecular interaction energy calculation at a higher
level of theory to evaluate this contribution. Alternatively, the CSOV EDA scheme
of Bagus et al. [11; 141] (closely related to the RVS scheme) may provide a useful
alternative for treating correlation effects in the energy components as this has
been implemented for use with MCSCF wavefunctions [178] and extended to the
DFT level [179; 180].

The NBO based NEDA scheme at times displays issues regarding the magnitudes
of its energy components: in many cases these are extremely large and chemically
unrealistic for our test systems. The approach taken by NEDA to decomposing the
interaction energy is somewhat different to the other KM EDA derived schemes.
In this, additional energy components of less obvious chemical origin are described
such as the deformation and self energy terms. Also the method does not involve

intermediate wavefunctions that are variationally optimised. The polarisation and
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charge transfer components are therefore calculated directly from the monomer
and supermolecular charge densities. The NEDA scheme may perform better in
its three component form, decomposing the interaction energy into electrostatic,
charge transfer, and core repulsions energy components. As the other schemes
we considered did not share equivalent energy components to these three energy

components we have not evaluated the NEDA scheme in this form.

SAPT is seen to give chemically sensible results and arguably provides a more
intuitive decomposition than the other schemes as stated above. However, relating
the theoretical processes of this scheme and their chemical equivalents can at times
be more conceptually complicated than for the variational based schemes. It is
also noted that a number of more recent SAPT schemes have been developed that
may be more preferable than the SAPT(KS) used in this work. These include
the SAPT(DFT) [25; 203-205] scheme that also describes the monomers using
TD-DFT response functions not present within the SAPT(KS) scheme, and also
a new CC treatment of intrafragmental correlation in what has been termed the

SAPT(CC) scheme [228-235].

Overall the ALMO EDA scheme is shown to provide the most chemically sensible
EDA results for our systems relevant to drug optimisation. This is mostly due
to its use of the ALMO description for the charge transfer restricted polarised
state. It is noted that the charge transfer BSSE correction may be problematic
as it is theoretically possible for ‘repulsive’ charge transfer energies to arise as
a result of its use. Also, this scheme combines the electrostatic and exchange
energy components to form the frozen density component which may reduce the
information provided in the analysis. The related BLW EDA [89] instead separates
these terms. However, the wavefunction used in expressing the separated terms is

constructed as a Hartree product and avoiding its use may be desired.



Chapter 5

The ONETEP energy

decomposition analysis

A primary motivation of the work in this thesis is the development and applica-
tion of an EDA approach for analysing interaction energies in large biomolecular
systems, such as protein-ligand systems, for drug design. EDA studies in liter-
ature have typically considered the interactions of smaller systems up to tens of
atoms in size, as discussed earlier in Section 3.1. This limit is far below ideal,
with biomolecular systems frequently exceeding thousands of atoms in size. For
this reason, the implementation of an EDA scheme within a linear-scaling DFT
code such as ONETEP that aims to achieve large basis set accuracy in routine

calculations is an important capability.

In this chapter we describe the implementation of the linear-scaling ONETEP
EDA, which is based on the localised molecular orbital (LMO) EDA [14] and ab-
solutely localised molecular orbital (ALMO) EDA [15] approaches. We decided
to implement the ALMO EDA due to the high performance this method showed
when applied to our test systems discussed in Chapter 4, and extended this us-
ing the LMO EDA to provide notable additional chemical insight at little extra

computational cost. This EDA seeks to partition the interaction energy in terms

133
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of six rigorously defined energy terms (electrostatic, exchange, correlation, Pauli

repulsion, polarisation, and charge transfer).

In this chapter, we provide examples of calculations using our approach on small
model systems which we have used to validate our implementation against the
(Gaussian basis set) LMO and ALMO EDA approaches. Here, the stability of
the EDA method with respect to basis set size, exchange-correlation functional,
and atomic coordinates is also quantified. Overall we found reasonable stability,
however basis set dependence was shown to be moderate for the charge transfer
and polarisation energy components. A solution to this problem is presented based
on the strictly localised property of the NGWFs. Additionally, we present a study
of two water trimer systems which we use to demonstrate the the high value of

the electron density difference (EDD) plots produced by the EDA.

5.1 ONETEP EDA theory

We have implemented within the ONETEP [39] package an EDA approach that
combines the ALMO EDA approach [15] and the frozen density component anal-
ysis based upon the localised molecular orbital (LMO) EDA theory of Su and
Li [14]. Specifically, our prescription includes the electrostatic, exchange, Pauli-
repulsion and modified correlation terms of the LMO EDA of Su and Li [14] which
are contained in the frozen density component of the ALMO EDA. The ALMO
EDA polarisation and charge transfer components remain as in their original form.
Within this section, we provide detailed descriptions of these approaches as they
appear within the ONETEP EDA. We also detail an extension to this approach

we have implemented that formally scales linearly with system size.

In order to comprehensively describe the theory of the ONETEP EDA (which
we have implemented to allow calculations using arbitrary numbers of fragments,
rather than the dimer interaction case as used in our expressions in Chapter 3),

we are required to introduce a number of new energy expressions and definitions.
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In the following discussion of the theory, we have adopted the Einstein convention
of implicit summation over repeated Greek indices only unless otherwise stated.
We use the word ‘fragment’ to describe any molecule which is part of a complex
held together by intermolecular interactions (i.e. no chemical bonds). All our
fragments in the following examples are closed-shell, but it is a straightforward

task to extend the implementation to open-shell systems.

5.1.1 The localised and absolutely localised energy decomposition anal-

yses

In order to fully develop the equations used in the EDA approaches, it is necessary
to formally express the supermolecule interaction energy for an arbitrary number
of fragments. To achieve this, we now' use A to refer to any (arbitrary) fragment
that compose a supermolecule X. The CP corrected supermolecule interaction
energy is therefore given by (c.f. Eq. 3.1),

Nfrag

AE =E[Ux] - > [U5"] + ABssse (5.1)
AexX

where W represents a variationally optimised wavefunction with the subscripts
A and X used to represent the fragments A that compose the supermolecule X.
The superscript ‘0’ is used to denote states optimised in isolation from the field
of the remaining fragments of the supermolecule and the superscript ‘A’ is used
to indicate optimisation only in the fragment A basis set. Ng,e is the number of
fragments comprising the supermolecule X, and A Egssg is included as a correction

for the total basis set superposition error (BSSE).

5.1.1.1 The absolutely localised energy decomposition analysis

As discussed earlier in Section 3.7.2, the ALMO EDA developed by Head-Gordon

et al. [15] decomposes the interaction energy AFE into the frozen density AFgrz,

n the theory described in Chapter 3, we used the subscripts A and B to refer to two fragments that
compose the supermolecule AB
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polarisation AFEpqr,, and charge transfer A Ecr interaction terms as,

AFE = AFErrz + AFEpor, + AEct . (52)

We now define two key wavefunctions required to describe the EDA theory in
terms of systems containing arbitrary numbers of fragments. W% is the properly
antisymmetrised wavefunction of the interacting X complex constructed from the
nonorthogonal frozen occupied MOs of the fragments. W{M™M© is defined as the
wavefunction of the polarised state produced by relaxation of the nonorthogonal
frozen MOs while still ensuring localisation of the MOs within their corresponding
fragments. This localisation is imposed through the constraint that the MOs
are only expanded using basis functions on a particular fragment and therefore
prevents charge delocalisation between fragments. Each energy component may
be described in terms of energy functionals of these intermediate wavefunctions

as,

Nfrag
AEpry =E[U§”"] = Y E[W] (5.3)
AeX
AEpor, =E[U{™MO] — B[TE™ (5.4)
AEcr :E[\I]X] - E[\PQLMO] + AFEpssg - (5.5)

The geometries of fragments A are defined as found in the (geometry optimised)

X complex (i.e. only the electronic density is optimised in this calculation).

The ALMO state, URMMO | that describes a system which is polarised but that
has the restriction of no charge transfer between the fragments, is optimised via a
procedure termed locally projected SCF for molecular interactions (SCF-MI) [189;
191]. The SCF-MI equations we use are those of Stoll et al. [236] and are described

in more detail later.?

2This approach to separating out polarisation and charge transfer effects is the same as that described
within the BLW [80; 89] EDA procedure. Specifically, the BLW state that is identical to the ALMO
state is optimised either by Jacobi transformation [195] or by the algorithm of Gianinetti and Raimondi
et al. [190; 193].
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5.1.1.2 The frozen density analysis

In this section we describe a prescription for a frozen density analysis produced via
the LMO EDA theory of Su and Li [14], in which AFEpgy is further decomposed
into individual electrostatic (AFEgs), exchange (AFEgx), Pauli-repulsion (AEggp)

and correlation (AEcorr) terms as,

AEprz = AEgs + AEgx + AEggp + AEcorRr - (5.6)

Combining the classical-like terms of the total Kohn Sham (KS) energy (by ex-

cluding the exchange and correlation contributions) as,

Nd)(occ) B Nw(occ) N
Ea=2 Y hyo' + Y (ijlkl) x 070" + B (5.7)
ij 1,9,k

where E, is the nuclei-nuclei electrostatic energy, Ny occ) is the number of occu-
pied MOs, kinetic energy effects are included by presence of the full core Hamil-

tonian matrix h;;. and where the contravariant metric tensor % is the inverse of

IRl

the MO overlap matrix o;;,

7y = [ 0@ = i) (5.8)

O'ij = (O'_I)Z'j (59)
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the components of the frozen density interaction may be expressed using interme-

diate wavefunctions as,

Nfrag

AEBgg =Eq[U%] — > Ea[U5] (5.10)
AeX
Nfr'mg

AEgpx =Ex[T%] — ) Ex[W%"] (5.11)

AeX

AEggp =Eq[03™"] — Eg[0Y]

+ Ex[U%) — Ex[WY] (5.12)
Nfrdg
AeX

EAEFRZ — (AEES + AEEX -+ AEREP) (513)

where Ex[n(r)] and Eq[n(r)] are the DFT exchange and correlation energy func-
tionals of the electronic density n(r) associated with the wavefunction ¥(r), and
where we note that the kinetic energy contribution to AFEgg is zero due to the
kinetic energy of the fragment states \IJOA’A cancelling with the kinetic energy of the
frozen supermolecule state W% as 0%/ is the identity matrix for Ey[U%], while it is

as in Bgs. 5.8 and 5.9 for Fy[W%"].

The components of this frozen energy decomposition are formally similar to the
components described in the LMO EDA [14] but with inclusion of a new com-
ponent AFEcorr that isolates the correlation energy change on orthogonalisation
contained within the LMO EDA ‘polarisation’ term. It is also noted that the
electrostatic term of this decomposition is formally similar to that within the
BLW [80; 89] scheme. Additionally, it is important to note that this is not the
only approach possible for decomposing (or, in fact, defining) the frozen density
interaction. A number of alternative approaches to the above theory have been
developed, such as the scheme of Horn et al. [237] that uses fully antisymmetric
electronic wavefunctions throughout to calculate contributions to the frozen den-

sity interaction, and the density-based energy decomposition analysis (DEDA) of
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Wu [238] that calculates the frozen density interaction in a variational manner.

5.1.2 Self-consistent field theory for molecular interactions

In this section, we introduce the self-consistent field for molecular interactions
(SCF-MI) approach that is used to obtain a polarised yet charge transfer-restricted
state in the EDA. We have adopted the SCF-MI equations of Stoll et al. [236] due
to computational considerations regarding memory and matrix multiplication ad-
vantages. In addition to the Stoll equations also exist the approaches of Gianinetti
et al. [190] and Nagata et al. [191] for solving the SCF-MI problem which are ex-

pected to produce equivalent solutions.

5.1.2.1 Overview of the Stoll SCF-MI equations

The SCF-MI approaches involve the construction of locally projected Hamiltonian
matrices that cast the whole-system electronic Schrodinger equation for X into a
set of problems for the weakly interacting fragments A. Through this partitioning,
the MOs on the fragments are expanded only in terms of basis functions local
to each fragment and hence remain (fragment) localised MOs. This fragment
localisation property, previously expressed for the dimer case in Eq. 3.31, may be
expressed by the constrained expansion of the MOs on an arbitrary number of

fragments as,

[Vai) = [Paa) MA%; (5.14)

where M49,. is an expansion coefficient for MO i on fragment A in terms of the
basis function (NGWF) « on fragment A, where the constraint of MO localisation

is enforced by having M4%, = 0 for fragments A # B.

The Stoll et al. equations [236] aim to construct an eigenvalue problem for the

polarised MOs of each fragment. To achieve this we need a locally projected
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Hamiltonian operator H§' constructed as,

A

H = (1—p+p"HA - p+pt) (5.15)

where p is the one-particle density operator and p* is the fragment density oper-

ator. The fragment density operator is given by,

Ny (oce,A) '
= WM al (5.16)

and the density operator by,

Nfrag Nw(occ,A)

ﬁzz Z acm (5.17)

AeX i

where the indexing of the MOs includes the fragment A in addition to the MO

index 7, and where the contravariant MOs of fragment A are constructed as,
Nfrag Nw(occ,B)
|wAz> _ Z Z |¢Bj>OB],Az (518)

BeX J

where B runs over all fragments of the supermolecule X. Using this modified

Hamiltonian, the generalised SCF equation becomes,
H [thai) = i) €ns (5.19)

where €4; is the energy of the MO [¢4;) on fragment A.

5.1.2.2 Derivation of the Stoll SCF-MI equations

Here we present a derivation of the Stoll et al. equations [236] outlined above.
Within this section, Einstein summation convention is used over all repeated in-

dices (including fragment indices) unless otherwise stated in order to facilitate
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derivation of the equations. We begin by expressing the gradient of the (elec-

tronic) energy with respect to the KS states, given by

60.Bj,Az’

0,

Wy

q
0V,

=2 ]:I’ij>aBj’Ck + <¢Az‘

1/13j>- (5.20)

Our strategy is to now localise the SCF problem to the fragments to constrain the

optimisation as shown in Eq. 5.14. We start by noting the identity

o l=0c"1o0"!
ot = (6o Voo 4o do)o T + o o (607
=2(6c" ")+ 07 (60)0"

oot =—0"(6o)ot . (5.21)

Using this identity with Eq. 5.20 yields

ey .

=2 | HJiop; )™ — (woai| H|v5;): (UBLDZ_@%Z\ |Yis)o )
YE,

o 2 ﬁ}¢Bj>UBj’Ck + <¢Ai‘ﬁ’¢3j>' ( — UBj’Dl—(SUDl’Ef O'Ef’Ai):|

-9 :H|¢Bj>03j,ok _ |wEf>aEf,Ai<wAi|IfI|ij>aBj,Ck}

=2 :H|¢Bj>UBj’Ck - |¢Ai><¢Ai}ﬁ‘ij>aBj7Ck} : (5.22)

Expressing the (conventional) density operator as

p= 104 (Wil (5.23)
and substituting into Eq. 5.22,
oE A :
~ 9 [(1 - p)H|1/JBj>0BJ’Ck} . (5.24)
0V,
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We now define a fragment-specific density operator as
Nw(occ,A) '
=) W) (Wl (5.25)

7

where we iterate over only the KS states on fragment A, which has the properties

ﬁA

WPy =64 5|00"7) (5.26)

and (assuming orthonormality of the KS states on each fragment)

P ag) = | . (5.27)

Using these properties, it can be shown that

a Upj) — [:[’¢Bj> + H|¢Bj>
Uiy — Hplws;) + HpP|[yP7)

=H(1—p+p") ;) (5.28)

H[v™)

=H

Adding and subtracting Eq. 5.25 in Eq. 5.24, we find

oF _ \ ~Bj,Ck
Ve ar)o”

= 2[(1 = p+ p7 = FN) A ;)|

old - p)i

=2|(1—p+pHH

ij>UBj,Ck _ ﬁCTﬁ

Bj,Ck
V)t }
Ny(oce,c)

=2 (j —,5+ﬁCT)f:[‘¢Bj>UBj’Ck _ Z |¢Cl><¢Cl|ﬁ‘ij>o_Bj,Ck
!

Ny (oce,0)

=2 | (1= p+ pNH|p)o" % = 3" ey @ H[@) | . (5.29)
l
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Equating Eq. 5.29 to zero to find the minimum energy of the KS states and using
Eq. 5.28, it is seen that

N?J)(OCC,C)
oE S AO A ; 3
s = 2| (L= p AN H gy o™ = (e (W H [0 | =0
l
R . sz(occ,C) .
l
. L Nw(occ,c) . L
A =p+ pNHA = p+ 0 ber) = D ey Wal(d —p+ p NHI - p+

(5.30)

Defining the Stoll locally projected Hamiltonian operator HSC for fragment C' as,

~

HS = (1—p+p"NH(1 - p+ ) (5.31)

and by substitution, we find

Nw(occ,C)

]:ISC{QﬁCk>: Z |¢cz><¢cz|ﬁsc{¢0k> : (5.32)

l

Assuming {ll/)c]€>} are the eigenfunctions of the Hermitian operator I:ISC then

<¢cz|f:f§j‘¢0k> = (Yeu|ecn|ver)
= eck{Var|tbcr)
= ECk(SC’l,Ck . (533)

Therefore by substitution into Eq. 5.32,

Ny (oce,0)

]f[SC’ka>: Z [Yer)ecrdcnon

l

" ﬁg’w0k> = ecklver) (5.34)

which are our fragment eigenvalue problems that are solved for each fragment

subsystem.

P

N |en)
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5.1.3 Construction of the frozen density kernels

In the frozen density analysis, we seek expressions of the kernel and set of NGWF's
that represent the two intermediate wavefunctions ¥% and W3*"*". The NGWF set
of these wavefunctions, {¢.(r)}, is constructed by superposition of the NGWFs
of the isolated fragments A onto the supermolecule X. We now define the two
density kernels K64 *B0 and KA%PP that are used to represent ¥% and W™ in

orth

this ‘frozen” NGWF set.

The density kernel of the frozen state, K64 *Bp , is constructed by superposition of
the occupied states of the fragments onto the supermolecule. This is constructed

from the fragment density kernels (K 4)* as,

Ky = (Ka)*7

KPP = 0lazp (5.35)

The density kernel K (ﬁ?ﬁBﬁ is the properly antisymmetrised form of K64 BB The

construction of this kernel requires the coefficients (M4); of the isolated fragments.
From Eq. 2.54 for the density kernel we can write a generalised eigenvalue problem

as,

K*Sg MY, = M° f; . (5.36)

This eigenvalue equation may be expressed for the fragment problems as,
(Ka)*(Sa)py(Ma)"; = (Ma)*(fa)i (5.37)

where the subscript A is used to denote a fragment quantity. The vectors of the
fragment matrices M4 that are obtained for unoccupied MOs are discarded at this
point. This is achieved by ordering the MOs by decreasing orbital occupancy and

retaining only (M) where Ny(occ,a) is the number of occupied MOs on

iSNw(occ,A)

fragment A.
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The block-diagonal MO coefficient matrix M9, of the frozen supermolecule is

07

constructed from the fragment coefficient matrices (M4)?; as,

M Ao}u = (Ma)*

MA%, = 0|azp - (5.38)
Finally, the density kernel Kﬁf‘ﬁBﬁ of the properly antisymmetrised state is ex-

pressed using these MO coefficients as,

Nfrag N'LZJ(OCC,C) N'LZJ(OCC,D)

Aa,BB Aa Ci,Dj T\ BB

Koo~ = E, E, § M7 0 (M)Dj
C,DeX i j
Ny(oce,a) Ny (oce,B)

= > D M oM (M), (5.39)
g J

where we have exploited the block-diagonal structure of M described in Eq. 5.38
and where ¢ and j run over the occupied MOs of the fragments and where the

inverse MO overlap matrix o%5J is constructed from the quantity o4; p;,

Nfrag
oain; = Y (M), ScapsM”y; (5.40)
C,DeX
where Scq,pg is the full NGWF set overlap matrix for the supermolecule. For

clarity, the structures of the quantities M A"“Bi and o4, p; involved in constructing

KACE,Bﬂ

orth - are shown diagrammatically in Fig. 5.1.

. . . . 0,0rth
The energies of the two intermediate wavefunctions ¥% and Wy*™ are expressed

in terms of energy functionals of the quantities Kj'*"’, K257 and {¢4q(r)} as,

E[W%] = BI{K;™""}, {9.4a(r)}] (5.41)

B[] = BUELG } Adaa(0))] (5.42)

orth
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Figure 5.1: A diagrammatic representation of the quantities involved in the

construction of the frozen density kernel K(ﬁf‘}’lBﬁ for a system comprising of two

fragments ‘fragl’ and ‘frag2’. Empty matrix sub-blocks represent zero blocks,
and sub-blocks containing dots represent non-zero blocks. The diagonal in-
trafragmental MO overlap sub-blocks of 0 4; p; are identity due to orthonormal-
ity of the KS states within fragments, and non-zero for the sub-blocks repre-
senting interfragment MO overlaps due to lack of orthonormality.

5.1.4 The polarisation component

5.1.5 Calculation of the polarised density kernel

A brief overview of the ALMO polarisation procedure as implemented within the
ONETEP package is now described. As discussed in Section 2.8, the problem
of obtaining the ground state of a system in ONETEP involves the optimisation
of the NGWFs and the optimisation of the density kernel for each current set of
NGWFs. In ONETEP, the Stoll eigenvalue problem is not solved directly by
diagonalisation, but the ground state is obtained by a conjugate gradient minimi-

sation of the energy.

The following section describes the Stoll SCF-MI equations [189; 236] in terms
of the quantities used in ONETEP. Expanding the Stoll SCF-MI equation in
the basis of NGWFs on the fragment A, ¢4,, we obtain the set of Nj,, matrix
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equations,

[H | aalM]aa = [S]aa[M]aale]aa (5.43)

where the subscript AA indicates a fragment matrix block where,

(HE) A48 =(daal HE P a5) (5.44)

which must be solved for each fragment block to find the ALMO ground state.
The fully expanded form of the projected Hamiltonian matrix for each fragment

block AA is given by,

[HE] =[H]aa — [HMo ™' M'S] 44
— ([HMo™'MTS]44)"
+ [SMo"MTHMo ™ M'S] 44
+ [HMo Y au[M'S]aa
+ ([H]W(fl]A,ax[MTS]AA)T
— [SMo*MTHMo | 4a[M'S]aa
— ([SMo™*MTHMo " 44[M'S]44)"

+ [SMaalo *MTHMo™ ] 4u[MTS]', , (5.45)

where the quantities within square brackets are full (supermolecule) matrices.

5.1.5.1 Inner loop optimisation: the density kernel

To describe the optimisation of the density kernel in the SCF-MI equations within
ONETEP, we begin by introducing the density kernel corresponding to the non-
antisymmetrised wavefunction at SCF-MI iteration m as K(‘Qifﬂ . At m = 0, this

K, 64 BB constructed in the previous frozen density

kernel is simply set to the kernel
analysis by direct summation of the fragment density kernels. Having obtained

this kernel, SCF-MI loops are performed in order to optimise the total energy with
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respect to the density kernel. The electronic energy is evaluated at each iteration
using the antisymmetrised representation of this kernel, K (ﬁ?ﬁBﬁ . This electronic

energy is expressed in terms of the quantities used in ONETEP as,

Nfrag Nw(occ,A) Nw(occ,B)

Eovin =2 Z Z Z o483 (i | H 1 ai) — Epc

A,BeX 7 j
Nfrag
Aa,B
=2 ) K4 Hpgaa — Enc (5.46)
A,BeX

where Fpc is the double-counting correction,

(sExc [n(r)]

on(r) n(r) dr (5.47)

Epc = Eun(r)] — Exc[n(r)] +/

where Fy and FE,. are the Hartree and exchange and correlation energies, and

where,
Nfrag
n(r) =2 ) daa®) Ko dpp(r) (5.48)

A,BEX

A single iteration of the SCF-MI kernel loop contains the following steps:

1. The fragment eigenvalue problems described in Eq. 5.37 are solved to obtain

the isolated fragment MO coefficients (M4)®; and subsequently M4%,.

2. The MO overlap matrix o4; p; is constructed using Eq. 5.40 and inverted to

obtain 4487,

3. The kernel K2%P is constructed from MA%, using Eq. 5.39 and o757,

4. The unprojected Hamiltonian H,g is calculated and the energy of the ALMOs

evaluated as,
Nfrag
Eorgn = 2 Z KPP g5 4 — Epo (5.49)

A,BeX

If variations in the density kernel are less than a specified tolerance then exit.
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5. The locally projected Hamiltonian (Hg')4q 45 is constructed from Ha, gg,

Saa.ps, MA%, and o457 using Eq. 5.45.

6. (Hé") Ao, AB th‘;;;% are used in a conjugate gradient minimisation of the Stoll

locally projected energy of the fragments Fg,

Nfrag

Es =2 Ky (H$) ap.a0 — Enc (5.50)
AeX

KAQ,Bﬁ

where Epc is evaluated using the associated fragment densities of o(m)

Aa,Bj

(Eq. 5.48), to obtain the new density kernel K{my1)- The minimisation ap-

proach used [78] is the method of Li, Nunes and Vanderbilt [73; 74], wherein

K64Q,B,8

the density kernel is defined in terms of an auxiliary density kernel

Li*PP by the McWeeny purifying transform [75],
K64a,Bﬁ = ?)(LosoLo)Aa’Bﬂ — Z(LosoLosoLo)Aa’Bﬁ (551)

where Sy is the fragment overlap matrix constructed from the fragment over-

lap matrices S4 as,

(50) Aa,a8 = (S4) Aa, A8

(S0)Aa,Bs = 0|lazn - (5.52)

This purification transformation is iterated as required within the LNV sub-
routine to yield a fully idempotent K64 *5p , equivalent to orthonormalisation

of the KS states within the fragments. The gradient of the total energy with

B

respect to the auxiliary density kernel Lé A8 i5 calculated as,

OEs
6L64a,Aﬁ :6(50[/01%3,4 + HéLOSO)Aﬁ,Aa
— 4(SoLoSo Lo HE 4 SoLoHE Lo So + HE LoSoLoSo) 45, Aa
OFEs

L7 =0lazp - (5.53)
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and minimisation of Fg is equivalent to minimisation of F,., with the ALMO

constraint.

5.1.5.2 Outer loop optimisation: the NGWFs

Within this section we discuss the minimisation of the energy with respect to the

NGWFs {¢4,} on the fragments A. We assume that the idempotent density kernel

KAO[ Bﬁ

otn " has been fully optimised during the inner loop cycle in this discussion.

In ONETEP, convergence of the NGWFSs is achieved by minimising the energy
of the NGWFs using a conjugate gradients method. The gradient used in the
SCF-MI minimisation is the same as is used in the standard ONETEP orbital
optimisation. The expression of the gradient of the energy with respect to the
NGWFs is given by,

N, frag N; frag

5Eor . .
5o (1) th =2 | Hops() KL "+ Y dpa(r) QP (5.54)
AT BeX BeX

where for a converged density kernel,

Nfrag
Aa,C
QA%Bﬁ == Z Kor?h FYHC%DWSD”’Bﬁ (555)
C,DeX

and where H is the KS Hamiltonian, H is the full Hamiltonian matrix optimised
for the current set of NGWFs, and S is the full overlap matrix. This gradient can

be equivalently expressed as,

5Eorth
5¢Zi(r)

=2 [Hai(x) — eaitai(r) (5.56)
using the relationship,

Nfrag
5Eorth o 5Evorth

wth NN OBorth 5.57
SUR() 2t D) P (5:57)
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where fa; and ey; are the ALMO occupancies and eigenvalues respectively, and
therefore this nested energy minimisation corresponds to solving the KS equations

with the SCF-MI constraint.

Once the solution to the minimisation of both the NGWF's and density kernel is
found and the final polarised ALMO state energy obtained, the polarisation energy

is then calculated using Eq. 5.4.

5.1.6 The charge transfer component

Charge transfer is calculated using Eq. 5.5 but with omission of the A Eggsg con-

tribution, i.e.

AEcr =E[Ux] — E[UL"™MO] (5.58)

where,
E[¥x] = E[{K"*%7} {¢a(r)}] (5.59)
B[R] = E[{KL57}, {(dara0) aa(r)}] (5.60)

where { K48} and {¢.(r)} are respectively the fully optimised density kernel
and NGWFs of the supermolecule without ALMO constraint (i.e. the quantities
obtained from a standard singlepoint calculation), {(#armo)aa(r)} are the NG-
WFs determined by the minimisation of Eq. 5.54, and where {K %"’} is the
optimised ALMO-constrained kernel (not equal to {K2%%°} of Eq. 5.39). The

exclusion of AFEgssg in the ONETEP implementation is justified as it is zero due

to the fact that the psinc basis set is independent of atomic positions.

5.1.7 Parallelisation and numerical eigensolvers

The implementation of the ONETEP EDA described above, referred to as our

‘diagonalisation-dependent’ implementation, contains two separate cubic-scaling
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(O(N?)) bottlenecks. The first arises from the requirement of diagonalisation of
the density kernel used to obtain the fragment MO eigenvectors. The second
arises from the fact that the construction of Hg' in Eq. 5.45 relies on use of the
fragment MO eigenvectors (and related quantities) which are represented using
dense matrices. It is therefore important to use high performance mathematical
libraries in computing these quantities, as the speed at which these computations

are processed will largely determine the overall speed of the EDA calculations?.

Our diagonalisation-dependent EDA implementation adopts use of the LAPACK
239] and SCALAPACK [240] mathematical libraries. These packages consist
of optimised routines for computing matrix and vector operations and problems.
These differ in their parallelisations: the LAPACK set of routines run in serial,
using one central processing unit (CPU) core to solve each problem, whereas the
the SCALAPACK set of routines run in parallel, allowing division of the problem

over many cores.

To solve the eigenvalue problem described in Eq. 5.37, the DSYGVX eigensolver
routine in the LAPACK package is used for serial compilations, and its corre-
sponding parallel routine PDSYGVX in the SCALAPACK package is used for
parallel compilations. Notably, the serial routines are necessarily bound by the
restrictions of the CPU hardware. This is because the LAPACK routines require
each entire matrix to be held in the memory of a single CPU core. The SCALA-
PACK routines effectively avoid this problem as this package is implemented for
distributed memory systems, sharing the matrix data over multiple cores. In
principle therefore, allocating sufficient number of cores to solve the problem will

relieve the memory limitations.

3The diagonalisation-free EDA implementation described in Chapter 5.1.8 avoids these bottlenecks
entirely.
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5.1.8 Linear scaling reformulation of the EDA

As discussed above, the original implementation of the EDA in ONETEP requires
diagonalisation of the density kernel to obtain the fragment MO eigenvectors used
for constructing H&'. The computational cost of this procedure scales as O(N?).
Additionally, the fragment eigenvector matrices produced (as well as their derived
quantities) are themselves dense, and therefore the matrix-matrix multiplications
required to construct HE' in Eq. 5.45 also scale as O(N?). By eliminating the diag-
onalisation bottleneck and using sparse matrix algebra, we present a reformulation

of the original implementation that now scales with system size as O(N).

5.1.8.1 Reformulation of the Stoll SCF-MI

We begin by seeking to re-express the Stoll locally projected Hamiltonian in terms
of sparse matrices only. In our diagonalisation-dependent implementation, the
dense quantities used are the eigenvectors M4%,; and the MO overlap matrix
o4%BJ_ Here, we present a re-expression of the Stoll locally projected Hamiltonian
in which these quantities are substituted using modified representations of the

density kernel.

From the definition of the fragment kernel K (ﬁf‘}’lBﬂ of Eq. 5.39, we define a non-

Hermitian, modified (fragment) density kernel Kgﬁ;cczl( A) 88

Nw(occ,B) Nw(occ,A)
Bj,C . Bpg Bi,Aj C
Korth,ch(A) = Z Z Mg, o7 (MT)A]' ! (5.61)
J

)

that is present within Eq. 5.45 as the following underlined combination

["'MO'_I]AA[MT"']AA . (562)
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By observing that

KB,B,AO&

orth,col

KAa,Bﬂ

orth,col

BB,Cy
orth,col

due to the block-diagonality of M4%,. (Eq. 5.38),

structed simply from the fragment A columns of

Ny (oce,B) Nyp(oce,A)

B i, A7 «
W= D D>, ML T (M)
i J
_ BS,Ax
= Korth
(1) =0lazp
(a) =0lazBzc (5.63)
we note that K2% s con-

orth,col(A)
K2%P7. This

orths is shown visually

for an example system in Fig. 5.2.

=

Figure 5.2:
{X,Y,Z}, where the

N(P
X Y Z
o
A KXa,BB | ;
orth,col(X | X#B ]
S
7 7
Bp,Xa
Kor[:h,col(x) Z
Kfr[fl,l,ccil(xﬂxatB;tc 7
.
7
K orth, col ( X )

The modified kernel of a system comprising three fragments

Bg,Cy
Korth,col(

index A of A) is set to fragment X. The shaded

blocks are set to zero, with the non-shaded blocks equal to the relevant blocks

of the (full supermolecule, orthogonalised MO) kernel

Bg,Ax
Korth .
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Substituting Eq. 5.39 and Eq. 5.61 into Eq. 5.45, we obtain an expression for the

Stoll locally projected Hamiltonian,

[HE] =[H]aa — [H KornS)an
— ([H Ko S]an)!
+ [SKortn H KortnS] a4
+ [H Korth,col(4)S] 44
+ ([HKorth,col(A)S]AA)T
— [S Kortn H Korth col(4)5] 44
— (IS Koptn H K orcor(4)S) 1)

+ [SKIrth,col(A) HKorth,col(A) SHLXA (564)

that avoids explicit calculation of the coefficients M4%,; and where all the quanti-

ties involved can be represented using sparse matrices.

5.1.8.2 The adaptive McWeeny purification transformation

Having re-expressed the Stoll locally projected Hamiltonian in terms of eigenvector-
free sparse matrices, our strategy now lies in solving the problem of orthogonalising

the MO states of K (ﬁ?ﬁBﬁ in a linear-scaling fashion.

In our original EDA implementation, orthogonality of the MO states was imposed

by diagonalising the fragment density kernels (K4)*° as in Eq. 5.37 to obtain
the fragment MO eigenvectors, which were in turn used with the quantity o*%57

to construct the (orthogonal) density kernel K (ﬁf‘ﬂBﬂ using Eq. 5.39. In our new
approach, we instead adaptively purify the (non-orthogonal) frozen density kernel
K64 BB o produce K i?}’lB’g . Our implementation is a prescription of the McWeeny
purification functional [75] that purifies at such a rate that orbital occupancy

instabilities are avoided.
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For a given nearly idempotent ‘auxiliary’ density kernel L, the McWeeny transfor-

mation may be applied iteratively to impose idempotency as,
K =3LSL —-2LSLSL . (5.65)

The McWeeny purification transformation remains stable so long as the MO oc-
cupation numbers are in the interval [%ﬂ , [%g] [241]. However, there exists
the risk of orbital occupancies ‘flipping’ unless the occupancies are in the interval
[%g] , [%ﬂ An illustration of this purification and the bounds of occupancy

flipping is given in Fig. 5.3.

Purified eigenvalue
o =
ot (e}

o
o

Unpurified eigenvalue

Figure 5.3: The standard McWeeny purification transformation mapping of the
unpurified to purified eigenvalues of the density kernel (orbital occupancies).
(=] [2))

The lower and upper orbital occupancy bounds that ensure

stability of the transformation with respect to flipping is shown by the blue
vertical lines.

The construction of Kéi‘ﬁBﬂ entails orthogonalisation of the fragment MOs in the

presence of newly introduced fragment-fragment blocks of the overlap matrix. In
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cases, purifying using the McWeeny purification transformation (rather than via
diagonalisation) will fail as the unpurified occupancies of the initial MOs will lie
outside of the stable occupancy interval. Our strategy is to modify the standard
McWeeny transformation to be adaptive and therefore ensure stability for any

range of initial orbital occupancies.

The McWeeny purification transformation of Eq. 5.65 can be equivalently ex-

pressed in the form of a steepest descent search problem as,

K =L—AALSLSL — 6LSL +2L) . (5.66)

where in the standard purification transformation A = 0.5. In the adaptive pu-
rification approach, we purify using an optimised A value that prevents orbital
occupancy instabilities. The minimum and maximum occupancies fin and fiax
are calculated in O(N) operations by extremising (using an iterative conjugate

gradients method) the generalised Rayleigh quotient [78],

~ MTKM
R(K,S™' M) = = (5.67)

where S™! is the inverse of the full supermolecule overlap matrix, and where
extremising this Rayleigh quotient results in obtaining the extremal occupancy

eigenvalues of the eigenvalue problem,

KM= fS™*M . (5.68)

1+v3
2

If these occupancies lie outside of the interval [%ﬂ , [ ] that preserves the

initial occupancy numbers, then X is explicitly calculated as,

A =min [A¢(fmin), Af(fmax)] — 6 (5.69)
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where Af(f) is a function of A that gives the step length that bounds occupancy

flipping,

1

—4(f ~1y7 (5.70)

Ar(f) =

and where 0 is introduced to force the step to be lower than this bound of occu-

pancy flipping (in practice, § is set to 0.001).

If the occupancies lie in the occupancy-preserving interval, then A is set to 0.5,
which results in the steepest descent search simplifying to the standard McWeeny

transformation of Eq. 5.65. The calculation of A is displayed in Fig. 5.4.

I I I —

[
[\)
T

—_
e}
T

<
o)
J
-
i

Step size, )
<

(@)}

T

“o

o
e

<
[\

0.0 i i i i i
—0.366 0.000 0.500 1.000 1.366

Orbital occupancy, f

Figure 5.4: The steepest descent step length A for various extremal orbital
occupancies f. The step length is set to 0.5 (red) when in the occupancy
interval that guarantees preservation of occupancy number ([1*27‘/3] , [127‘/3} ).
When outside of this interval, the step length is determined analytically (blue)

using Eq. 5.69. The overall value of A is given by the solid black line.

Having obtained the value of A, the kernel is iteratively purified using Eq. 5.66 until

convergence. Convergence is defined using the root mean squared error (RMSE)
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of idempotency as,

RMSE(KSK — K) <10E—8 . (5.71)

By combining our EDA method with the reformulated Stoll locally projected
Hamiltonian, the adaptive purification transformation and the ONETEP sparse
matrix algebra engine, we present a linear-scaling, diagonalisation-free implemen-

tation of our EDA approach.

5.1.8.3 The lambda function

Here, we derive the function A¢( f) that provides the stepsize A that bounds orbital
occupancy instability for a given orbital occupancy f. We begin by expressing the

steepest descent formulation of the McWeeny purification transformation as,

Ji=fo— MASS — 615 +2fo) (5.72)

where fy represents the unpurified occupancy number and f; represents the puri-

fied occupancy number.

We first note that the bound of occupancy flipping of fy occurs when the purified
occupancy mapped onto by Eq. 5.72 is f; = 0.5. To find the maximum possible
step size (A > 0) that bounds occupancy flipping, we seek to find the value of A
that purifies fy to f; = 0.5,

0.5 = fo — A4fS —6f3 +2f0) (5.73)
SNASS —6f3+2f0) = fo— 0.5 (5.74)
o fo—0.5
' 413 — 612+ 2fo
B fo—0.5
CAfo(fo—0.5)(fo— 1)
1

T (5:75)
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This expression of A therefore provides the bound to stability of purified occupancy

number for a given unpurified occupancy fy, i.e.

1

—4(f ~1y7 (5.76)

Ar(f) =

where f is an unpurified occupancy number.

5.2 Electron density difference plots

Electron density difference (EDD) plots display the change in electron density that
result from EDA processes, and are useful as a means to identify key regions of
systems that are involved in binding. Specifically, these plots are associated with
the polarisation and charge transfer energy components of the EDA. The EDD

plot quantities are given by,

NEDD(POL) (I‘) = ”POL(I‘) - nFRZ(I‘)

nEDD(CT) (I‘) = TLO(I') — npOL(I‘) (577)

where nprz(r), npor(r), and ng(r) are the frozen (idempotent), polarised, and
fully relaxed electron densities respectively, which are calculated during the EDA

calculation.

5.3 Results and discussion

5.3.1 Validation

We have applied our EDA to a number of small test systems which model inter-

actions relevant within the field of drug design in order to validate the accuracy

of the ONETEP EDA against its ALMO and LMO EDA counterparts in the
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Q-CHEM [54] and GAMESS-US [56] ab initio packages respectively. These sys-
tems have been selected as they provide examples of important interactions such

as hydrogen bonding, 7—m, and dispersion [207; 208].

5.3.1.1 Calculations

Geometry optimisation was performed at the PBE-D2/aug-cc-pVTZ level of the-
ory [44; 242] on all structures using the Q-CHEM ab initio package [54]. The -D2
correction for dispersion of Grimme [242] was used in order to properly model
the dispersion interactions especially observed in the case of the m—n interact-
ing systems. The optimised geometries of the systems studied are shown within

Tables 5.1 and 5.2.
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Table 5.1: Test set 1 of PBE-D2/aug-cc-pVTZ geometry optimised
systems for EDA (intermolecular distances are given in A)

System Figure

Water — Water 1.90
Methanol — Methanol 1.85
1.88

Water — Ammonia

1.58

Water — Ammonium




Chapter 5 The ONETEP energy decomposition analysis 163

Table 5.2: Test set 2 of PBE-D2/aug-cc-pVTZ geometry optimised
systems for EDA (intermolecular distances are given in A)

System Figure

Benzene — Benzene
(Parallel Displaced)

Benzene — Pyridine

Benzene —
Dimethylacetamide

Benzene — Ammonium




164 Chapter 5 The ONETEP energy decomposition analysis

EDA was performed on the geometry optimised structures at the PBE-D2/aug-cc-
pVTZ level of theory* in the case of the LMO and ALMO EDAs, and at the PBE-
D2 level with a 1200 eV psinc basis set cutoff energy and 8 Bohr NGWF radii in
the case of the ONETEP EDA.? Additionally, the Martyna-Tuckerman approach
was used [243; 244] in the ONETEP calculations to prevent interactions with
periodic system images. Evidence of convergence of the calculations with respect
to psinc basis set kinetic energy cutoff (and the EDA energy values referred to in

this section) are provided in Tables B.1 and B.2 of the Appendix.

5.3.1.2 Analysis

Test set 1: hydrogen—bonding interactions In this test set, we assess the bond-
ing components of important hydrogen bonded systems such as the water dimer,
methanol — methanol, water — ammonia and water — ammonium (geometries are
shown in Table 5.1). Studies were published that investigate the covalency of
hydrogen-bonding in water [212-219], and this covalency may be further analysed

by considering the strength of the charge transfer component through EDA.

The ALMO EDA frozen density component AFEpgry, further partitioned into its
constituent electrostatic, exchange and Pauli-repulsion parts, is shown in Fig. 5.5.
These constituent components follow the same definitions as in the LMO EDA and
are in good agreement throughout the set. Additionally included in the ONETEP
EDA is the correlation component that is required to form AFEprz as shown in

Eq. 5.6.

We observe that the net effect of these frozen density components is almost neg-
ligible for all systems excluding the ammonium interacting case as shown by the

small magnitudes of the AFgrz component values (0.1 kcal/mol > AFEpgry; >

4Grimme -D3 correction results are also included for comparison in Tables B.1 and B.2 of the Ap-
pendix. The -D3 contributions were calculated using the DFT-D3 program as only the -D2 correction
is currently implemented in ONETEP.

® For all calculations excluding the benzene — ammonium system the polarisation stage NGWF's were
initialised to the converged fragment NGWFs. For the benzene — ammonium system, re-initialisation
to guess NGWFs at the polarisation stage was required in order to prevent under-convergence of the
polarisation energy component.
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Figure 5.5: Frozen density analysis energy components for test sets 1 and 2.
EDA component values are given in kcal/mol and were calculated with the
PBE-D2 functional. ONETEP EDA calculations (yellow) were performed with
a psinc basis set with a kinetic energy cutoff of 1200 eV. Q-CHEM ALMO
EDA calculations (blue) and GAMESS-US LMO EDA calculations (green)
were performed with an aug-cc-pVTZ Gaussian basis set. The ALMO frozen
density component is the sum of the electrostatic, exchange, Pauli-repulsion and
correlation energy components as shown in Eq. 5.6
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a kinetic energy cutoff of 1200 eV. Q-CHEM ALMO EDA calculations (blue)

were performed with an aug-cc-pV'TZ Gaussian basis set. Values of Grimme’s

Figure 5.6: EDA energy components for test sets 1 and 2. EDA component
-D2 correction for dispersion are also provided (grey).
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—0.9 kcal/mol). Intuitively, a more favourable AEpry component is expected for
the water — ammonium system due to the strong electrostatic interaction of the
charged ammonium molecule with the dipole of the water molecule. Our expecta-
tions are confirmed by assessment of the electrostatic energy: for this system we
observe electrostatic contributions of —25.3 kcal/mol and —25.5 kcal/mol through
the ONETEP and LMO EDASs respectively, whereas in the case of the uncharged
systems we observe AFEgg < —13.5 kcal/mol. The increased effect of electrostatics
in the water — ammonium system is also moderated significantly by a 9.9 kcal/-
mol (ONETEP) and 9.1 kcal/mol (LMO) increase in the Pauli-repulsion term

compared to the water — ammonia system.

Exchange in the ONETEP EDA is observed to increase through the test set from
—3.9 keal/mol for the water dimer to —6.6 kcal /mol for the ammonium interacting
system, in good agreement with the LMO EDA results. The correlation term is
also observed to increase in magnitude through the test set from —2.3 kcal/mol
for the water dimer to —3.4 kcal/mol for the ammonium interacting system. This
observation is rationalised through the increasing electron counts of the systems

through the set and decreasing intermolecular separations.

Polarisation and charge transfer energies obtained through the ALMO and ONETEP
EDAs are shown in Fig. 5.6. The LMO EDA does not attempt to distinguish po-
larisation from charge transfer effects and instead simply describes both as an
inter- and intramolecular polarisation term. Again, the ALMO and ONETEP
schemes show generally good agreement of the polarisation term, with the strength
of polarisation increasing through the set to the ammonium interacting system
(—10.2 keal/mol (ONETEP) and —10.8 kcal/mol (ALMO)). Polarisation is shown
to be similar in magnitude to the charge transfer contribution in the ONETEP
EDA of the water dimer system, with a polarisation energy of —2.2 kcal /mol and
a charge transfer energy of —2.0 kcal/mol. In the case of the ALMO EDA, charge
transfer is observed to be much more significant (—2.6 kcal/mol) than polarisa-

tion effects (—1.8 kcal/mol). Despite these differences which are expected due to
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the different basis sets used in the ONETEP and ALMO EDAs, the values ob-
served and inferences drawn for these components are generally in good agreement

between the schemes.

Test set 2: m-bonding systems In this test set, we assess the energy compo-
nents of a number of molecules interacting with the m-electron cloud of a benzene
molecule. Specifically, we have investigated the interactions of benzene, pyridine,
dimethylacetamide (DMA) and ammonium with benzene (geometries shown in

Table 5.2).

We note overall good agreement between the ONETEP and LMO EDAs through
the electrostatic, exchange and Pauli-repulsion energy components as displayed in
Fig. 5.5. We also observe good agreement for the ALMO EDA frozen density com-
ponent that is partially constructed from these terms. Through the set, the contri-
butions of electrostatics (—1.2 kcal/mol to —12.1 kcal/mol (ONETEP)), Pauli-
repulsion (9.0 kecal/mol to 19.8 kcal/mol (ONETEP)), polarisation (—0.2 kcal/-
mol to —12.3 kcal/mol (ONETEP)) and charge transfer (—0.4 kcal/mol to —4.6
kcal/mol (ONETEP)) generally increase as expected with decreasing intermolec-

ular separation and the presence of charged or larger molecules.

The largest correlation effects are observed for the benzene — DMA system (—5.9
kcal/mol). This compares to correlation energies of —3.5 kcal/mol for the ben-
zene — benzene and benzene — pyridine systems, and —3.9 kcal/mol for the ben-
zene — ammonium interacting system. This difference likely arises due to the small
intermolecular separation (2.65A) of the DMA molecule compared to the other sys-
tems within the set (2.90A to 3.83A), and the larger number of interacting atoms.
A similar trend is observed in the contribution of exchange and this can also be

rationalised through similar considerations.

ALMO and ONETEP polarisation and charge transfer contributions for test set
2 are shown in Fig. 5.6 and also display good agreement. The ability of DMA

to delocalise charge through its structure appears to enhance polarisation to a
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degree, as shown by a polarisation energy of —0.8 kcal/mol for the ONETEP EDA
and —1.2 kcal/mol for the ALMO EDA. Interestingly, polarisation is observed to
increase markedly to —12.3 kcal/mol (ONETEP) and —12.6 kcal/mol (ALMO)
in the case of the ammonium interacting system. This is likely the result of the
placement of a positively charged molecule directly within the polarisable m-cloud

of the partner benzene molecule.

Charge transfer is most significant in the DMA (—1.3 kcal/mol (ONETEP and
ALMO)) and ammonium (—4.6 kcal/mol (ONETEP) and —4.8 kcal/mol (ALMO))
interacting systems. This is expected due to the ability of the DMA molecule to
delocalise and stabilise incumbent charge, and due to the high favourability of
the positively charged ammonium molecule to accept electron density. Charge
transfer is especially strong in the ammonium interacting system, reflecting the
consequence of placement of a charged molecule directly within the m-cloud of the

partner benzene molecule as was also observed in the case of polarisation.

5.3.2 Basis set dependence

A notable weakness of using the SCF-MI approach to separate polarisation and
charge transfer effects is its significant basis set dependency. As the basis set size
increases, the polarised state increasingly becomes described using basis functions
that extend into the space of the partner fragment and therefore this component
increasingly includes charge transfer contributions. This ill-definition of the energy
components is similar to the sensitivity [245; 246] of Mulliken charges [177] to basis
set size. Rigorous separation of the polarisation and charge transfer terms is of
key importance for obtaining an accurate chemical description, and the presence of
this ill-definition presents an issue. In this section, we aim to quantify the extent

to which this effect affects the accuracy of the EDA results.
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5.3.2.1 Calculations

Structures of water — water, methanol — methanol, and benzene — ammonium
systems were geometry optimised at the PBE-D2/aug-cc-pVTZ level® using the
Q-CHEM [54] DFT package. The optimised geometries of these systems are shown
within Tables 5.1 and 5.2.

ONETEP and ALMO EDA calculations were performed using ONETEP and
Q-CHEM [54] using the PBE-D2 functional using basis sets of increasing complete-
ness. For the ONETEP EDA, calculations were performed using 6, 7, 8 and 9
Bohr NGWF radii with a 1200 eV kinetic energy cutoff. The Martyna-Tuckerman
approach was used [243; 244] in the ONETEP calculations to prevent interactions
with periodic system images. In the case of the ALMO EDA, the basis sets used

were the aug-cc-pVDZ, aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5HZ basis sets.

5.3.2.2 Analysis

Plots demonstrating the basis set dependence of the frozen density, polarisation,

and charge transfer components are provided in Fig. 5.7.

The effect of polarisation and charge transfer ambiguity may be countered and
chemically accurate contributions obtained by adopting a consistent basis set
choice of carefully considered spatial extension. In previous work the use of the
aug-cc-pV'TZ basis set for ALMO EDA calculations has been shown to offer a fair
balance between accuracy and stability of terms [219; 247]. Fig. 5.7 shows that
adopting between 7.5 Bohr to 8.5 Bohr NGWF radii is approximately equal to
using the aug-cc-pVTZ basis set in the Gaussian code ALMO EDA. We suggest
the use of 8.0 Bohr NGWF radii NGWFs in order to fairly balance the accuracy

of AFE with accuracy in partitioning polarisation and charge transfer effects.

Ascribing polarisation and charge transfer contributions using approaches based

on the ALMO methodology is not without challenge. Methods that seek to avoid

5These structure are identical to those of Section 5.3.1.
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Component Energy (kcal/mol)

Component Energy (kcal/mal)

Component Energy (kcal/mol)

Figure 5.7: The ONETEP (6 Bohr to 9 Bohr NGWF radii) and ALMO (aug-cc-
pVDZ to aug-cc-pV5Z) EDA of PBE-D2/aug-cc-pVTZ geometry optimised (a)
water dimer, (b) methanol - methanol, and (c) benzene - ammonium systems.
The PBE/1200 eV level AE (green) is partitioned into the frozen density (blue),
polarisation (red), and charge transfer (yellow) energy components as described
in Eq. 5.2. The -D2 correction for dispersion of Grimme is independent of basis
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this ambiguity include the constrained DFT (CDFT) approach of Wu that ex-
ploit population analysis calculations to partition polarisation and charge transfer
by real space definitions [16], and also the recent fragment electric-field response
functions (FERF) approach of Horn and Head-Gordon [248] that adopts the use
of fragment polarisation subspaces for variationally defining the polarisation con-
tribution. These approaches have shown success in isolating energy contributions
with minimal basis set dependence, presenting the opportunity for the development

of new EDA schemes with ever more chemically relatable energy components.

5.3.3 Exchange-correlation functional dependence

The choice of exchange-correlation functional is important within DFT calcula-
tions as this will often determine the accuracy of the results obtained. Func-
tionals often have specific strengths and weaknesses, and so their choice should
be thoughtfully considered. For example, Handy et al. [249] showed the BLYP
functional to generally overestimate bond lengths, and LDA to significantly over-
estimate binding energies. Additionally, the LDA and GGA families of functionals
are known to generally underestimate the band gaps of semiconductors [250] and
so would be unfavourable for use in such applications. Due to the importance of
functional choice in DF'T calculations, we seek to measure the dependence of the

EDA method with respect to exchange-correlation functional in this section.

5.3.3.1 Calculations

Structures of water — ammonium and benzene — dimethylacetamide (DMA) sys-
tems were geometry optimised at the PBE-D2/aug-cc-pVTZ level” using the Q-
CHEM [54] DFT package. The optimised geometries of these systems are shown

within Tables 5.1 and 5.2.

"These structure are identical to those of Section 5.3.1.
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We have compared the results of these systems using the PBE [44] and BLYP [48;
49] GGA exchange-correlation functionals and LDA (with VWN correlation [41])
functional using ONETEP with a 1200eV basis set kinetic energy cutoff. As
Grimme’s correction for dispersion depends upon the choice of exchange-correlation
functional by a simple applied scaling factor, we have omitted this correction from
our discussion. The Martyna-Tuckerman approach was used [243; 244] to prevent

interactions with periodic system images.

5.3.3.2 Analysis

Table 5.3: The water - ammonium ONETEP EDA energy components using a
1200eV basis set kinetic energy cutoff.

Energy term Exchange-correlation functional
(kcal/mol) | PBE BLYP LDA (VWN)

FRZ® -4.5 -3.4 -8.3

ES | -25.3 -25.7 -25.7

EX | -6.6 -4.9 -12.9

REP | 30.8 314 324
CORR | -34 -4.2 -2.1

POL -10.2 -10.2 -10.4
CT -8.4 -8.0 -8.6

AFE -23.1 -21.5 -27.4

Table 5.4: The benzene - dimethylacetamide (DMA) ONETEP EDA energy
components using a 1200eV basis set kinetic energy cutoff.

Energy term Exchange-correlation functional
(kcal/mol) | PBE BLYP LDA (VWN)

FRZ® 3.2 6.8 -3.0
ES | -5.2 -5.4 -5.5

EX | -4.5 -0.6 -15.6

REP | 18.9 19.2 21.2

CORR | -5.9 -6.5 -3.1

POL -0.8 -0.9 -0.8
CT -1.3 -1.3 -1.8
AFE 1.2 4.7 -5.6

The results of this functional comparison are displayed in Tables 5.3 and 5.4. As

we may expect, the LDA results display generally poor agreement of AE values

SONETEP EDA components contained within the AFErrz energy component are right-adjusted for
clarity in the data tables provided in this thesis.
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with the GGA functionals. Analysing the EDA components, we observe that
this is primarily due to differences in the exchange components, for example this
component is 11.1 kecal /mol lower for the LDA functional than the PBE functional
in the case of the benzene — DMA system. This disagreement is partially cancelled
by the Pauli repulsions and correlation components, giving a AFpryz component
energy 6.2 kcal/mol lower for the LDA functional with this system. Polarisation
and charge transfer effects are captured with surprising accuracy by the LDA
functional for the two systems studied, with polarisation within 0.2 kcal/mol of

the GGA functionals’ values and charge transfer within 0.6 kcal/mol.

There is good agreement between the GGA results, indicating that energy compo-
nents within this class of functionals could be expected to be comparable. As with
the LDA functional, differences using the PBE and BLYP functionals are apparent
within the A Egrz components, with the AFEpgrz term 1.1 kcal/mol lower for PBE
than BLYP in the case of the water — ammonium system and 3.6 kcal/mol lower
in the case of the benzene — DMA system. Polarisation and charge transfer are in

good agreement (0.4 kcal/mol) between the GGA functionals.

5.3.4 Atomic coordinate dependence

When preparing biomolecular systems for calculation, the initial structures (such
as those downloaded from the Protein Data Bank [251]) typically have an error
attributed to the quality of the atomic coordinates. This quality is determined by
the crystallographic resolution, which relates to the scattering of X-rays during the
diffraction process. For example a high-resolution structure could be considered
any structure with a resolution of 1A or below. Additional error is also introduced
during protonation of the structures as we must model the placement of these

hydrogen atoms within the structure.

In this section, we seek to quantify the sensitivity of the EDA method with respect
to changes in atomic coordinates. Here, we perform EDA calculations on a number

of model protein-ligand structures that differ only in their atomic coordinates.
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Ideally, the EDA approach should exhibit minimal sensitivity to these changes
as excessive sensitivity would indicate lesser accuracy. Nonetheless, a degree of
variability should be expected, as the systems that we are studying are necessarily
different. The variability in the value of AFE for the systems is considered a fair

benchmark for the variability in the EDA components.

5.3.4.1 Calculations

In order to assess the dependence of the EDA on atomic coordinates, we prepared
a set of three systems prepared from the structure of thrombin interacting with
the T87 inhibitor (pdb:1G30 [252]), each produced using different atomic tether

forces during their geometry optimisation.

The following protocol was used to prepare the 1G30 protein structures for EDA.
The missing 7-loop ? of the initial thrombin-inhibitor crystal structure was built us-
ing MOE homology modelling suite. The structure was then capped using COCHj
and NHCHj3 groups, and protonated using the Protonate3d software [253]. Three
structures were then produced by energy minimisation using the MMFF94x force-
field with the generalised Born implicit solvent (GBIS) model using tethering force
constants of (3/2)kT/o? (o = 0.25, 0.50, and 1.00 A) for all atoms during the min-
imisation. A larger o value produces a weaker force constant. These structures
were then truncated to remove residues beyond 5A of the ligand, and further
truncated to ensure consensus of the protein residues across all of the systems.
Finally, the cleaved backbone of the structures were capped using hydrogens. The
superposition of the structures are shown in Fig. 5.8. ONETEP EDA was per-
formed on the resulting systems using a 800 eV psinc basis set cutoff energy and
8 Bohr NGWF radii at the PBE-D2 level of theory. Dispersion corrections were

also calculated using the -D3 correction of Grimme et al. [209] for comparison.

9The 7-loop refers to the missing residues Trp147A, Thr147B, Alal47C, Asn147D, Vall47E, Gly147F,
and Lys147G.
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Figure 5.8: Superposition of the optimised 1G30 systems used to quantify
atomic coordinate sensitivity.

5.3.4.2 Analysis

The results of the three EDA calculations are shown in Table 5.5, with EDA com-
ponent errors and root-mean-square deviation (RMSD) values of the atomic coor-
dinates calculated with respect to the o = 0.25A system. This o = 0.25A system is
the system which most closely resembles the original 1G30 pdb crystal structure.
The mean absolute errors (MAESs) of the core!® EDA components are 2.1 kcal /mol

and 2.9 kcal/mol for the o = 0.50A and o = 1.00A systems respectively.

10T his refers to the electrostatic, exchange, Pauli repulsion, correlation, polarisation, charge transfer
and -D2 correction components.
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Table 5.5: The PBE-D2/800eV ONETEP EDA energy components and errors for the

1G30 optimised systems used to quantify atomic coordinate sensitivity.

Optimisation tether deviation, o (A) 0.25 0.50 1.00
RMSD?*(A) 0.00 0.04 0.11
ONETEP EDA (kcal/mol) Value | Error®| Value | Error?| Value | Error®
FRZ -20.5 0.0 -18.7 1.9 | -17.7 2.9
ES | -135.6 0.0 |-1387| -3.1|-139.0| -34
EX | -52.7 00| -536| -09| -333| -0.6
REP | 229.9 0.0 | 235.3 5.4 | 233.8 3.9
CORR | -62.2 0.0 -61.6 0.6 | -59.2 3.0
POL -30.9 00| -325| -16| -33.6| -2.7
CT -32.6 00| -345| -19| -354| -27
AE(PBE/800eV) -84.0 00| -8.6| -1.6| -8.6| -2.6
-D2 Correction -75.1 0.0 -74.0 1.1 -71.1 4.0
-D3 Correction® -78.0 0.0| -77.6 04] -75.9 2.1
AFE(PBE-D2/800eV) -159.2 0.0 | -159.7 | -0.5 | -157.8 1.4

2 RMSD and EDA component error calculated with respect to o = 0.25A geometry.

b Grimme -D3 correction results are included for comparison.

We begin our analysis by noting that the geometric displacements occur most
significantly in the freely mobile water molecules of the system which are located
in relatively close proximity to the ligand as shown in Fig. 5.8. For this reason,
the geometric RMSD values should be considered in relative terms only, as these
values do not reflect the fact that much of the system remains rigid during the

different optimisations.

With weaker tethering force constant (i.e. the o = 1.00A system), the forcefield
model has greater dominance over the final optimised system conformation. The
EDA component profile changes smoothly with weakening of the force constant,
with polarisation and charge transfer both increasing in strength, and the frozen
density component and dispersion falling. Overall, the dispersion contributions
are observed to cancel the error in AF to a large degree. For example, in the
o = 1.00A system the absolute AE error is 2.6 kcal/mol without the -D2 cor-
rection, but on including the -D2 correction the error falls to 1.4 kcal/mol. This

cancellation is even more pronounced using the -D3 correction.
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The empirical dispersion corrections show errors similar in magnitude to the DFT-
derived EDA component errors. For example in the o = 1.00A system, the average
of the -D2 and -D3 corrections errors is 3.1 kcal/mol, comparable to the frozen
density component (2.9 kcal/mol), polarisation (-2.7 kcal/mol) and charge transfer
(-2.7 kcal/mol) errors. This is interesting to note as this indicates that the DFT-
derived energy components are comparable in sensitivity to those derived from

pair-potential models.

Overall, the results show mild sensitivity of the EDA components to changes in
atomic coordinates, comparable to the sensitivity of AE itself. This can be seen
through the MAE values for the EDA components and the absolute errors in AFE.
For the o = 0.50A and ¢ = 1.00A systems, the MAE values of the core EDA
components (2.1 kcal/mol and 2.9 kcal/mol) are slightly greater than the absolute
errors in AFE without -D2 correction (1.6 kcal/mol and 2.6 kcal/mol), and notably
greater than the absolute errors in AE with -D2 correction (0.5 kcal/mol and
1.4 keal/mol). As discussed above, however, the dispersion correction leads to a
cancellation of error and may be considered to artificially lower the error in AFE.
Accounting for this effect, these results therefore indicate reasonable stability of

the EDA method.

5.3.5 Electron density difference water trimer test example

In this section, we demonstrate the value of electron density difference (EDD)
plots which are provided alongside the EDA results. EDD plots show the redis-
tributions of charge that occur during polarisation and charge transfer, and are
able to provide indication of important regions of chemical significance within
systems. For our test, we used the water trimer. This relatively simple system
is useful for demonstrating the redistributions of charge that occur through the
processes involved in bonding, and also serves to show application of the EDA to
a three-fragment system. Although simple in structure, this additionally provides

a physical example investigating hydrogen bonding networks within solvent.
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5.3.5.1 Calculations

Two water trimer geometries were prepared for our calculations. The first system
was prepared directly from the (C3 symmetry) 3-UUU water isomer of Temelso
et al. [254] which we refer to as the UUU geometry. This system was optimised
using the resolution-of-the-identity MP2 (RI-MP2) method [255; 256] with the
aug-cc-pVDZ basis set. The second system was prepared by manually rotating a
single water molecule around its centre to break the hydrogen bonding network,
which we refer to as the UUU,,; geometry. These systems are displayed in Fig. 5.9.
ONETEP EDA and EDD calculations were performed using a 800 eV psinc basis
set cutoff energy and 8 Bohr NGWF radii using the PBE exchange-correlation

functional.

5.3.5.2 Analysis

Table 5.6: The water trimer ONETEP EDA energy components using a 800eV
basis set kinetic energy cutoff.

Energy term Conformation
(kcal/mol) | UUU UUU ot
FRZ -2.3 4.1
ES | -23.9 -14.0
EX | -99 -8.7
REP | 379 32.6
CORR | -64 -5.7
POL -7.1 -4.4
cT -6.3 -4.2
AFE -15.7 -4.5

EDD plots of the UUU and UUU,,; systems are displayed in Fig. 5.10 (polarisation)
and Fig. 5.11 (charge transfer). The results of the EDA are displayed in Table 5.6.

The polarisation EDD plots show clearly symmetrical polarisation of electron den-
sity for the UUU system, and the restricted polarisation of the UUU,y system.
Generally, we observe that electron density is redistributed from the oxygen atom
of each water molecule to the hydrogen involved in hydrogen bonding with the

neighbouring water molecule during polarisation. Polarisation in the UUU
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(b) UUUyot

Figure 5.9: The (a) UUU and (b) UUU, water trimer test systems. Hydrogen
bonding extends throughout the system in the case of the UUU system, but is
broken between the lower water molecules in the case of the UUU, system.

system is limited by the unfavourable angle of the (lower right) rotated water
molecule: polarisation of this rotated water is restricted to electron flows through
the oxygen rather than the full molecule. This is not the case in the UUU system,
in which electron density is able to migrate from the hydrogen atom in the direc-

tion of the O—H---O hydrogen bond. This observation is supported by the EDA
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values, as we observe a much lower polarisation energy of -4.4 kcal/mol for the

UUU,u conformation compared with -7.1 keal/mol for the UUU conformation.

Similarly, the charge transfer EDD plots display symmetrical charge transfer delo-
calisations for the UUU system, and limited delocalisations for the UUU,; system.
Three hydrogen bonds are clearly formed in the UUU system as shown by the pres-
ence of green isosurfaces in the region between the hydrogen and oxygen molecules
of the neighbouring water molecules. In the UUU,; system a hydrogen bond is not
present between the lower two water molecules. This observation reflects the fact
that the rotation of the lower right water molecule has broken the hydrogen bond.
Bond formation between these molecules is unfavourable, as such a bond would
effectively involve electron density redistributing between two d— oxygen atoms.
Support of this observation is provided by the EDA values, in which we note a
much lower charge transfer energy of -4.2 kcal/mol for the UUU,,; conformation,
which corresponds to ?/3 of the charge transfer energy (-6.3 kcal/mol) of the UUU

conformation.

These EDD plots are useful for understanding the electron redistributions occur-
ring through polarisation and charge transfer effects. Importantly, however, we
also see notable differences in the frozen density analysis EDA values for which no
EDD is computed. Here, we observe a 9.9 kcal /mol decrease in electrostatic stabil-
isation within the UUU,y; conformation which results in an overall repulsive frozen
density component for this system (4.1 kcal/mol) compared to the UUU confor-
mation. This is expected, as forming the UUU,,; conformation from its separated
molecules involves an unfavourable dipole-dipole interaction between the lower two
waters of this system. Additionally, we observe a decrease in Pauli repulsions for
the UUU,y conformation due to rotation of the hydrogen atom away from the in-
termolecular bonding region of the lower two water molecules. Despite the lack of
an EDD plot analogue for the frozen density analysis, the EDD plots nonetheless

show significant value for analysing the mechanisms driving bond formation.
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Figure 5.10: Polarisation EDD plots of the (a) UUU and (b) UUU,q water
trimer test systems calculated using the PBE exchange-correlation functional
with an 800 eV psinc basis set cutoff energy and 8 Bohr NGWF radii. The
isosurface contour levels are displayed at 0.01 electrons per cubic Angstrom
with green surfaces representing electron gain and magenta surfaces representing
electron loss
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(a) UUU

Figure 5.11: Polarisation EDD plots of the (a) UUU and (b) UUU,q water
trimer test systems calculated using the PBE exchange-correlation functional
with an 800 eV psinc basis set cutoff energy and 8 Bohr NGWF radii. The
isosurface contour levels are displayed at 0.01 electrons per cubic Angstrom

with green surfaces representing electron gain and magenta surfaces representing
electron loss
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Chapter 6

Applications of the ONETEP

energy decomposition analysis

In this chapter, we present a series of protein-ligand studies with the aim of demon-
strating the high value of the information provided by the EDA method we have
developed. In particular, we are interested in the success of the EDA in aid-
ing understanding of the origins of the interaction energy both energetically and

spatially.

Thrombin is a serine protease which plays a central role in the blood coagulation
cascade [257]. The blood coagulation cascade refers to the series of reactions that
result in the formation of insoluble fibrin by the action of thrombin on fibrino-
gen [258]

Thrombin
_—

Fibrinogen Fibrin . (6.1)

The inhibition of thrombin is therefore a key target in the treatment and prevention
of thrombosis by delaying coagulation. We have applied the ONETEP EDA to
the thrombin protein, which contains an active site consisting of three well-shaped

pockets: S1, S2, and S3/4 [258].

In this chapter, we begin by demonstrating the EDA on the thrombin protein

interacting with the C24 ligand, measuring the effect of protein truncation on the

185
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EDA. We present EDD plots which show the key electron density redistributions
involved in the polarisation and charge transfer effects to investigate the important

regions of binding.

Following this, we identify the enthalphic contributions of specific protein-ligand
regions to binding by partitioning a selection of thrombin ligands into fragments
and calculating their EDA components. In this work, we also quantify an ad-
ditivity error that measures the error due to ligand fragmentation. This is an
important measure that provides an indication of the effect of our fragmentation

approximation on the EDA results.

Lastly, we present a study of the interactions of small binders with the thrombin
S1 pocket. The small binders studied are all less than 30 atoms in size and share
many structural features. By selecting highly comparable binders for EDA, we
are able to gain clear insight into the relative importance of specific features on
the interaction energies we observe. We also combine this knowledge with our

understanding of the key electron redistributions by EDD plot analysis.

6.1 Thrombin - C24

6.1.1 Calculations

We have analysed the bonding components of thrombin-inhibitor complex models
using the ONETEP EDA, with varying degrees of protein truncation applied in
order to enable measurement of EDA component convergence with protein model

size. A brief description of these systems’ preparation follows.

Four model systems at various truncation radii were prepared from the structure of
the ligand C24 (shown in Fig. 6.1) bound to thrombin (pdb:1KTS) [251; 259]. The
initial thrombin-inhibitor crystal structure was capped using COCH3 and NHCHj;

groups ! and protonated using the Protonate3d software [253]. The protein side

LCaps were placed at the GlulC, Tyr14J, Thr147, Gly150 and Leu264 residues.
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Figure 6.1: The C24 ligand (pdb:1KTS).

chains, caps and hydrogens were then optimised using the MMFF94x forcefield
with the generalised Born implicit solvent (GBIS) model. The hirudin and its
waters were subsequently removed from the system. This structure (referred to as
the untruncated system) was then truncated to remove residues beyond various
distances (3A, 9A, 15A) from the ligand. Caps (COCHs and NHCH; groups) were
then added to the resulting protein fragments. The structures were then reproto-
nated and any bond clashes introduced by capping removed by further geometry
optimisation (MMFF94x, GBIS) of the caps and the hydrogens. ONETEP EDA
was performed on the resulting thrombin-C24 systems using a 800 eV psinc basis
set cutoff energy and 8 Bohr NGWF radii at the PBE-D2 level of theory. A sum-
mary of the protein models and EDA fragment definitions is given in Table 6.1

and visualisation of the protein binding pocket in Fig. 6.2.

Table 6.1: A summary of the fragments of the thrombin-C24 complexes used in
the ONETEP EDA, where ‘oo’ refers to the full, untruncated protein (charges
given in parenthesis).

Protein Fragment atom count

Truncation | Protein and solvent | Ligand | Supermolecule
3A 374 (-1) 67 (+1) 441 (0)
9A 1328 (-1) 67 (+1) 1395 (0)
15A 2621 (+1) 67 (+1) | 2688 (42)
00 4908 (+2) 67 (+1) 4975 (+3)
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Figure 6.2: The binding pocket of the untruncated (4975 atom) protein system.
The C24 ligand has been highlighted in orange.

6.1.2 Analysis

Values of the ONETEP EDA components and their convergence with respect to
the untruncated protein system are shown in Fig. 6.3 and Fig. 6.4 (energy values
are provided in Table C.1 of the Appendix). The EDA components show a sig-
nificant electrostatic contribution (—150.3 kcal/mol) to AE, reflecting the strong
influence of the charged Aspl89 residue interacting with the positively charged
amidine of the ligand. The total contribution of exchange (—53.7 kcal/mol) and
correlation (—63.6 kcal/mol) is shown to provide almost as much stability to bind-
ing as electrostatics. Stabilisation from electrostatics, exchange and correlation is
however largely countered by steric Pauli-repulsion effects (228.7 kcal /mol). Polar-
isation (—33.1 kcal/mol) is of similar magnitude to charge transfer (—31.2 kcal/-
mol), reflecting the balanced contribution of these effects to binding. A significant

contribution to binding is provided by Grimme’s -D2 correction for dispersion
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Energy components of AEgg, (kcal/mol)

-170 ' '
3

Model truncation (A)

Figure 6.3: Frozen density analysis of the thrombin-C24 complexes calculated at
the PBE-D2/800 eV level of theory (component values are given in kcal/mol).
Error of the energy components is shown with respect to the full, untruncated
(4975 atom) protein system. The frozen density component is formally equiva-
lent to adding the electrostatic, exchange, Pauli-repulsion and correlation energy
components as shown in Eq. 5.6



190 Chapter 6 Applications of the ONETEP energy decomposition analysis

Energy components of AE (kcal/mol)

Model truncation (A)

Figure 6.4: EDA components of the thrombin-C24 complexes calculated at the
PBE-D2/800 eV level of theory (component values are given in kcal/mol). Error
of the energy components is shown with respect to the full, untruncated (4975
atom) protein system. The full interaction energy AFE is equivalent to adding
the frozen density component, polarisation, charge transfer, and Grimme -D2
dispersion energy components.
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(—79.9 kcal/mol) which arises due to the many long-range contributions over the

large number of atoms in the protein.

Convergence of the exchange, Pauli-repulsion and correlation components is reached
between 3A and 9A truncation, with full convergence of electrostatics observed be-
tween 15A truncation and the full protein. The large truncation radius required
for convergence of electrostatics is likely due to differences in the charge distri-
butions within the truncated proteins and the long-range nature of electrostatics,
and is interesting to observe as in molecular mechanics descriptions electrostatics
are often truncated at around 9-10A [260; 261]. Polarisation and dispersion are
shown to converge smoothly with reduced protein truncation, with charge trans-
fer displaying a similar convergence profile to the frozen density component and
electrostatics. Again, the similar convergence profile of charge transfer may be an
indication of differences in the protein charge distributions at the different trun-
cation levels. Overall, our results indicate heavy protein truncation to have the
potential to adversely affect the outcome of the EDA values. Minimal truncation
of protein models is therefore shown to be necessary to ensure convergence of the

EDA components.

Qualitative descriptions of intra- and inter-fragment delocalisations are provided
by electron density difference (EDD) plots [89] (Fig. 6.5 and 6.6). EDD plots are
constructed as electron density differences between intermediate states of the EDA
procedure. The polarisation EDD is calculated by subtracting the electron density
corresponding to the frozen density state from the polarised state electron density.
Similarly, the charge transfer EDD is calculated by subtracting the electron density
corresponding to the polarised state from that of the fully (electronically) relaxed
state. Earlier work has demonstrated the high value of these plots in drug design,
for example by application to HIV-1 protease inhibitors by Hensen et al. [262] and
to d-opioid models by Mo et al. [263] using the BLW EDA.

The EDD plots of the 3A truncated and untruncated systems both display the
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Figure 6.5: EDD plots of polarisation for the (a) 3A system and (b) untruncated
system. The isosurface contour levels are displayed at 0.0175 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The C24 ligand has been highlighted in orange.
The EDD plots show the contributions of functional groups to polarisation and
charge transfer.
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Figure 6.6: EDD plots of charge transfer for the (a) 3A system, and (b) untrun-
cated system. The isosurface contour levels are displayed at 0.0175 electrons per
cubic Angstrom with green surfaces representing electron gain and magenta sur-
faces representing electron loss. The C24 ligand has been highlighted in orange.
The EDD plots show the contributions of functional groups to polarisation and

charge transfer.
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key polarisation and charge transfer interactions. Overall, polarisation is demon-
strated as an important effect with charge transfer interactions involved in the
formation of the many hydrogen bonds observed. Electron density is observed
to gather in the carboxylate of Aspl189 through polarisation effects, with bond
formation to the amidine group of the C24 ligand being observed in the charge
transfer EDD plot. The Gly219 and Cys220 residues of the protein are also shown
to interact with the amidine group of the ligand. For these two residues minor
differences are observed between the 3A truncated and untruncated systems in
the nature of the charge redistributions through polarisation effects. In addition
to interactions of the protein with the ligand, notable interactions involving water
molecules are also observed, specifically with the ligand’s amidine and 1-methyl-
benzimidazole functional groups. These interactions highlight the importance of
solvent participation in ligand-protein binding. Overall, the 3A and infinite cutoff
EDD plots (for both polarisation and charge transfer) appear qualitatively very
similar. Thus the 3A description is sufficient for qualitative and visual interpreta-
tions. For accurate energy components however, the 15A description is needed as

we saw in the previous section.

EDD plots are shown to be an important tool for visualising the key interactions
that are responsible for the polarisation and charge transfer energies and allow
us to associate these energies with particular functional groups. For example it
can be seen that during the polarisation stage charge is redistributed in Asp189.
Then during charge transfer, charge delocalises to the amidine group of the ligand,
clearly showing the formation of bonding in this ion pair. Thus the value of such

plots can be very high for assisting in the fine-tuning of drug-protein interactions.
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6.2 Thrombin - small fragmented binders

In this section, we investigate the important enthalpic contributions to protein
binding provided by key regions of ligands of pharmaceutical interest using small
fragment binder molecules and the ONETEP EDA method. Our fragment based
study is arranged in two subsections, with all structures prepared using similar

protocols.

In the first subsection, we partition a selection of thrombin ligands into small frag-
ments and analyse the chemical information provided by their energy components.
Our motivation for this study is to measure the reproducibility of the ligand bind-
ing components when fragmented into specific subregions, and to understand the
usefulness of the information provided by these fragments’ energy components.
Here, we quantify the error associated with the fragmentation process. This is
achieved by calculating an ‘additivity error’ that is the energetic difference be-
tween the total fragment contributions (to a particular EDA component) and the

full, unfragmented ligand contribution.

In the second subsection, we seek to investigate the usefulness of EDA for identi-
fying important functional group interactions in drug binding. Here, we apply our
EDA approach to a series of small fragments that bind to the S1 pocket of throm-
bin that contains a number of key interactions. By considering simple fragment
binders that have the potential to be used as building blocks of larger ligands, we
aim to be able to more easily rationalise and understand the interaction driving

forces involved in the larger ligands themselves.

6.2.1 Calculations

The ability to observe differences in structural features of ligands is of key impor-
tance within this work. For this reason, thrombin-inhibitor binders were taken
from the literature of Rithmann [258] and Baum [264] based on their high suit-

ability for structural comparison (i.e. the ligands are structurally different, but
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not so dissimilar as to prevent comparison). The pdb codes of the structures se-
lected for fragmentation were 4AUDW [258], 2ZGX [264], and 5AFZ [258], and the
pdb codes of the structures selected for the S1 pocket analysis were 4UD9 [258],
5AFY [258], 5SAHG [258], 5AF9 [258], 4UEH [258], and 4UET7 [258] (downloaded
from the Protein Data Bank [251]).

The following protocol was used to prepare the protein structures for EDA. The
missing 7-loop? of each of the initial thrombin-inhibitor crystal structures was
built using MOE homology modelling suite. Each structure was then capped using
COCH; and NHCH3; groups, and protonated using the Protonate3d software [253].
The structures were energy minimised using the MMFF94x forcefield with the
generalised Born implicit solvent (GBIS) model using a tethering force constant
of (3/2)kT/o? (¢ = 0.5A) for all atoms during the minimisation. The hirudin and
all waters (excluding the water molecules® involved in the S1 pocket salt bridge
interaction) were subsequently removed from the systems. These structures were
then truncated to remove residues beyond 15A of the ligand, and further truncated
to ensure consensus of the protein residues across all of the systems. Further
capping of the cleaved backbone of the structures was performed using COCHj
and NHCHj3 groups. In this work, the systems produced from this protocol are
referred to as the reference structures, and their ligands are referred to as the

reference ligands.

In the ligand fragmentation study (4UDW, 2ZGX, and 5AFZ complexes), the ref-
erence ligands were further partitioned into fragments that interact with particular
regions of the thrombin active site. Specifically, we have selected fragments with
index F1 to interact with the S1 pocket, F2 with the S2 pocket, and F3 to interact
with the S3/4 pocket. Details of the ligand fragmentation positions are shown in
Fig. 6.7. To partition the ligands into fragments, the selected bonds were cleaved

and the missing bonding atom(s) replaced with hydrogen atom(s). ONETEP

2The 7-loop refers to the missing residues Trpl47A, Thr147B, Alal47C, Asnl147D, Vall47E, Gly147F,
and Lys147G.

3 Water molecules involved in the Asp189 salt bridge interaction were retained in the 2ZGX, 5AFZ,
4UE7, and 4UEH systems.
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EDA was performed on the resulting thrombin-fragment and thrombin-reference
ligand systems using a 800 eV psinc basis set cutoff energy and 8 Bohr NGWF
radii at the PBE-D2 level of theory. Additionally, desolvation energies A Fgesolv
were calculated for the ligands at the same level of theory using the ONETEP
solvation model [265]. This is a fully self-consistent model based on direct solu-
tion of the non-homogeneous Poisson equation. The ligand desolvation energies
were added to AFE to attempt to capture the cost of the ligand leaving the water

environment to bind to the receptor pocket.

To quantify the error introduced through fragmentation of the ligands, an ‘addi-
tivity” error is defined for each of the reference ligands’ energy components. This

quantity is expressed as

Nfrag
ABuy(X) = AEy(X) = Y AEy(A) (6.2)

AeX
where AFEy(X) is the value of the EDA energy component Y for the reference
ligand X protein interaction, and AFEy (A) is the value of the EDA energy compo-

nent Y for the fragment A protein interaction (where fragment A is a constituent

of the reference ligand X).

6.2.2 Analysis: ligand fragmentations

In this section, we analyse the binding of the 4UDW, 2ZGX, and 5AFZ reference
ligands and their fragments with thrombin. The structures of these ligands are
shown in Fig. 6.7. Plots of the EDA components are displayed in Fig. 6.8 and
Fig. 6.9, and EDD plots are shown in Figs. 6.11-6.13. Energy component values
are also provided in Table D.1 of the Appendix.
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4UDW

HzN

Figure 6.7: The ligand fragmentation scheme for the 4UDW, 2ZGX, and 5AFZ
ligands. The bond partitions of the ligands are shown by the dashed blue lines,
with each fragment produced capped with a hydrogen atom. The F1, F2, and
F3 ligands refer to the fragment indexes 1, 2, and 3.

6.2.2.1 Frozen density component

We begin our discussion by noting the important role of electrostatics, and in
particular those arising from the fragment charges, as a factor in determining the

overall AF. Electrostatics were observed to play a key role in the interaction of
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C24 with thrombin discussed earlier (Section 6.1). In this system, the positively
charged amidine moiety interacts strongly with the negatively charged Asp189
residue of the protein, giving rise to a significant electrostatic interaction energy.
The stability provided through this interaction is expected to have provided a
significant proportion of the electrostatic contribution (—150.3 kecal/mol). In the
F1 fragments of the 2ZGX and 5AFZ systems considered here, a similar amidine-
Aspl89 interaction is observed. Importantly, here we are able to determine the
individual contributions of ligand functional groups to binding, and can quantify
the contribution of the amidine-Asp189 interaction. Here we observe total electro-
static components of —208.3 kcal/mol (2ZGX) and —169.7 kcal/mol (5AFZ) for
the full reference ligand, with the F1 fragments each contributing —129.2 kcal /-
mol and —135.7 kcal/mol respectively to these values (Fig. 6.8). From this, we
are able to conclude that this salt bridge interaction contributes well over half of

electrostatics in these systems.

It is important, however, to consider the accuracy of the fragmentation process
that underlies this conclusion. Notably, we observe a 6.5 kcal/mol difference in
electrostatics for the F1 fragments of the 2ZGX and 5AFZ systems despite these
fragments sharing identical chemical structures. Errors in the electrostatic com-
ponent due to fragmentation (calculated using Eq. 6.2) are < 1 kcal/mol and are
therefore unlikely to be significant factors in this difference. Therefore this dif-
ference, representing a +2.5% error from the mean, arises from variances in the
structural geometries. Specifically, the negatively charged Glu192 residue is much
closer to the benzene ring in the 5AFZ when compared to the 2ZGX system. As
well as minor difference in the EDA components of the F1 fragments of the 2ZGX
and HAFZ systems attributable to geometric differences, we also observe differences
in the energy components for the F2 fragments of the 2ZGX and 4UDW struc-
tures. This is also initially surprising as these fragments are structurally identical
(the superposition of these fragments is shown in Fig. 6.10). On closer inspection,
however, we see that this difference also likely arises due to similar differences in

the Gly192 geometry. These observations demonstrate that care must be taken
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Figure 6.8: Frozen density analysis of the fragmented 4UDW, 2ZGX, and 5AFZ complexes calculated at the PBE-D2/800 eV level of
theory (component values are given in kcal/mol). F1, F2, and F3 refer to the fragments that compose the full reference ligand. For
each energy component, the fragmentation error equals the sum of the fragment contributions subtracted from the contribution of the
full reference ligand (Eq. 6.2).
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drawing conclusions from EDA results using a single structure. It is expected that
improvements in the accuracy of EDA results would be made by computing av-
erages of EDA component values using snapshots taken from molecular dynamics

simulations.

Figure 6.10: Superposition of the 4UDW and 2ZGX F2 fragments.

We also note the importance of electrostatics in the F3 fragments of 4UDW and
27.GX. These fragments are also charged, and we expect that important stabilising
contributions arise through interaction of the charged amine group with the Gly216
oxygen. Evidence of the importance of this *TNH---OC interaction in stabilising
polarisation and charge transfer is also shown in Figs. 6.11 and 6.12. The stabil-
ity provided to these fragments by electrostatics is —71.2 kcal/mol (4UDW) and
—59.3 keal (2ZGX). The additional 11.9 keal /mol stability gain in 4UDW is due to
the presence of benzene in this fragment (see Fig. 6.7). This additional benzene,
relatively isolated from charged residues, enhances electrostatics and dispersion
significantly more than the polarisation or charge transfer interactions. This is
reflective of the fact that the electrostatic and dispersion interactions occur over

much longer ranges than charge transfer and polarisation effects.

Overall, the fragment charge is observed to play a significant role in determining
the frozen density component. For 4AUDW and 5AFZ, each containing one charged
fragment, the frozen density component is stabilised significantly by its charged

fragment (—44.3 kcal/mol by F1 of 4UDW, and —62.4 kcal/mol by F1 of 5AFZ).
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For 27ZGX, containing two charged fragments, the frozen density component is sta-
bilised by similar amounts through each of its charged fragments (—54.8 kcal /mol
by F1 and —42.6 kcal/mol by F3). The 2ZGX and 5AFZ F1 fragments gain sig-
nificant electrostatic stabilisation through salt bridge formation with the Asp189
residue, but at the cost of high Pauli repulsions. The 4UDW F1 fragment is un-
able to form this interaction, and instead the interaction with the protein occurs
primarily through long range dispersion effects as shown by the EDA components.
For this reason, electrostatics in the 2ZGX and 5AFZ fragments are approximately
114.7 kcal/mol more stabilising than in the 4UDW fragment. In fact, this elec-
trostatic stabilisation provided by the 2ZGX and 5AFZ fragments is greater than
the total electrostatic stabilisation provided by the whole of the 4UDW ligand.
A high Pauli repulsions penalty is paid (approximately 75.9 kcal/mol) to enable
this high electrostatic stabilisation (and additionally the short range polarisation
and charge transfer stabilisations). This observation highlights the importance of

sterics when suggesting modifications for drug design.

The fragment exchange and correlation contributions to AE are largely determined
by the fragment sizes and proximity to the protein. For example, exchange and
correlation are shown to respectively contribute —7.9 kcal/mol and —6.5 kcal/mol
stability to AF in the F3 fragment of the 2ZGX system. As we would expect, in the
larger and more closely interacting F3 fragment of 4AUDW exchange and correlation
are also greater (—12.7 kcal/mol and —11.9 kcal/mol respectively). For the full ref-
erence ligand, the contributions of exchange and correlation (up to —50.7 keal /mol
and —54.6 kcal /mol respectively) are comparable to the contributions of polarisa-
tion (up to —55.0 kecal/mol) and charge transfer (up to —50.0 kcal/mol). These
effects therefore contribute important driving forces to binding. However, the
range of these values is relatively small for exchange (10.8 kcal/mol) and correla-
tion (8.0 kcal/mol) when compared with the ranges for polarisation (34.9 kcal/-
mol), and charge transfer (20.7 kcal/mol). Additionally, the fragmentation error
associated with exchange is consistently positive (3.1 kcal/mol to 3.5 kcal/mol),

indicating that the fragment contributions slightly overestimate the stabilisation
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provided through exchange. This error is also moderately large when consider-
ing that this represents a 6.5-8.8% exchange contribution unattributable to any
particular fragment. Overall, differences in the exchange and correlation contri-
butions are therefore less distinct and the origins of these components less easily
attributable than the other energy components. Nonetheless, it is possible to
identify certain useful key observations. For example, we observe a slightly larger
correlation energy for the F1 fragment of 4UDW (—18.0 kcal/mol) than might be
expected when compared to the other systems. This is due to the presence of chlo-
rine atoms in this fragment, which through their more diffuse and larger electron
clouds enhance the overall fragment contribution to correlation. This argument
may also be used to rationalise the enhanced dispersion contribution seen for this

fragment.

6.2.2.2 Polarisation, charge transfer and dispersion

Here we consider the polarisation and charge transfer EDA components for the
fragmented systems through their values and EDD plots shown in Figs. 6.11 to
6.13.

We begin by noting the significant contributions by the F1 fragments of 2ZGX and
5AFZ to AE through polarisation and charge transfer. These fragments contribute
a total polarisation and charge transfer (AFEpor, + AEct) of —61.8 keal/mol and
—61.9 kcal/mol respectively. This strong interaction is due to the salt bridge
interaction with Asp189, with contributions also observed from Gly219 and Cys220
and the water molecule in this pocket. In these plots, charge is seen to gather at
the Aspl89 oxygens by attraction of the positively charged amidine group of the
ligand. Simultaneously, charge density is repelled away from the amidine group
hydrogen atoms in the direction of the benzene ring. Two hydrogen bonds are
subsequently formed by proton donation from the amidine group to the Aspl189

residue, as shown in the charge transfer EDD plot (Fig. 6.13). The interactions
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Figure 6.11: EDD plots of (a) polarisation and (b) charge transfer for the AUDW
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 4UDW system has been highlighted
in orange.
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Figure 6.12: EDD plots of (a) polarisation and (b) charge transfer for the 2ZGX
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 2ZGX system has been highlighted
in orange.
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Figure 6.13: EDD plots of (a) polarisation and (b) charge transfer for the 5AFZ
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 5AFZ system has been highlighted
in orange.
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observed in this region are very similar to the C24 - thrombin interaction discussed

in Section 6.1.

The EDD plots show a number of other protein and ligand regions involved in key
interactions. The Ser214 residue is shown to be involved in interactions with the
F2 fragments of every ligand of this study. For example, in the 4UDW system,
charge is seen to gather on the oxygen of Ser214 through polarisation and form a
bond with a nitrogen of the ligand prolinamide group. The overall interaction of
the protein with the 4UDW F2 fragment is moderately strong and likely stabilised

greatly by this specific interaction: polarisation is -4.5 kcal /mol and charge transfer

is -11.9 kcal/mol. This interaction is shown for 4UDW in Fig. 6.14.

(a) Polarisation (b) Charge transfer

Figure 6.14: EDD plots of (a) polarisation and (b) charge transfer for the F2
fragment region of 4UDW with Ser214. The isosurface contour levels are dis-
played at 0.025 electrons per cubic Angstrom with green surfaces representing
electron gain and magenta surfaces representing electron loss. The ligand of the
4UDW system has been highlighted in orange.

In the 4AUDW and 272GX F3 fragments, notable stabilising contributions are also
observed through polarisation and charge transfer. These arise through interac-
tion of the charged amine group with the Gly216 oxygen through formation of a
9*NH---OC bond. This interaction is clearly shown in the EDD plots of Figs. 6.11
and 6.12. In the case of 5AFZ, the F3 fragment has a lesser interaction with the
Gly216 oxygen atom due to the fact that this fragment is uncharged. However,
this fragment is more extended than the F3 fragments of 4UDW and 2ZGX and
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therefore has opportunity for interaction with other protein residues. Specifically,
interactions of this fragment are seen with the Gly216, Gly219, and Ser214 protein
residues. EDD plots of these specific interactions are shown in Fig. 6.15, using a
smaller isosurface value of 0.015 electrons per cubic Angstrom in order to precipi-
tate the interactions for visualisation. The weaker stabilisation provided through
these interactions is reflected by a > 10 kcal/mol decrease in polarisation com-
pared to the F3 fragments of 4UDW and 2ZGX, and a > 3 kcal/mol decrease in

charge transfer.

(a) Polarisation (b) Charge transfer

Figure 6.15: EDD plots of (a) polarisation and (b) charge transfer for the 5AFZ
system F'3 fragment interaction with thrombin. The isosurface contour levels are
displayed at 0.015 electrons per cubic Angstrom with green surfaces representing
electron gain and magenta surfaces representing electron loss. The ligand of the
5AFZ system has been highlighted in orange.

In considering the EDA components, we note a significant fragmentation error for
the polarisation component of the 2ZGX system. This error is —9.9 kcal/mol, and
therefore 18% of the polarisation is not attributable to any particular fragment.
This is possibly the result of the fragmentation scheme we have adopted for this
system, as it may be the case that the total polarisation through the full ligand is

impeded by bond partitioning and that the polarisation interaction is not properly
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reproduced after fragmentation. Related to this idea, it is possible that giving the
F3 fragment of 2ZGX a +1 integer charge is physically unjustifiable. This may
be the case as this fragment is relatively small and may potentially stabilise its
electron deficiency by withdrawing charge from its neighbouring fragment (F2).
This is evidenced by population analysis of the full ligand (performed at the same
level of theory as the EDA) in which the fragment atoms are observed to have a net
charge of 40.91e (Mulliken population) and +0.89¢ (natural population), notably
different to a +1 integer charge. This observation shows that care must be taken

when partitioning bonds, especially in the case of small, charged fragments which

should ideally be avoided.

We also show AFE including the ligand desolvation cost (AFgesoy) in Fig. 6.9.
This is included to capture the cost of ligand desolvation when binding within
the pocket. It is important to note that this is an approximate measure, as this
assumes the cavity to be entirely devoid of water molecules, and also does not
account for desolvation within the binding pocket itself. Nonetheless, this provides
useful indication of the importance of solvation effects in the enthalpic contribution

to binding.

The desolvation energy cost significantly lowers the stability provided through the
charged fragments. This is most notably observed for the F3 fragment of 2ZGX in
which the AFE of -75.8 kcal /mol is nearly cancelled by the ligand desolvation cost
of 67.1 kcal/mol. In fact, the AE + AFges0ry value for this charged F3 fragment
(-11.3 keal/mol) is lower than even the neutrally charged F2 fragment of 2ZGX
(-8.7 kecal/mol), although it should again be reiterated that the AFEges1, value
provides an approximate indication of solvation effect importance in our study.
This high ligand desolvation cost is expected, as cationic species will commonly be
stabilised more strongly than neutral molecules in solvent. Despite this high cost,
the charged fragments still typically display stronger or comparable AFE 4+ A Fgesolv

energies than the uncharged fragments.

The fragmentation error is moderate for AFqeov. Generally this error cancels



Chapter 6 Applications of the ONETEP energy decomposition analysis 211

with the error of AFE to give an overall low error for AE + AFqeso1y. For exam-
ple, in the 2ZGX system the fragmentation error of AFE is -5.0 kcal /mol, and the
fragmentation error of AFqgeso1y is 6.4 kcal/mol, cancelling to give a fragmentation
error for AE + AFqgesory 0f only 1.4 kecal/mol. This is misleading as this suggests
the A Fqesolv-corrected interaction energy to be more accurately decomposable into
its fragment contributions than without correction. This observation further sup-
ports the view that the ligand desolvation energies used here provide qualitatively
correct, but not necessarily quantitatively correct, indications of solvent effect

importance.

6.2.3 Analysis: S1 pocket binders

In this section, we analyse the binding of the 4UD9, 5AFY, 5AHG, 5AF9, 4UEH,
and 4UET reference ligands with the thrombin S1 pocket. The structures of these
ligands are shown Table 6.2, and plots of the EDA components are displayed
in Fig. 6.16 and Fig. 6.17. Energy component values of the S1 binders are also
provided in Table D.2 of the Appendix.

We begin by noting an overall trend in the frozen energy components’ magnitudes,
and to a lesser extent also in the polarisation, charge transfer and dispersion energy
components. For example, 5AFY generally displays the smallest individual energy
contributions of the ligands, and the charged ligands generally show the largest
energy contributions. Subtle differences are observed in these components however.
These differences arise from structural and conformational differences both in the
ligand and in the protein. For this reason, in our discussion that follows we
consider the binding components of ligand pairs on a case-by-case basis, allowing
us to properly consider the differences in the ligand and protein structures and

conformations.
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Table 6.2: Small fragment binders of the thrombin S1 pocket for

EDA.
System Figure
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6.2.3.1 5AFY and 5AHG

We begin our discussion by considering the interactions of the 5AFY and 5AHG
ligands which both share a similar chlorobenzene functional group. Despite key
differences in the chlorobenzene substitutions, these ligands display significant
overlap when superposed within the binding pocket. Slight differences are, how-
ever, observed in the protein conformations for these systems. These differences
in the protein conformations are expected to directly affect the binding modes of

the ligands and therefore the EDA results.

As the chlorobenzene moieties of the ligands are almost identically positioned
within the pocket, these are assumed to make almost identical contributions to
the EDA components. The different amide and sulfonamide functional groups of
the ligands are therefore expected to be the primary origin of differences seen in the
EDA values. Importantly, the meta- and para-substitution of these ligands is ob-
served to result in interactions with alternate sides of the binding pocket. Through
the EDD plots shown in Figs. 6.18 and 6.19, we observe that the meta-substituted
5AFY ligand favours interaction with the Ser195 residue alone, whereas the para-
substituted 5SAHG ligand favours interaction with the Gly219 residue (and to a

lesser degree the Ser214 residue).

The magnitudes of the individual components of the frozen density interaction are
much larger in the 5AHG system than the 5AFY system, and importantly Pauli
repulsions are 13.1 kcal /mol more repulsive in the 5AHG interaction. This observa-
tion is explained by the greater size of the 5SAHG ligand than the 5AFY ligand, and
also the close interaction (1.7A separation) of this ligand with the Ser195 hydrogen.
Overall, the greater magnitudes of the interactions for the 5AHG ligand balance
to give overall frozen density components of 2.8 kcal/mol and 2.1 kcal/mol for
5AFY and 5AHG. Dispersion is also significantly stronger in 5AHG (—32.0 kcal/-
mol) than 5AFY (—25.2 kcal/mol). As with the frozen density components, this

observation can be understood to originate from the larger size of 5SAHG.
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Figure 6.16: Frozen density analysis of the fragmented thrombin S1 pocket complexes calculated at the PBE-D2/800 eV level of theory

(component values are given in kcal/mol).
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Polarisation (—5.3 kcal/mol and —6.1 kcal/mol) and charge transfer (—11.1 kcal/-
mol and —11.4 kcal/mol) are comparable for the 5AFY and 5AHG ligands, with
5AHG displaying slightly stronger interactions. The 0.8 kcal/mol greater polar-
isation in 5AHG is explained by the larger size of this ligand: this greater size
increases the opportunity for stabilisation through intramolecular charge redis-
tributions during binding. These differences are small when compared to the
differences in the other energy components. Therefore, we can consider there
to exist approximate energetic equivalence of the 5AFY ligand polarisation and
charge transfer interactions with the Ser195 residue and the 5AHG ligand with
the Gly219 and Ser214 residues.

Plots of AFE with the ligand desolvation cost AFqesoy are shown in Fig. 6.17,
which attempt to quantify the cost of ligand desolvation when binding within the
pocket. As discussed in Section 6.2.2.2 above, this is an approximate measure due
to the assumptions used in this calculation. Overall, ligand desolvation effects are
similar for the ligands, differing by only 0.4 kcal/mol. This correction therefore

contributes negligibly to the differences in the results we observe.

In conclusion, the differences in the frozen density, polarisation and charge transfer
energy components are overall relatively small, with the dispersion component

remaining as the primary driving force behind the greater interaction energy of

5AHG (—38.9 kcal/mol) than 5AFY (—29.8 kcal/mol).

6.2.3.2 4UD9 and 5AFY

The 4UD9 and 5AFY ligands differ only by their aromatic ring constituent. Con-
sidering the ligand structures alone, the asymmetrical polar thiophene ring of
4UD9 would be expected to enhance electrostatic, polarisation and charge transfer
effects compared to the symmetrical benzene ring of 5AFY. Indeed, the interac-

tion components of 4UD9 are all greater than 5AFY, for example electrostatics
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Figure 6.18: EDD plots of (a) polarisation and (b) charge transfer for the 5AFY
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 5AFY system has been highlighted

in orange.
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Figure 6.19: EDD plots of (a) polarisation and (b) charge transfer for the 5SAHG
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 5AHG system has been highlighted
in orange.



Chapter 6 Applications of the ONETEP energy decomposition analysis 219

(—33.1 kcal/mol), polarisation (—6.5 kcal/mol), and charge transfer (—14.0 kcal/-
mol) in 4UD9 compared with 5AFY (—30.3 kcal/mol, —5.3 kcal/mol, and —11.1 kcal /-

mol respectively).

Notably however, the interactions of 4UD9 and 5AFY differ significantly in the
hydrogen bonds they form. The 4UD9 ligand forms three notable hydrogen bonds
with the Gly219 and Glul92 residues, whereas 5AFY forms a notable hydrogen
bond with Ser195. These interactions are shown clearly in Figs. 6.20 and 6.18.
Additionally, the benzene of 5AFY favours a conformation with two hydrogens
interacting with the Asp189 residue, whereas the 4UD9 conformation primarily
involves one hydrogen interacting with the Asp189 residue and another with the
Cys220 backbone. Overall therefore, these structurally similar binders display very
dissimilar interactions with the protein pocket, and therefore the difference in the

EDA components is not explained by the aromatic ring substituent alone.

Nonetheless, by analysis of the EDD plots we may still expect the bonding of 4UD9
to be stronger than 5AFY. Specifically, the EDD plots suggest greater quantities
of charge to be redistributed during polarisation and charge transfer for the 4UD9
ligand than for the 5AFY ligand, and we expect these quantities to correlate with
the strengths of the bonds formed. Overall, we therefore conclude that the 4UD9
ligand shows stronger interactions not only due to the favourable interactions of

its aromatic ring, but also due to the stronger bonds that it forms.

It is also important to consider the frozen density component of the 4UD9 and
5AFY interactions. These display a small difference of 0.1 kcal /mol, largely due to
cancellation of the individual components that contribute to the frozen density in-
teraction. The greater electrostatics, exchange and correlation in 4UD9 (5.0 kcal/-
mol) almost exactly cancels with the greater Pauli repulsions cost (5.0 kcal/mol).
Differences in these individual contributions are reconciled through a number of
considerations. Similar to the arguments concerning the polarisation and charge

transfer contributions presented above, we expect electrostatics in 4UD9 to be
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more stabilising than in 5AFY due the presence of a dipole moment in the thio-
phene ring of 4UD9, and due the closer interactions of this ligand with the protein.
Additionally, the thiophene ring has a slightly greater electron count than benzene
which we expect to enhance exchange and correlation effects in the 4UD9 interac-
tion. Finally, whilst the bAFY ligand is larger than the 4UD9 ligand, the 4UD9
ligand is observed to interact more strongly with the Glu192 residue, and so over-
all Pauli repulsions are greater for 4UD9. Ligand desolvation is very similar for
these ligands (8.8 kcal/mol for 4UD9, and 9.0 kcal/mol for 5AFY), and overall the
difference in the interaction energy for these ligands is concluded to be primarily

of charge transfer origin.

6.2.3.3 4UD9 and 5AF9

We now consider the interactions of the 4UD9 and 5AF9 ligands. Despite the much
smaller size of the 4UD9 ligand compared to the 5AF9 ligand, we observe similar
electrostatics of 4UD9 (—33.1 kcal/mol) and 5AF9 (—33.2 kcal/mol). All the
other contributions to the frozen density component remain larger in magnitude
for the 5AF9 ligand, as expected considering the larger size of this ligand. To
understand this observation, we begin by noting that the 5AF9 and 4UD9 ligands
and their protein conformations overlap closely when superposed yet the Glul92
residue positions differ significantly. This is shown in Figs 6.20 and 6.21, where we
observe the Glul92 residue actively participating in binding to the 4UD9 ligand.
This interaction with the charged Glul92 residue provides additional stability to
the 4UD9 ligand through electrostatics, increasing the total electrostatics up to
the level of the larger 5AF9 ligand.

Overall, the frozen density contribution is slightly more repulsive for 4UD9 (2.7 kcal /-
mol) than 5AF9 (2.1 kcal/mol). This greater repulsion is due to the presence
of additional short range stabilisations for the 4UD9 ligand that reduce the in-
termolecular separation and increase Pauli repulsions. Specifically, polarisation

(—6.5 kecal/mol) and charge transfer (—14.0 kcal/mol) interactions are also seen
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Figure 6.20: EDD plots of (a) polarisation and (b) charge transfer for the 4UD9
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 4UD9 system has been highlighted

in orange.
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Figure 6.21: EDD plots of (a) polarisation and (b) charge transfer for the 5AF9
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 5AF9 system has been highlighted
in orange.
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with the negatively charged Glul92 residue (in addition to the electrostatic in-
teraction discussed above). These interactions favour paying the Pauli repulsions
cost (74.7 kcal/mol) of an overall closer intermolecular separation, which in turn

results in a more repulsive frozen density component for 4UD9.

For these ligands, the ligand desolvation energy cost is greater for 4UD9 (8.8 kcal /-
mol) than 5AF9 (7.2 kcal/mol). This is likely a result of a number of factors. For
example, the bulkier size of 5AF9 results in a 3.6 kcal /mol greater solvent cavita-
tion energy cost during solvation than for 4UD9. This energy is released during
ligand desolvation, lowering the desolvation energy cost for 5AF9. Additionally,
the presence of the chlorine substituted thiophene ring is expected to increase the
polarity of the 4UD9 ligand, and in turn increase stabilisation when solvated in

water. This will increase the ligand desolvation energy cost of 4UD9 as a result.

Overall, dispersion effects for 5AF9 (—35.2 kcal/mol) are seen to be significantly
greater than for 4UD9 (—25.1 kcal/mol). This is the primary driving force behind
the greater interaction energy of 5AF9 than 4UD9 with thrombin. It is interesting
to observe the relatively high strength of dispersion in 5AF9 when compared with
the other energy components of this ligand. This is likely due to the presence of
two aromatic rings in 5AF9 which we would expect to interact notably through

dispersion effects with thrombin.

6.2.3.4 4UEH and 4UE7

Here, we consider the interactions of the two charged ligands of our study, 4UEH
and 4UE7. We begin our discussion by considering the important overall differ-
ences between these two ligands’ interactions and those of the remaining uncharged
ligands. The charged ligands show the largest energy component magnitudes for
all but correlation and dispersion. This observation is explained by considering
the structures of the ligands in addition to their charges. The 4UEH and 4UE7
ligands are smaller than the remaining uncharged ligands, and therefore we expect

the correlation and exchange contributions (which depend on electron count) of
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4UEH and 4UET to be weakened by this. On the other hand, these two ligands
are positively charged and so favour closer interaction with the protein pocket.
A particularly strong interaction with the negatively charged Aspl89 residue is
observed, as shown in Figs 6.22 and 6.23. This closer interaction significantly in-
creases Pauli repulsions (115.8 kcal/mol for 4AUEH and 113.0 kcal/mol for 4UE7)
above even the large 5AF9 ligand (80.4 kcal/mol). At the same time, this inter-
action enhances electrostatics (—136.2 kcal/mol for 4UEH and —121.0 kcal/mol
for 4UET) as we would expect from this interaction of positively and negatively
charged functional groups. Exchange is enhanced by this closer interaction such
that 4UEH and 4UE7 are the ligands that are most stabilised through this energy
component (—25.1 kecal/mol and —25.2 kcal/mol respectively). However, correla-
tion (—23.8 kcal/mol and —24.4 kcal/mol) is not enhanced enough to be above
that seen in the 5SAHG and 5AF9 systems (—26.0 kcal/mol and —25.9 kcal/mol).
This may be reconciled as the 5SAHG and 5AF9 ligands contain notable delocalised
functional groups with high electron counts which are well suited to correlation
interactions with the protein. A similar argument also applies to the dispersion
component, for which we also observe the strongest dispersion interactions for the

5AHG and 5AF9 ligands.

The desolvation energy costs for these two charged ligands are notably greater than
for the uncharged ligands. In the uncharged systems, the range of the desolvation
energy cost is between 7.2 kcal /mol and 9.0 kcal /mol, whereas in the 4UEH system
the cost is 54.6 kcal /mol and 50.6 kcal/mol in the 4UE7 system. This is explained
by considering the effect of the ligand charge: the negatively charged fragments
will bind more favourably with the solvent than the uncharged molecules and so
show a greater energy cost to leave the solvent environment. Whilst correcting the
interaction energy using the ligand desolvation energy (as AE + A FEqgesorv) helps to
normalise the charged and uncharged ligand interaction values to a closer range as
seen in Fig. 6.17, the difference between the values for the charged and uncharged
ligands is still large. This observation suggests that the approximations used in our

correction may be overly limiting, as we would expect the charged and uncharged
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fragments to display much closer interaction energies after correcting for solvation

effects.

Having discussed the important differences between the charged and uncharged
ligand interactions, we now consider the interaction energy driving forces of the
4UEH and 4UE7 ligands. As these ligands are structurally very similar, the differ-
ences in the energy components are relatively simple to reconcile. Electrostatics,
polarisation and charge transfer are greater in 4UEH than in 4UE7 by 15.1 kcal /-
mol, 1.4 kcal/mol and 2.6 kcal/mol respectively. This is likely a direct result of
the additional interaction of 4UEH with the charged Glul92 residue as seen in
Fig. 6.22. Due to this additional interaction, Pauli repulsions are greater in 4UEH
(115.8 kcal/mol) than in 4UE7 (113.0 kcal/mol), despite the greater number of
protons present in 4UE7 which would be expected to increase steric pressure. Cor-
relation is slightly greater in 4UET7 (—24.4 kcal/mol) than in 4UEH (—23.8 kcal/-
mol), which is explained by the greater electron count of the 4UET ligand. Overall,
the greater strength of the 4UEH interaction is seen to originate from its stronger
electrostatics, which is moderated by a 4.0 kcal/mol greater ligand desolvation

cost above 4UET.
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Figure 6.22: EDD plots of (a) polarisation and (b) charge transfer for the 4UEH
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 4UEH system has been highlighted
in orange.



Chapter 6 Applications of the ONETEP energy decomposition analysis

227

Gly216

GIyZ}A

Gly216

Glyz}A ' >\ , /

(b) Charge transfer

Figure 6.23: EDD plots of (a) polarisation and (b) charge transfer for the 4UE7
system. The isosurface contour levels are displayed at 0.025 electrons per cubic
Angstrom with green surfaces representing electron gain and magenta surfaces
representing electron loss. The ligand of the 4UE7 system has been highlighted

in orange.






Chapter 7

Conclusions

This thesis has sought to develop and apply a new density functional theory (DFT)
based energy decomposition analysis (EDA) method for the analysis of intermolec-
ular bonding in large biomolecular systems. This new scheme, referred to as the
ONETEP EDA, has a computational cost that scales linearly with system size.
In this work, we have used our approach to investigate the driving forces of binding

in systems up to 4975 atoms in size.

In Chapters 1 and 2, we introduced the approximations of quantum mechanics
that are used to formulate computational methods for solving the Schrodinger
equation. Here, we introduced Hartree-Fock theory and DFT. We also detailed
the theory of the ONETEP package, which is a linear-scaling DFT method that
seeks to minimise the energy directly with respect to the density matrix (kernel)

and NGWFs.

In Chapters 3 and 4, we investigated the current EDA approaches with focus on
their application to biomolecular studies and drug design. Here, we described the
EDA theory in a unified manner that allowed for simple comparison of the EDA
approaches. Through our studies, we found the absolutely localised molecular
orbital (ALMO) EDA scheme to be well suited to identifying the key driving
forces of binding within biomolecular systems. This was due to the properties of
the ALMO state used to calculate the polarisation energy component, specifically

229
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that this state is properly antisymmetrised and variationally optimised. This
scheme decomposes the interaction energy into three separate energy components:

the frozen density component, polarisation, and charge transfer terms.

In Chapter 5, we showed that through making minor modifications to the energy
components of the localised molecular orbital (LMO) EDA scheme, the frozen den-
sity component of the ALMO EDA may be further decomposed into four energy
components (electrostatics, exchange, Pauli-repulsions, and correlation) at very
little extra computational cost. We implemented a version of this ALMO-LMO
hybrid approach in the ONETEP package, using the Stoll equations to construct
the intermediate polarised ALMO state. Additionally, by revising the equations
of the EDA we were able to remove the diagonalisation bottleneck of our approach
and produce a linear-scaling formulation. Our aim implementing this scheme was
to enable EDA calculations to be readily performed on systems of very large size,
and in particular biomolecular systems. Our EDA was validated against the Gaus-
sian basis set implementations of the ALMO and LMO EDA approaches using a
set of small interacting test systems. Additionally, we tested the dependence of
our EDA method with respect to basis set size, exchange-correlation functional,
and atomic coordinates. Here, a solution for the problem of polarisation and
charge transfer basis set dependence was proposed that exploits the strictly lo-
calised property of the ONETEP orbitals. We also demonstrated the usefulness
of information provided by the polarisation and charge transfer electron density
difference (EDD) plots which are provided as part of the EDA method for a model
water trimer test system. These plots are valuable as they provide indication of
the key regions involved in polarisation and charge transfer interactions in the

system.

An investigation of the binding driving forces in the thrombin-C24 inhibitor com-
plex was presented in Chapter 6, using our EDA method (alongside EDD plots) on
systems up to 4975 atoms in size. Here, we observed the effect of protein residues
to play a significant role in the binding components, for example the position of

the charged Glu192 residue was shown to notably affect the overall contribution
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of electrostatics in these systems. The effect of protein truncation was also quan-
tified using the thrombin-C24 system, where we showed full convergence of the
energy components at approximately 15A truncation radius of the ligand. Having
demonstrated the use of the EDA for investigating ligand interactions within large
protein systems, we applied the EDA in a fragment based study. The interactions
of small binders with the S1 pocket were also considered in this chapter, which
we showed to be readily understood through the combined use of the EDA and
EDD plots. In this, we showed that the fragmentation process must be performed
with care and that small charged fragments should be avoided. This is due to the
necessary approximation that must be made in our EDA that the fragments must
each have integer charge, which presents a problem for small charged fragments
because the true charge is more likely to be fractional as a result of delocalisations.
Here, we also attempted to capture desolvation effects of the ligand during binding

using QM techniques.

7.1 Future work

There are a number of directions future work suggested by our observations may

take, which we now discuss.

Ideally, the ALMO state used in our EDA should guarantee charge localisation
to the fragments without any fragment-fragment delocalisation effects. In Sec-
tion 5.3.2 we demonstrated the notable basis set dependence of this state, with
larger basis sets resulting in a larger polarisation contributions. This observation
originates from the fact that as the basis set becomes larger, the basis set in-
creasingly extends into the space of the neighbouring molecule, and so the ALMO
state (and therefore polarisation) increasingly includes charge transfer effects. Our
proposed solution to this problem exploits the strictly localised property of the
NGWFs. Here, we showed use of between 7.5 Bohr to 8.5 Bohr NGWF radii
approximately equals use of the aug-cc-pVTZ basis set in the Gaussian ALMO

EDA. Therefore, one may choose to consider polarisation and charge transfer as
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relative quantities by using a consistent NGWF radii (e.g. 8.0 Bohr) in all EDA
calculations. This is not a perfect solution, however, as this fails to fully solve the
problem of rigorously defining and preventing fragment-fragment delocalisation
during polarisation. As we also discussed in this section, the CDFT approach of
Wu [16] and FERF approach of Horn and Head-Gordon [248] that seek to avoid
this ambiguity may be used to reduce this sensitivity. Future work may involve

integrating similar approaches into our EDA scheme to fully resolve this issue.

In our EDA studies, desolvation effects were only partially captured in an ap-
proximate manner. Future work may target this shortcoming and attempt to
capture solvation effects as an explicit energy component of the ONETEP EDA.
This has been achieved in a number of EDA schemes in literature, for example the
LMO [266] and PIEDA [184] based polarisable continuum model (PCM) [267-269]
EDA schemes. The ONETEP solvation model [265], based on direct solution of
the non-homogeneous Poisson equation, may be directly interfaced with the EDA

to yield a solvation energy component construction.

Additionally, the important contribution of entropy was not considered in our
calculations. This is an essential contribution to the total free energy of binding,
and it would be valuable for quantitative understanding to capture this. This
could, for example, take the form of a decomposition scheme for entropy, in which
entropy contributions are calculated for the protein and ligand. Unfortunately,
the calculation of entropy is a much more complicated problem than the enthalpy

problem, and so this remains a goal outside the scope of the current work.

Accuracy of the results are also hindered by the fact that our studies considered
only energy minimised structures at a temperature of OK. Typically, drug binding
is a transient process occurring in biomolecular assemblies at temperatures much
greater than 0K. To remedy this, the calculation protocol may be adjusted by tak-
ing snapshots from molecular dynamics (MD) simulations and calculating average

EDA component values for these samples.
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Insight into the weaknesses of forcefields can be obtained by comparing the energy
terms of a given EDA approach with the molecular mechanics potential [270]. For
example, Tafipolsky and Ansorg [23] used the SAPT scheme to investigate hydro-
gen bond directionality, proposing a number of modifications to the design of force-
fields to improve the description of non-bonded interactions. The ONETEP EDA
would also be applicable to forcefield analysis, potentially able to identify specific
atoms in large systems with ill-suited forcefield parameters. Importantly, EDA has
the potential for use in automated forcefield parameterisation. Our scheme has the
benefit of being able to calculate energy components of very large systems, and so
may be applicable to the tailored parameterisation of next-generation forcefields

for large systems, for example proteins.
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Table A.1: The BLYP/6-311G* level ALMO EDA and NEDA results performed on the BLYP-D3/6-311G* optimised geometries of

test sets 1 and 2.

| Energy Term (kcal/mol)

‘ HQO HQO ‘ HQO MeOH ‘ MeOH MeOH ‘ HQO HgN H HQO 1‘141\I+ ‘ HQO Ll+ ‘ HQO Na* ‘ HQO K+ ‘

ALMO EDA

FRZ (ALMO) -1.99 -0.10 0.21 235 1284 3101 | -2334 | -16.39
POL (ALMO) 0.82 “0.98 “1.19 “1.60 5.38 7.22 “4.04 2.63
CT (ALMO) 5.93 745 710 5.62 -10.02 5.74 148 428
CT+BSSE (ALMO) 211 2.49 277 233 ~7.20 -0.91 -0.87 155
AE(BLYP) 4.92 357 375 ~6.28 2543 39.14 | -2824 | -20.56
DISP® -0.95 -1.96 -2.56 1.16 121 -0.10 -0.38 -0.63
AE(BLYP-D3) 5.87 5.53 6.31 744 ~26.64 3923 | -28.62 | -21.19
NEDA

ES (NEDA) “12.04 “11.68 “12.20 “15.49 ~31.70 4071 | -31.74 | -24.66
XC (NEDA) 258 317 ~3.55 312 “4.95 373 375 -3.24
POL (NEDA) -1.08 2,70 ~4.02 -1.86 -5.07 1785 | -1557 | -13.59
DEF (NEDA) 24.62 28.26 31.49 3251 55.20 32.22 28.97 25.66
CT (NEDA) “13.84 “14.29 “15.49 -18.35 -38.90 -8.97 -5.89 467
AE ~41.92 “3.58 ~3.76 -6.30 2543 -39.04 | -2800 | -20.51
POL + SE -0.57 -1.33 -2.01 -0.93 -2.40 -8.88 775 -6.70
CORE (DEF + XC - SEP) | 2153 23.72 25.93 28.46 4753 19.52 17.40 15.53
EL (ES + POL + SEP) 12,61 -13.01 1421 -16.42 -34.10 4959 | -3949 | -31.36

# The dispersion component DISP has been calculated as the Grimme D3 correction to the interaction energy.

> The self-energy component of NEDA does not contribute to AE.
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Table A.2: The BLYP/6-311G* level DCBS and MCBS SAPT(KS) results performed on the BLYP-D3/6-311G* optimised
geometries of test sets 1 and 2.

Energy Term (kcal/mol) | H,O HyO | HoO MeOH | MeOH MeOH | H,O H3N || H,O HyN* | H,O Lit | H,O Na®™ | H,O K™
SAPT(KS) DCBS

El(elst) -12.04 -11.67 -12.18 -15.46 -31.74 -40.76 -32.25 -25.07
El(eXCh) 13.65 14.87 15.68 18.06 25.13 16.53 11.76 10.51
E2(ind) -6.59 -7.47 -8.12 -9.50 -17.53 -25.02 -21.47 -16.13
E2(exch-ind) 4.88 5.79 6.18 6.57 8.01 10.99 13.59 11.31
E2(disp) -2.64 -4.01 -5.08 -3.98 -4.47 -0.58 -0.64 -2.28
E2(exch-disp) 0.84 1.16 1.30 1.27 0.91 0.09 0.21 0.53
E1 corrections 1.60 3.20 3.50 2.59 -6.61 -24.23 -20.49 -14.55
E2 corrections -3.51 -4.52 -5.71 -5.65 -13.09 -14.52 -8.31 -6.57
SAPT(0) AFE -1.90 -1.32 -2.22 -3.05 -19.70 -38.75 -28.80 -21.12
SAPT(KS) MCBS

E2(ind)a -0.99 -1.09 -1.28 -1.78 -7.34 -13.98 -7.19 -4.23
E2(exch-ind)® 0.13 0.16 0.25 0.06 0.63 1.84 0.74 0.23
POL+EXCH? -0.85 -0.93 -1.03 -1.71 -6.72 -12.13 -6.45 -4.00
cT® -5.60 -6.38 -6.84 -7.73 -10.19 -11.04 -14.27 -11.90
CT EXCH® 4.75 5.63 5.94 6.50 7.38 9.14 12.85 11.08
CT+EXCH® -0.85 -0.75 -0.90 -1.22 -2.81 -1.90 -1.42 -0.82

2 The MCBS calculation of the ‘E2(ind)’ component is used as the SAPT polarisation component, and the MCBS ‘E2(exch-ind)’
component is used as the SAPT exchange correction for polarisation. The charge transfer component is calculated using these

MCBS values and the equivalent DCBS values of these SAPT terms.

$9s03 sunyrewrpuaq V(I v xipuaddy

6€C



Table A.3: The HF/6-311G* level KM EDA and RVS EDA results performed on the BLYP-D3/6-311G* optimised geometries of

test sets 1 and 2.

Energy Term (kcal/mol) | H,O HyO | HoO MeOH | MeOH MeOH | H,O H3N || H,O HyN* | H,O LiT | H,O Na®™ | H,O K™
KM EDA

ES (KM) -10.45 -9.40 -10.11 -14.84 -32.97 -44.14 -31.83 -23.66
EX (KM) 7.78 8.22 9.25 12.19 19.33 11.55 7.10 5.97
EX+BSSE (KM) 7.94 8.50 9.51 12.32 19.44 11.55 7.15 6.10
POL (KM) -0.88 -0.95 -1.12 -1.60 -5.65 -9.37 -4.80 -2.96
CT (KM) -2.59 -2.99 -3.06 -3.03 -6.52 -3.40 -2.06 -2.02
CT+BSSE (KM) -1.60 -2.09 -2.22 -1.72 -5.22 -0.81 -0.24 -0.92
MIX (KM) -0.08 -0.56 -0.52 0.15 1.38 3.29 1.52 0.83
MIX+BSSE (KM) 0.82 0.94 0.84 0.63 1.65 3.66 1.93 1.14
RVS EDA

CEX (RVS) -2.67 -1.17 -0.87 -2.65 -13.64 -32.59 -24.73 -17.68
POL (RVS) -0.91 -1.04 -1.23 -1.70 -5.11 -6.61 -3.63 -2.38
CT+BSSE (RVS)® -1.52 -2.35 -2.41 -1.41 -3.95 0.05 0.34 -0.48
MIX (RVS) -0.02 -0.10 -0.11 -0.03 -0.33 -0.02 -0.03 -0.10
AE(RVS/KM) 6.21 5.68 -5.56 713 2443 | 4207 | -30.07 | -21.84
AE(RVS)+BSSE(RVS) | 5.12 “1.66 1,62 5.79 2303 | 3907 | 2805 | -20.64
AE(KM)+BSSE(KM) -4.17 -3.01 -3.10 -5.21 -22.76 -39.12 -27.79 -20.30

#In the RVS EDA theory

component ‘CT+BSSE’ to clarify this.

the charge transfer component includes a BSSE contribution implicitly.

We have labelled this
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Table A.4: The BLYP/6-311G* level ALMO EDA and NEDA results performed on

geometries of test sets 3 and 4.

the BLYP-D3/6-311G* optimised

Energy Term HNT - | Hy;Nt - | HNT - | HyNT — || Benzene — | Benzene — | Benzene — | Benzene —
(kcal/mol) Benzene | Thiophene | Furan | Pyrrole H,N* Lit Na* K+
ALMO EDA

FRZ (ALMO) -2.62 -2.16 -1.21 -5.49 -2.62 -7.85 -9.16 -6.11
POL (ALMO) -7.09 -6.91 -6.45 -7.67 -7.09 -20.84 -5.18 -2.83
CT (ALMO) -6.92 -7.03 -7.21 -8.66 -6.92 -10.66 -4.13 -2.41
CT+BSSE (ALMO) -6.30 -6.22 -6.45 -7.91 -6.30 -9.17 -3.24 -1.97
AFE(BLYP) -16.01 -15.28 -14.11 -21.07 -16.01 -37.87 -17.59 -10.90
DISP? -5.45 -5.12 -4.67 -4.64 -5.45 -0.32 -5.95 -7.82
AE(BLYP—D3) -21.46 -20.41 -18.78 -25.72 -21.46 -38.19 -23.54 -18.72
NEDA

ES (NEDA) -14.38 -13.91 -12.62 -20.21 -14.38 -16.65 -10.35 -6.94
XC (NEDA) -5.47 -5.18 -4.69 -5.49 -5.47 -5.01 -0.18 -0.22
POL (NEDA) -18.03 -16.82 -14.12 -14.65 -18.03 -34.94 -8.65 -10.00
DEF (NEDA) 34.01 34.03 31.89 38.01 34.01 40.55 6.85 7.34
(SE (NEDA)") 0.14 852 713 | 743 0.14 17.58 134 5.03
CT (NEDA) -12.33 -13.77 -14.70 -18.89 -12.33 -22.07 -5.36 -1.17
AF(BLYP) -16.20 -15.64 -14.24 -21.22 -16.20 -38.12 -17.69 -10.98
POL + SEP -8.89 -8.30 -6.99 -7.22 -8.89 -17.36 -4.31 -4.97
CORE (DEF + XC - SEb) 19.40 20.33 20.07 25.09 19.40 17.96 2.33 2.09
EL (ES + POL + SEb) -23.27 -22.21 -19.61 -27.43 -23.27 -34.01 -14.66 -11.91

# The dispersion component DISP has been calculated as the Grimme D3 correction to the interaction energy.
> The self-energy component of NEDA does not contribute to AE.
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Table A.5: The BLYP/6-311G* level DCBS and MCBS SAPT(KS) results performed on the BLYP-D3/6-311G*
optimised geometries of test sets 3 and 4.

Energy Term H,NT - | Hy;Nt - | HNT - | HyNT — || Benzene — | Benzene — | Benzene — | Benzene —
(kcal/mol) Benzene | Thiophene | Furan | Pyrrole H,N* Lit Na* K+
SAPT(KS) DCBS

E1(elst) -14.39 -13.66 -12.65 -20.24 -14.39 -16.65 -10.41 -7.58
El(eXCh) 13.34 13.38 12.96 16.66 13.34 12.66 0.91 0.61
E2(ind) -19.03 -19.09 -16.92 -21.62 -19.03 -54.58 -11.93 -6.09
E2(exch-ind) 5.86 5.93 5.58 8.20 5.86 11.16 1.30 0.68
E2(disp) -7.39 -7.09 -6.68 -7.79 -7.39 -1.06 -0.33 -1.25
E2(exch-disp) 0.83 0.80 0.75 1.03 0.83 0.08 0.02 0.04
E1 corrections -1.05 -0.28 0.31 -3.58 -1.05 -3.99 -9.49 -6.97
E2 corrections -19.73 -19.45 -17.27 -20.18 -19.73 -44.40 -10.95 -6.62
SAPT(0) AFE -20.78 -19.72 -16.96 -23.77 -20.78 -48.39 -20.44 -13.59
SAPT(KS) MCBS

E2(ind)a -12.03 -12.30 -11.10 -13.20 -12.03 -38.90 -8.60 -4.69
E2(exch-ind)® 0.62 0.93 0.98 1.32 0.62 2.87 0.04 0.00
POL+EXCH? -11.41 -11.38 -10.12 -11.88 -11.41 -36.03 -8.57 -4.69
cT® -7.00 -6.79 -5.82 -8.42 -7.00 -15.68 -3.33 -1.40
CT EXCH? 5.24 5.01 4.60 6.88 5.24 8.29 1.26 0.68
CT+EXCH® -1.76 -1.78 -1.22 -1.54 -1.76 -7.39 -2.07 -0.72

@ The MCBS calculation of the ‘E2(ind)’ component is used as the SAPT polarisation component, and the
MCBS ‘E2(exch-ind)’ component is used as the SAPT exchange correction for polarisation. The charge transfer

component is calculated using these MCBS values and the equivalent DCBS values of these SAPT terms.

are
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Table A.6: The HF/6-311G* level KM EDA and RVS EDA results performed on the BLYP-D3/6-311G* optimised geometries of test sets
3 and 4.

Energy Term H,NT — H.4NJr — | HyN*™ — | HyN*™ — || Benzene — Benz.ene — Benzene — | Benzene —
(keal /mol) Benzene | Thiophene | Furan | Pyrrole H,N* Lit Na* K+
6-311G* | 6-311G* | 6-311G* | 6-311G* || 6-311G* | BS1®? [ 6-311G | 6-311G* 2 | 6-311G* 6-311G*

KM EDA
ES (KM) -16.19 -15.00 -13.51 -21.78 -16.19 -22.61 -20.13 -22.61 -11.80 -8.41
EX (KM) 12.02 12.01 11.39 15.20 12.02 12.55 12.43 12.55 0.51 0.44
EX+4+BSSE (KM) 12.12 12.13 11.48 15.30 12.12 12.57 12.45 12.57 0.52 0.45
POL (KM) -8.34 -8.05 -7.97 -9.96 -8.34 -25.86 -22.56 -410.54 -5.53 -4.70
CT (KM) -5.97 -5.40 -5.66 -6.67 -5.97 -15.39 -15.34 -18.47 -4.59 -1.21
CT+BSSE (KM) -5.26 -5.07 -5.29 -6.33 -5.26 -14.90 -14.86 -17.80 -4.10 -1.17
MIX (KM) 2.42 2.40 2.91 3.53 2.42 11.51 9.86 397.97 1.64 1.47
MIX+BSSE (KM) 2.62 2.68 3.13 3.76 2.62 11.79 10.23 398.24 1.80 1.51
RVS EDA
CEX (RVS) -4.17 -2.98 -2.12 -6.58 -4.17 -10.06 -7.70 -10.06 -11.29 -7.97
POL (RVS) -7.16 -6.76 -6.33 -7.53 -7.16 -21.36 -18.33 -21.36 -5.45 -4.07
CT+BSSE (RVS)© -3.68 -3.65 -3.73 -4.74 -3.68 -7.69 -9.02 -8.81 -2.45 -0.25
MIX (RVS) -0.32 -0.29 -0.26 -0.44 -0.32 -0.01 0.00 -0.02 -0.01 -0.07
AFE(RVS/KM) -15.67 -14.04 -12.85 -19.67 -15.67 -39.80 -35.74 -41.09 -19.76 -12.40
AE(RVS)

+BSSE(RVS) -15.33 -13.68 -12.44 -19.29 -15.33 -39.12 -35.05 -40.25 -19.20 -12.36
AE(KM)

+BSSE(KM) -15.05 -13.32 -12.16 -19.01 -15.05 -39.01 -34.86 -40.15 -19.11 -12.32

@ The geometry used for this calculation was obtained at the BLYP-D3/6-311G* level.

b The basis set BS1 is the 6-311G* basis set excluding d polarisation function augmentation on lithium.

¢ In the RVS EDA theory the charge transfer component includes a BSSE contribution implicitly. We have labelled this component
‘CT+BSSE’ to clarify this.
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Table A.7: The BLYP/6-311G* level ALMO EDA and NEDA results performed on the BLYP-D3/6-311G* optimised geometries of test

sets 5 and 6.

Energy Term Benzene — Benzene — Benzene — | Benzene — | Benzene — || Benzene — | Benzene — Benzene —
(kcal /mol) T-shaped | Parallel displaced | Pyridine | Pyrimidine DMA® F-benzene® | Cl-benzene® | Br-benzene®
ALMO EDA
FRZ (ALMO) 2.11 5.30 4.88 4.23 4.25 2.49 2.44 2.30
POL (ALMO) -0.15 -0.24 -0.23 -0.22 -0.42 -0.12 -0.10 -0.11
CT (ALMO) -1.09 -1.44 -1.69 -1.87 -2.53 -1.27 -0.64 -0.85
CT+BSSE (ALMO) -0.20 -0.11 -0.14 -0.21 -0.80 0.33 -0.27 -0.34
AFE(BLYP) 1.76 4.94 4.51 3.80 3.04 2.70 2.08 1.85
DISPP -4.82 -7.30 -7.58 -7.72 -8.98 -2.54 -3.50 -4.15
AFE(BLYP-D3) -3.06 -2.36 -3.07 -3.91 -5.94 0.15 -1.42 -2.30
NEDA
ES (NEDA) -2.18 -2.57 -3.47 -4.21 -5.60 0.19 -0.82 -1.50
XC (NEDA) -2.46 -4.85 -5.19 -5.25 -4.92 -1.38 -1.53 -1.70
POL (NEDA) -4.82 -11.91 -12.75 -13.08 -10.86 -2.41 -4.36 -5.74
DEF (NEDA) 14.13 29.12 31.52 32.47 31.44 7.69 10.02 12.23
(SE (NEDA)®) 2.43 5.96 6.39 6.56 5.45 1.19 2.17 2.87
CT (NEDA) -2.93 -4.85 -5.59 -6.11 -7.01 -1.42 -1.23 -1.44
AF(BLYP) 1.74 4.94 4.51 3.81 3.05 2.66 2.08 1.85
POL + SE¢ -2.39 -5.95 -6.36 -6.52 -5.41 -1.22 -2.19 -2.87
CORE (DEF

+ XC - SE9) 9.24 18.31 19.94 20.66 21.07 5.12 6.32 7.66
EL (jELSS—Ei_C)POL -4.57 -8.52 -9.83 -10.73 -11.01 -1.03 -3.01 -4.37

@ DMA, F-benzene, Cl-benzene, and Br-benzene refer to dimethylacetamide, fluorobenzene, chlorobenzene, and bromobenzene respec-

tively.

> The dispersion component DISP has been calculated as the Grimme D3 correction to the interaction energy.

¢ The self-energy component of NEDA does not contribute to AFE.

¥ve
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Table A.8: The BLYP/6-311G* level DCBS and MCBS SAPT(KS) results performed on the BLYP-D3/6-311G* optimised geometries
of test sets 5 and 6.

Energy Term Benzene — Benzene — Benzene — | Benzene — | Benzene — | Benzene — | Benzene — Benzene —
(kcal /mol) T-shaped | Parallel displaced | Pyridine | Pyrimidine DMA®? F-benzene® | Cl-benzene® | Br-benzene?®
SAPT(KS) DCBS

E1(elst) -2.18 -2.60 -3.51 -4.25 -5.63 0.20 -0.91 -1.50
E1(exch) 4.96 8.46 9.15 9.33 10.94 3.28 3.43 3.92
E2(ind) -1.55 -4.26 -4.59 -4.77 -5.12 -1.16 -1.60 -2.51
E2(exch-ind) 1.32 3.90 4.29 4.48 4.58 0.97 1.42 2.26
E2(disp) -7.25 -13.41 -14.06 -14.22 -13.97 -3.70 -4.69 -5.81
E2(exch-disp) 0.86 2.00 2.05 2.01 1.93 0.39 0.56 0.69
E1 corrections 2.78 5.86 5.65 5.08 5.32 3.48 2.52 2.42
E2 corrections -6.62 -11.78 -12.31 -12.49 -12.57 -3.49 -4.31 -5.36
SAPT(0) AFE -3.84 -5.92 -6.66 -7.41 -7.26 -0.02 -1.79 -2.94
SAPT(KS) MCBS

E2(ind)P -0.24 -0.41 -0.34 -0.30 -0.56 -0.18 -0.14 -0.17
E2(exch-ind)® 0.06 0.04 0.03 0.03 0.09 0.01 0.00 0.00
POL+EXCHP -0.18 -0.37 -0.31 -0.27 -0.47 -0.18 -0.13 -0.17
CTP -1.31 -3.85 -4.25 -4.47 -4.56 -0.97 -1.46 -2.34
CT EXCHP 1.26 3.86 4.25 4.45 4.50 0.97 1.42 2.26
CT+EXCHP -0.05 0.01 0.00 -0.01 -0.07 -0.01 -0.05 -0.08

@ DMA, F-benzene, Cl-benzene, and Br-benzene refer to dimethylacetamide, fluorobenzene, chlorobenzene, and bromobenzene re-

spectively.

> The MCBS calculation of the ‘E2(ind)’ component is used as the SAPT polarisation component, and the MCBS ‘E2(exch-ind)’
component is used as the SAPT exchange correction for polarisation. The charge transfer component is calculated using these

MCBS values and the equivalent DCBS values of these SAPT terms.
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Table A.9: The HF/6-311G* level KM EDA and RVS EDA results performed on the BLYP-D3/6-311G* optimised geometries of test

sets 5 and 6.

Energy Term Benzene — Benzene — Benzene — | Benzene — | Benzene — | Benzene — | Benzene — Benzene —
(kcal /mol) T-shaped | Parallel displaced | Pyridine | Pyrimidine DMA®? F-benzene* | Cl-benzene® | Br-benzene®
KM EDA
ES (KM) -1.79 -0.73 -1.76 -2.67 -4.38 1.29 -0.11 -0.84
EX (KM) 3.46 6.17 6.79 6.96 7.49 1.94 2.45 2.94
EX+BSSE (KM) 3.56 6.53 7.15 7.30 7.73 2.08 2.54 3.04
POL (KM) -0.20 -0.29 -0.25 -0.24 -0.50 -0.16 -0.11 -0.13
CT (KM) -0.73 -1.40 -1.56 -1.67 -1.68 -0.80 -0.46 -0.54
CT+BSSE (KM) -0.48 -0.93 -1.04 -1.13 -1.09 -0.33 -0.31 -0.41
MIX (KM) 0.07 0.17 0.15 0.16 0.09 0.03 0.04 0.08
MIX+BSSE (KM) 0.31 0.58 0.57 0.59 0.61 0.40 0.20 0.23
RVS EDA
CEX (RVS) 1.67 5.44 5.04 4.29 3.10 3.23 2.35 2.10
POL (RVS) -0.19 -0.34 -0.30 -0.27 -0.46 -0.21 -0.14 -0.15
CT+BSSE (RVS)P -0.37 -0.69 -0.79 -0.88 -0.90 -0.25 -0.23 -0.30
MIX (RVS) -0.02 0.02 -0.01 -0.02 -0.06 0.02 0.01 0.01
AFE(RVS/KM) 0.81 3.93 3.38 2.53 1.01 2.31 1.82 1.51
AFE(RVS)

+BSSE(RVS) 1.09 4.43 3.94 3.12 1.68 2.79 1.99 1.66
AFE(KM)

+BSSE(KM) 1.40 5.17 4.67 3.86 2.38 3.29 2.21 1.88

@ DMA, F-benzene, Cl-benzene, and Br-benzene refer to dimethylacetamide, fluorobenzene, chlorobenzene, and bromobenzene re-

spectively.

> In the RVS EDA theory the charge transfer component includes a BSSE contribution implicitly. We have labelled this component

‘CT+BSSE’ to clarify this.
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Appendix B EDA validation tests

Table B.1: The ALMO, LMO and ONETEP EDA energy components for the
PBE-D2/aug-cc-pVTZ optimised systems of Test Set 1.

System
Energy Term (kcal/mol) | Water - Methanol - | Water - Water -
Water Methanol | Ammonia Ammonium
ALMO EDA®
FRZ -0.7 0.1 0.1 -3.6
POL -1.8 -2.4 -2.9 -10.8
CT -2.6 -3.2 -4.5 -8.3
CT+BSSE -2.6 -3.1 4.4 -8.2
AE(PBE/ACCT) 5.1 5.3 72 22.6
AFE(PBE-D2/ACCT) -5.8 -6.5 -8.0 -23.5
LMO EDA?
ES -9.4 -10.6 -13.5 -25.5
EX -4.1 -4.8 -6.0 -6.7
REP 15.3 18.4 22.9 32.0
POL -4.4 -5.4 -7.2 -17.8
DISP -2.5 -2.9 -3.4 -4.8
AF(PBE/ACCT) -5.1 -5.3 -7.2 -22.7
AF(PBE-D2/ACCT) -5.8 -6.5 -8.0 -23.5
ONETEP EDAP
FRZ -0.9 (-0.9) | -0.2 (-0.2) -0.2 (-0.3) -4.5 (-4.6)
ES| -9.0 (-9.1) | -9.8 (-9.8) | -12.7 (-12.7) | -25.3 (-25.5)
EX | -39 (-3.9) | -4.5(-4.6) -5.5 (-5.5) -6.6 (-6.6)
REP | 14.3 (14.3) | 16.8 (16.8) | 20.9 (21.0) | 30.8 (30.8)
CORR | -2.3(-2.3) | -2.6 (-2.6) -3.0 (-3.0) -3.4 (-3.4)
POL 22 (23) | 2.0 (21)| -34(35)|-10.2 (-10.2)
CT -2.0 (-2.0) | -3.3 (-3.2) -3.9 (-3.8) -8.4 (-8.3)
AE(PBE) 5.1(-5.2) | 55 (-5.5) | 7.5 (-7.5) | -23.1 (-23.1)
AFE(PBE-D2) -5.8 (-5.9) | -6.7 (-6.8) -8.3 (-8.3) | -23.9 (-23.9)
Grimme -D Correction
-D2 Correction -0.7 -1.2 -0.8 -0.8
-D3 Correction® -0.5 -1.0 -0.6 -0.6

@ Results were obtained at the PBE /aug-cc-pVTZ level of theory for the Gaussian
basis set codes.

b Results using a 1200eV psinc basis set cutoff are provided for the ONETEP
code, with 800eV basis set cutoff results also provided in parenthesis to evidence
convergence with respect to psinc basis set cutoff.

¢ Grimme -D3 correction results are included for comparison.



Appendix B EDA validation tests 249
Table B.2: The ALMO, LMO and ONETEP EDA energy components for
the PBE-D2/aug-cc-pVTZ optimised systems of Test Set 2.

System
Energy Term (kcal/mol) | Benzene - | Benzene - | Benzene - | Benzene -
Benzene Pyridine | DMA Ammonium?®
ALMO EDAP
FRZ 1.8 1.5 3.1 -0.3
POL -0.3 -0.4 -1.2 -12.6
cT -0.7 -0.8 -1.7 -5.0
CT+BSSE 0.0 -0.2 -1.3 -4.8
AE(PBE/ACCT) 1.4 0.8 0.7 -17.7
AFE(PBE-D2/ACCT) -2.3 -3.0 -5.2 -21.3
LMO EDAP
ES -1.7 -2.4 -5.6 -12.7
EX -2.3 -2.3 -4.1 -3.6
REP 9.9 10.0 18.9 19.9
POL -1.6 -1.6 -2.9 -14.6
DISP -2.9 -3.0 -5.7 -6.8
AFE(PBE/ACCT) 1.3 0.8 0.6 -17.7
AE(PBE-D2/ACCT) -24 -3.1 -5.2 -214
ONETEP EDA®
FRZ 2.1 (2.1) 1.7 (1.7) 3.2 (3.2) (0 0)
ES | -1.2(-1.2) | -1.9 (-1.9) | -5.2 (-5.2) | -12. 1 ( 2.2)
EX | -2.1(-2.1) | -2.2 (-2.1) | -4.5 (-4.5) -3.7 (-3.7)
REP | 9.0 (9.0) 9.2 (9.3) | 18.9 (18.8) 19.8 (19.8)
CORR | -3.5 (-3.5) | 3.5 (-3.5) | 5.9 (5.9) | 3.9 (-3.9)
POL -0.2 (-0.2) | -0.2 (-0.2) | -0.8 (-0.8) | -12.3 (-12.4)
cT -0.4 (-0.4) | -0.5 (-0.5) | -1.3 (-1.4) -4.6 (-4.6)
AFE(PBE) 1.5 (1.5) 1.0 (1.0) 1.2 (1.1) | -16.9 (-17.0)
AE(PBE-D2) -2.2 (-2.2) | -2.8 (-2.8) | -4.7 (-4.7) | -20.5 (-20.6)
Grimme -D Correction
-D2 Correction -3.7 -3.8 -5.8 -3.7
-D3 Correction? -3.9 -3.9 -4.9 -2.7

2 The initial state of the benzene-ammonium polarisation stage was con-

structed using initial guess NGWFs.

was constructed using the converged fragment NGWFs.
b Results were obtained at the PBE/aug-cc-pVTZ level of theory for the Gaus-

sian basis set codes.

In all other calculations, this state

¢ Results using a 1200eV psinc basis set cutoff are provided for the ONETEP
code, with 800eV basis set cutoff results also provided in parenthesis to
evidence convergence with respect to psinc basis set cutoff.
4 Grimme -D3 correction results are included for comparison.
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Thrombin - C24 ligand EDA

Table C.1: The PBE-D2/800eV ONETEP EDA en-
ergy components of the thrombin-C24 systems.

ONETEP EDA Truncation, A
(kcal/mol) 3.0 9.0 15.0 00
FRZ 239 -51.5] -35.7| -38.9

ES | -126.3 | -162.8 | -147.1 | -150.3
EX | -49.6 | -53.7 | -53.7 | -53.7
REP | 210.5 | 228.6 | 228.7 | 228.7
CORR | -585| -63.6 | -63.6 | -63.6

POL -26.9 | -326| -329| -33.1
CT -29.7 | -35.3 | -30.7| -31.2
AFE(PBE/800eV) -80.6 | -119.5 | -99.4 | -103.2
-D2 Correction -70.6 | -79.3| -79.8 | -79.9
-D3 Correction® -72.6 | -81.5| -82.1| -82.2

AE(PBE-D2/800eV) | -151.2 | -198.8 | -179.2 | -183.1

& Grimme -D3 correction results are included for com-
parison.
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Table D.1: The PBE-D2/800eV ONETEP EDA energy components of the full and fragmented thrombin-ligand systems 4UDW, 2ZGX and

5AFZ.
ONETEP EDA 4UDW 272GX 5AFZ
(kcal/mol) Full | F1 F2 F3 Error | Full | F1 F2 F3 Error | Full | F1 F2 F3 Error
FRZ -31.5 3.5 7.9 | -44.3 141 -95.0| -54.8 1.2 1-42.6 1.2 -554| -624 4.2 0.3 2.6
ES | -116.5 | -17.8 | -28.4 | -71.2 0.9 | -208.3 | -129.2 | -20.5 | -59.3 0.6 | -169.7 | -135.7 | -11.4 | -23.6 0.9
EX | -39.9|-12.3 | -184 | -12.7 35| -46.3 | -27.8|-13.6 | -7.9 3.1 -50.7 | -27.7| -99|-164 3.3
REP | 1715 | 51.7 | 729 | 51.5| -4.6 | 204.7 | 1278 | 498 | 31.0| -39 | 219.6 | 127.3 | 34.5| 59.8 | -2.1
CORR | -46.6 | -18.0 | -18.3 | -11.9 1.6 | -452| -25.6 |-144 | -6.5 14| -546 | -264 | -9.1-19.5 0.5
POL -20.1 | -2.2 | -45|-15.6 21] -35.0| -278| -30|-143| -99 | -365| -281| -3.1| -3.5| -1.8
CT -29.3 | -5.6 | -11.9 | -14.2 25| -50.0| -340| -74]|-11.1 25| 452 | -338| 69| -79 3.3
AE(PBE/800eV) -80.9 | -43 | -85 |-74.1 6.0 | -200.0 | -116.6 | -9.2 | -68.0 | -6.2 | -137.2 | -124.3 | -5.8 | -11.1 4.0
-D2 Correction -58.6 | -24.9 | -19.3 | -15.8 1.4 -52.1| -282|-173| -7.8 1.2 -644| -29.0|-10.2 | -26.4 1.2
-D3 Correction® -64.3 | -28.5 | -20.1 | -17.7 21| -35.6| -304 |-185| -8.6 1.9 -71.1| -31.3|-11.5 | -30.2 1.9
AE(PBE-D2/800eV) | -139.5 | -29.1 | -27.8 | -90.0 7.4 |-252.1 | -144.8 | -26.5 | -75.8 | -5.0 | -201.6 | -153.3 | -16.0 | -37.6 5.3
A Egesolv 64.3| -1.1| 15.5| 66.6 | -16.8 | 141.0 | 52.3 | 153 | 67.1 64| 736| 525| 186 95| -7.0
AE(PBE-D2/800¢V)
N -75.2|-30.2 | -123 | -23.3 | -94 |-111.1 | -925|-11.3 | -8.7 1.4 | -128.0 | -100.8 2.6 | -28.1 -1.7

& Grimme -D3 correction results are included for comparison.
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Table D.2: The PBE-D2/800eV ONETEP EDA energy components
of the thrombin S1 pocket binder systems 4UD9, 5AFY, 5AHG, 5AF9,

4UEH, and 4UET.

ONETEP EDA

4UD9 | 5AFY | 5AHG | 5AF9 | 4UEH | 4UE7

(kcal/mol)
FRZ 2.7 2.8 2.1 2.1 -69.3 | -57.6
ES| -33.1| -30.3 -35.2 | -33.2 | -136.2 | -121.0
EX | -17.2| -16.5 -19.5 | -19.1 -25.1 | -25.2
REP 4.7 69.7 82.8 | 80.4 | 115.8 | 113.0
CORR | -21.7| -20.2 -26.0 | -25.9 | -23.8| -244
POL -6.5 -5.3 -6.1 45| -28.3| -27.0
CT -14.0 | -11.1 -11.4 | -11.2 | -33.3| -30.7
AE(PBE/800eV) -17.8 | -13.6 | -154 | -13.6 | -130.9 | -115.3
-D2 Correction -25.1 | -25.2 -32.0 | -35.2 | -25.5| -26.7
-D3 Correction® -28.7 1 -28.6 | -359 | -385 | -27.8| -28.0
AFE(PBE-D2/800eV) | -42.9 | -38.8 -47.5 | -48.9 | -156.4 | -142.0
A Fgesolv 8.8 9.0 8.6 7.2 54.6 50.6
ABPBE-D2/800eV) | 5101 998 | 389 | -416 | -101.8| -01.4

+AEdesolv

& Grimme -D3 correction results are included for comparison.
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