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This Dissertation is focussed primarily on development of methods aiming at the deter-
mination of molecular structures with application to systems with intra and intermolec-
ular hydrogen bonds. I have developed and demonstrated usefulness of Potential Energy
Surface Scanning Tool (PESST) by performing a systematic search for the most stable
structures of neutral and anionic phenylalanine and tyrosine molecules using electronic
structure methods. I have found out that tautomers resulting from the proton transfer
from the carboxylic OH to phenyl ring determine the structure of the most stable anions
of phenylalanine, but double proton transfer from the carboxylic and hydroxyl groups
determine structures of the most stable anions of tyrosine. The most stable conformer
of these valence anions remained adiabatically unbound with respect to the canonical
neutral in case of phenylalanine but bound in case of tyrosine. Valence anions identified

in this report have recently been observed experimentally.

Acetoacetic acid (AA), equipped with neighbouring carboxylic and keto groups, is a
promising system for studies of intramolecular proton transfer. The results of my com-
putational search for the most stable tautomers and conformers of the neutral and
anionic AA were used to interpret anion photoelectron and electron energy-loss spec-
troscopy measurements. The valence anion was identified in photoelectron spectroscopy
experiments and the measured electron vertical detachment energy is in good agreement
with my computational predictions. My computational results allow rationalizing these

experimental findings in terms of the co-existence of various conformers of AA.

I considered stability of dimers formed by molecules that can exist in different con-
formational states. I have developed a protocol that allows the dissection of the total
stabilisation energy into one-body conformational and deformational components and
the two-body interaction energy term. Interplay between these components determines
the overall stability of the dimer. The protocol has been tested on the dimers of oxalic
acid. The global minimum stability results from a balancing act between a moderately
attractive two-body interaction energy and small repulsive one-body terms. I have anal-
ysed zero-point vibrational corrections to the stability of various conformers of oxalic
acid and their dimers. I have found that minimum energy structures with the most sta-
bilising sets of hydrogen bonds have the largest zero-point vibrational energy, contrary
to a naive anticipation based on red shifts of OH stretching modes involved in hydrogen
bonds.

My computational results demonstrated an unusual electrophilicity of oxalic acid (OA),
the simplest dicarboxylic acid. The electrophilicity results primarily from the bonding
carbon-carbon interaction in the SOMO orbital of the anion, but it is further enhanced
by intramolecular hydrogen bonds. The well-resolved structure in the photoelectron

spectrum has been reproduced theoretically, based on Franck-Condon factors for the



vibronic anion—neutral transitions. The excess electron binding energies in the dimer
and trimer of OA become very significant due to intermolecular proton transfer, with
the corresponding vertical detachment energy (VDE) values of approximately 3.3 and
4.6 V. I have postulated a mechanism of excess electron mobility along molecular linear

chains supported by cyclic hydrogen bonds.

Searches for the most stable molecular conformer are frustrated by energy barriers sepa-
rating minima on the potential energy surface (PES). I have suggested that the barriers
might be suppressed by subtracting selected force field terms from the original PES.
The resulting deformed PES can be used in standard molecular dynamics (MD) or
Monte Carlo simulations. The MD trajectories on the original and deformed PESs of
ethanolamine differ markedly. The former gets stuck in a local minimum basin while

the latter moves quickly to the global minimum basin.



Acknowledgements

I gratefully acknowledges the financial support and fellowship from the University of
Botswana (UB). This research used resources of the National Energy Research Scientific
Computing Center, which is supported by the Office of Science of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231. Computer resources were also
provided by Heriot-Watt University. This material is based (in part) on experimental
work which was supported by the (US) National Science Foundation through grant
number, CHE-1111693.

I gratefully acknowledge the support of my supervisor Prof. Maciej Stephan Gutowski
through out my PhD study. His excellent guidance and generous support brought me
this far. I would also like to thank my collaborator Dr. Maciej Haranczyk at Lawrence
Berkeley National Laboratory for his support, guidance and most importantly to work
in his team. My experimental collaborators at Johns Hopkins University lead by Dr. Kit
H. Bowen are also gratefully acknowledged. My colleagues in the Gutowski, Paterson
and Macgregor groups at Heriot-Watt, and our past PhD and project students, in partic-
ular (but not limited to) Alexander V. Abramov, Sanliang Ling, Alexander Whiteside,
Matthew R. Ryder, Brian Cox, David Grist, Calum Sloan and Benjamin Calzada.

I would like to express my gratitude to my family and friends for their companionship,

support and patience over the past years of study.

vi



Contents

Declaration of Authorship i
Abstract iii
Acknowledgements vi
List of Figures xi
List of Tables xviii
Abbreviations xxi
Physical Constants xxiii
Symbols Xxiv
List of Papers xxvi
1 Introduction 1
1.1 Molecular Structure Models . . . . . . . . . . . ... . 2
1.1.1 Lewis structures Model . . . . . . . . . . ... ... .. ... ... 2

1.2 Mathematical Models . . . . . . . . . . .. 4
1.3 The Potential Energy Surface. . . . . . .. .. .. ... ... ... 5
1.4 Deterministic Models for molecular structures . . . . . . . . ... ... .. 12
1.5 Stochastic Methods for molecular structures . . . . . . . . . . ... .... 13
1.6 Experimental Determination of Molecular Structures . . . . .. ... ... 15

2 Classical Methods 22
2.1 Force Fields . . . . . . . . . . . o 22
2.1.1 Thestretch energy . . . . . . . . . ... o 23

2.1.2 The bending energy . . . . . . . . . ... 24

2.1.3 The torsional energy . . . . . . . . ... Lo 25

2.1.4 Cross terms: Class 1, 2 and 3 Force Fields . . . . . ... ... ... 26

2.1.5 The van der Waals energy . . . . . . . . . .. ... .. ... ... . 26

2.1.6  The electrostatic energy . . . . . . . . ... 29



Contents viii

2.2 Geometry Optimization, (Mathematical methods of) . . . .. .. ... .. 30
2.2.1 The Steepest Descent Method . . . . . . . .. .. ... ... .... 31
2.2.2  The Newton-Raphson Method . . . . . ... ... ... ...... 32

2.3 Molecular Dynamics Algorithms/Schemes . . . . .. .. ... ... .... 37
2.3.1 The Verlet algorithm . . . . . . ... ... ... ... ... 39
2.3.2 Leapfrog algorithm . . . . . ... ... .. ... oL, 40
2.3.3 The velocity Verlet scheme . . . . . ... ... ... ... .... 41
2.3.4 The Beeman Scheme . . . . . . .. .. .. ... L. 41

2.4 Explicit Models for Tautomeric/Conformational Search . . . . ... ... 42
2.4.1 Stochastic Search Methods . . . . . .. ... ... ... ...... 43

3 Molecular Orbital Theory 45

3.1 Fundamental Aproximations . . . . . . . . ... ... L. 45
3.1.1 The Schrédinger Equation . . . . . .. . ... ... . 45
3.1.2  The Born-Oppenheimer approximation . . . . . . . . . ... .. .. 51
3.1.3 Trial Wave Functions (Variational Principle) . . . ... ... ... 52

3.2 The Hartree-Fock Theory (Principlesof) . . . . . .. ... ... ... ... 52
3.2.1 The Roothan equations . . . .. .. ... .. ... ... ...... 57
3.2.2  Self-Consistent Field Method (SCF) . . .. ... ... ... ... 58
3.2.3 Electron Correlation Energy . . . . . . . . .. .. ... 59

3.3 Perturbation theory . . . .. .. ... 60

3.4 Moller-Plesset Perturbation Theory . . . . . . . .. ... ... ... ... 64

3.5 Coupled-Cluster Theory . . . . . . . . . .. ... ... ... 67
3.5.1 The closed-shell CCSD model . . . . . . ... ... ... ...... 73
3.5.2 The CCSD(T) model . . . . . . ... ... ... ... ..... 75

3.6 Density Functional Theory . . . .. .. ... ... ... ... ... ... 75
3.6.1 The exchange correlation functional . . . . .. .. ... ... ... 80

3.7 Correlation consistent basissets . . . . . .. ... oo 81

3.8 Statistical Thermodynamic Properties . . . . . .. ... ... ... .... 86
3.8.1 Contributions from translational motion . . . . . . . . .. ... .. 89
3.8.2 Contributions from electronic motion . . . . . . . .. ... ... .. 90
3.8.3 Contributions from rotational motion . . . .. ... ... ... .. 90
3.8.4 Contributions from vibrational motion . . . . . . .. .. ... ... 92

3.9 Remarks . . . . . . L 95

4 Electron Binding Energies 96

4.1 Koopmans’ Theorem . . . . . . . . .. ... L 96

4.2 Electronic Affinities . . . . . . . . ... 98
4.2.1 Vertical Attachment/Detachment Energies . . . . ... ... ... 100

5 Discovery of Most Stable Structures of Neutral and Anionic Phenylala-
nine through Automated Scanning of Tautomeric and Conformational

Spaces 102
5.1 Abstract . . . . . . 102
5.2 Introduction . . . . . . . . L L e 103
5.3 Description of PESST Program . . . . ... .. ... .. ... ....... 105

5.3.1 Analysis of Initial Geometry . . . . . . . . . ... ... ... 107

5.3.2 Constraining the Number of Tautomers . . . . . . .. .. ... .. 108



Contents ix

5.3.3 Determining Sites for Hydrogen Atoms . . . . . . ... .. ... .. 110
5.3.4 Conformers . . . . . . . ... 112
5.4 Computational Approach . . . . . .. ... ... .. 0L 114
5.5 Results. . . . . o e 117
5.5.1 Neutral Phenylalanine . . . . . ... ... ... ... .. ... ... 117
5.5.2  Valence Anions of Phenylalanine . . . . ... ... ... ...... 120
5.5.3 Dipole-Bound Anions of Phenylalanine . . . . . . . ... ... ... 121
5.6 Summary and Conclusions . . . . . . . . .. ... 0o 124

6 Adiabatically Bound Valence Anion of Parent Tyrosine: A Remarkable

Stability and Unusual Structure 126
6.1 Abstract . . . . . . . . e 126
6.2 Introduction . . . . . . . . . . ... 127
6.3 Computational Methodology . . . . . ... ... ... ... ... ... . 128
6.4 Computational Results . . . . . . .. ... ... oo 130
6.5 Anion Photoelectron Spectroscopy Results . . . . . ... .. .. ... ... 136
6.6 Summary and conclusions . . . . . . ... ... 137

7 Intramolecular Proton Transfer in Acetoacetic Acid Induced by a 7*

Excess Electron 140
7.1 abstract . . . . . . . e e e e e e 140
7.2 Introduction . . . . . . . . . . . . 141
7.3 Computational Methods . . . . . . . ... ... ... ... ... ... ... 143
7.4 Computational Results . . . . . . .. ... ... ... ... .. ... ..., 148

7.4.1 Neutral AA . . . . . .. 148

7.4.2 Anionic AA . . ... 150
7.5 Experimental results . . . . . . ... L 156

7.5.1 Photoelectron spectroscopy results for AA™ and (AA); ... ... 156

7.5.2 Electron energy loss spectroscopy results for AA . . .. ... ... 159
7.6 SUMMATY . . . .« . oo e e e e e e 161

8 Intermolecular Interactions between Molecules in Various Conforma-

tional States: the Dimer of Oxalic Acid 163
8.1 Abstract . . . . . . . . . 163
8.2 Introduction . . . . . . . . .. e e 164
83 Methods . . . . . . . . 166
8.4 Results. . . . . . . e 169
8.5 SUMMATY . . . . . . e e e 174

9 Intrinsic Electrophilicity of Oxalic Acid Monomer Is Enhanced in the

Dimer and Trimer by Intermolecular Proton Transfer 176
9.1 Abstract . . . . . . .. 176
9.2 Introduction . . . . . . . . . . . ... 177
9.3 Computational Details . . . . . . .. . ... .. ... ... ... .. ... 178
9.4 Electron Attachment to the Monomer of Oxalic Acid . . . . .. ... ... 179

9.5 Excess Electron Binding Energies in the Dimer and Trimer of Oxalic Acid 185
9.6 Discussion and Summary . . . . .. ..o 187



Contents b
10 Suppressing Energy Barriers between Conformers on Molecular Po-
tential Energy Surfaces 190
10.1 Abstract . . . . . . . .. 190
10.2 Introduction . . . . . . . . . .. e 190
10.3 Methods . . . . . . . . . . . e 192
10.4 Results. . . . . . o o o 194
10.5 Discussion . . . . . . . o o e e e e e e e 197
10.6 Summary . . . . ..o e e 199
11 Summary and Future Work 201
A Supporting Information to Chapter 5 204
B Supporting Information to Chapter 6 208
B.1 Anion Photoelectron Spectroscopy Methodology . . . . . ... ... ... 208
C Supporting Information to Chapter 11 219
C.1 Experimental methods . . . . . . . . . ... ... 219
C.1.1 Synthesis of Acetoacetic Acid . . . . . . ... ... ... ... 219
C.1.2 Photoelectron Spectroscopy . . . . . . . . . . .o 219
C.1.2.1 Continuous Anion Photoelectron Spectrometer . . . . . . 220
C.1.2.2 Pulsed Anion Photoelectron Spectrometer . . . ... .. 220
C.1.3 Electron Energy Loss Spectroscopy . . . . . . . . . . . . ... ... 221
D Supporting Information to Chapter 7 224
E Supporting Information to Chapter 9 232
E.1 Experimental Details . . . . . .. .. ... 00 232
Bibliography 239



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7

1.8

1.9

2.1
2.2
2.3

3.1

4.1

5.1
5.2

5.3

5.4

5.5

The square-well potential. . . . . . . . . . . . .. 6
The harmonic oscillator potential. . . . . . . . . . . ... . ... ... .. 7
Hllustration of the Morse potential. . . . . . . . . .. .. ... ... ... 8
Comparison between the harmonic and the Morse potentials. . . . . . . . . 9
[llustration of the quantum mechanical version of Franck-Condon principle. 10
Conformational space of arginine. . . . . . . . .. ... 14
Anion photoelectron spectrum of oxalic acid monomer discussed in chapter

9. e e e 16
Molecular system undergoes vibrations and rotations about axis passing

through its center of mass C. . . . . . . .. .o 17

An illustration of rotational energy levels of the molecule associated with
ground vibrational state for diatomic molecule. Note that each vibrational
energy level has rotational energy levels associated with it. Energies are

N wavenumbers . . .. . . L L e e e e e e 19
Hllustration of the components of the force field energy. . . . . . . . . . .. 23
[llustration of the Lennard-Jones potential. . . . . . . . . . . .. .. ... 27
[llustration of the vibrational energy levels of the molecule. . . . . . . . . . 36
The Harmonic potential well with zero point energies corrections shown. . 94
Hllustration of the adiabatic electron affinity given by equation 4.54. . . . . 101

Molecular structure of phenylalanine with labelled atoms and rotatable bonds.104
The working procedure of PESST. The generation of conformers for each
tautomer is marked in red. . . . . . ..o 106
Connectivity matrixz of the phenylalanine molecule after disconnecting atoms

C’7 and C8 (zero in bold). The fragment connected to C8, which is to

be rotated, is highlighted in red with the remaining fragment connected to
C7in blue. . . . . . . . e 107
Molecular structure of phenalalanine and a set of sites for hydrogen atoms.

The grey-blue for atoms with NMAX =4 and NHMAX = 2. The blue

and grey sites are occupied when one and two hydrogen atoms, respectively,

are attached. The NMAX =4, NBOND = 3 cases are labelled in dark

and light brown. They are above and below the molecular framework and

only one of them can be occupied for a given tautomer. The terminal
framework atoms have sites labelled in green and they can accommodate

0-3 hydrogens. . . . . . . . ..o 109
Hllustration of the key-file used to control the program. This file is optional.110

xi



List of Figures xii

5.6

5.7

5.8

5.9

5.10
5.11

5.12

5.13

5.14

5.15

Generation of hydrogen sites for an atom connected to two other frame-
work atoms, here C7 connected to C6 and C8. Part (a) demonstrates
the construction of H1. The points A and B are each unit length from
atom C'7 along bonds C7-C8 and C7-C6, respectively. Point C results
from the bisection of A-B. Site H1 is calculated along a line defined by
C-C7. The length of C7-H1 is equal to the sum of atomic radii of carbon
and hydrogen. Part (b) demonstrates the construction of H2 and H3; a
side view along the C6-C7-C8 plane is shown with vector going into the
page through C7. . . . . . . . . . e 111
Generation of hydrogen sites for a terminal framework atom, here O11.
A procedure to define a site for (a) the first hydrogen atom (H4) and (b)
the second and third hydrogen atom (H5 and H6) is illustrated. . . . . . . 112
Generation of hydrogen sites for an atom connected to three other frame-
work atoms, here C6 connected to C4, C5 and C7. Part (a) construc-
tion of three unit vectors along the framework bonds; (b and c) three cross
products of unit vectors are averaged and the resulting vector is scaled in
length to the sum of proper atomic radii to define the H7 site (above the
ring). (d) The reverse yields a site on the other side of the ring (HS8). . . 113
(a) The bond to be rotated is defined by C7C8. The smaller fragment in-
volves atoms connected to C8 (see Figure 5.3). (b) a conformer resulting
from rotation by 120°. (c)-(e) are top views along C7TC8 for rotations by

0°, 120°, and 240°. . . . . . . 114
Construction of conformers with PESST. . . . . . . . .. ... ... ... 115
Relative energies and dipole moments of Phe calculated at the BSLYP/6-

311G* level of theory. The energy of CN1 is set to zero.. . . . . . . ... 117

The MP2/ADZ+DF structures of the three most stable conformers of the
neutral canonical Phe with distances in and dipole moments in D. The
intramolecular hydrogen bonds marked with dashed lines with the colour

of the proton acceptor atom. The relative stability (kcal/mol) determined

at the MP2 and CCSD(T) levels (Eel,Egib,H, and G for electronic en-

erqy, zero-point vibrational correction, enthalpy, and Gibbs free energy,
respectively). The CCSD(T) energies determined at the optimal MP2
geometries. The zero-point and thermal corrections determined at the
MP2/ADZ+DF level. . . . . . . ... 118
The stretching modes of CN1, CN2 and CN8 calculated at the MP2/ADZ+DF
level of theory. Keywords: s symmetric, asasymmetric. Lonrentzian vi-
brational spectra with scaling factor of 1.0 and half-width of 20.0cm™". . . 119
The most stable conformers for three families of valence anions of Phe.

The dipole moment of neutral Phe at the optimal anionic geometry, pineutrals

in D; the electron vertical detachment energy (VDE) in eV; the relative
stability of anions with respect to CN1 in kcal/mol. The anionic struc-

tures (with distances in A) optimized at the MP2/ADZ level of theory.

The remaining quantities the same as in Figure 5.12. . . . . . . . . . ... 121
Highest occupied molecular orbital of the dipole- and valence-bound anions

of phenylalanine generated with contour values determined with OpenCub-

Man programme 57 (80% of the orbital electron density). . . . . . . . . .. 122



List of Figures xiii

5.16

5.17

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

7.1

The three most stable conformers of dipole-bound anions of Phe based
on the canonical tautomer. The dipole moment of neutral Phe at the
optimal anionic geometry, , in D; the electron vertical attachment (VAE)
and detachment enerqy (VDE) in meV; the relative stability of anions
with respect to CIN1 in kcal/mol. The anionic structures (with distances
in A) optimized at the MP2/ADZ+DF level of theory. The remaining
quantities the same as in Figure 5.12. . . . . . . . . . ... ... .. .. 123
The two most stable conformers of dipole-bound anions of Phe based on the
zwitterionic tautomer. The dipole moment of neutral Phe at the optimal
anionic geometry, fneutral, 0 D; the electron vertical detachment energy
(VDE) in meV; the relative stability of anions with respect to CN1 in
kcal/mol. The anionic structures (with distances in A) optimized at the
MP2/ADZ+DF level of theory. The remaining quantities the same as in
Figure 5.12. . . .« . . . e 124

Tautomers of Tyr considered in this study. Rotatable bonds B1 — B6
considered when generating conformers of neutral or anionic Tyr. . . . . . 129
Structures and relative stability (in kcal/mol) of low-lying conformers of
neutral Tyr. The intra-molecular hydrogen bond parameters are in

Dipole moments in Debyes. . . . . . . . . . o 131
The most stable conformers of the families of valence anions of tyrosine
considered in this study. The relative energies (in kcal/mol) with respect

to the most stable canonical neutral N1, were calculated at BSLYP/ADZ

Three most stable conformers of D*3 family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE
are 1 eV. . .o e e e e e e e e e 133
Three most stable conformers of D>° family. AFEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE
are 1 eV. .« .o e e e e e e e 133
Two most stable conformers of D3 family. AEA with respect to the most
stable N1. The geometrical parameters are in A, AEA and VDE are in eV.134
Three most stable conformers of SH? family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE
are 1 eV. . . e e e e e e e e e 135
Three most stable conformers of SC? family. AFEA with respect to the
most stable N1. The geometrical parameter are in A, AEA and VDE are
Mo eV e e e e 135
Photoelectron spectra of Tyr~ recorded with 4.86 eV and laser ablation
pulses of different power. The procedure for obtaining the spectra is outline
moappendiz B. . ... Lo e 137
Photoelectron spectrum of deprotonated Tyr recorded with 3.49 eV photons.138

Molecular structures of AA considered in this study. The principal geo-
metrical parameters (in A) were characterized at CCSD/ADZ + DF level
of theory. Bonds a, 3,7, n and € were rotated for conformational searches.
The change A in the O1-C2-C1-H5 dihedral angle (blue) from the N1 to
VB geometry isin © (deg). . . . . . ... 144



List of Figures xiv

7.2

7.3

7.4

7.5

7.6

7.7
7.8
7.9

7.10
7.11
7.12
7.13

7.14
7.15

7.16

7.17

7.18

8.1

8.2

8.3

The unimolecular decomposition path of AA characterised at the CCS-
D/ADZ level of theory. The bond H1 — O1 was scanned and the transition
states T'S(a) and TS(b) illustrate the unimolecular decomposition path. . 145
The low-lying neutral conformers of AA with the interconnecting barriers
separating them. The relative energies (in kcal/mol) were obtained at the
CCSD(T)/ADZ level of theory and corrected for MP2/ADZ zero-point
vibration energies; the dipole moments p are in Debyes. . . . . . . . . .. 146
Energy profile connecting neutral structures of AA. The energies (in kcal /-
mol) were calculated at the CCSD(T)/ADZ level using the CCSD/ADZ
geometries. . . ... oL e e e 149
Dissociation energy profile of neutral AA. The relative energies were com-
puted at CCSD(T)/ADZ level of theory using CCSD/ADZ optimal ge-
ometries. . . . ... Lo 150
Energy profile depicting the neutral, dipole-bound and valence anionic
potential energy surfaces of AA. The energies (meV) computed at the

CCSD(T)/ADZ+DF level. . . . . .. ... o o 151
Dipole bound . . . . . .. ..o 152
Valence bound . . . . . . .. 152

The orbital occupied by an excess electron in the DB and VB anions of
AA. The plots were generated using VMD with contour values calculated
using the OpenCubeMan package from 60% of electron density of these

respective orbitals. . . . . . .. .. Lo 152
VB1 -8.35, 178.2° . . . . . . e 155
VB2 4.21, —62.8° . . . . . e 155
VB3 7.33, —59.8° . . . . . e 155

The principal geometrical parameters (the C1-C2-C3-C4 dihedral angle
in °) and the relative energies (in kcal/mol) of the structures considered
in this study, with respect to N1 structure, characterized at MP2/ADZ
+ DF level of theory. . . . . . . . . . . . . 155
Mass spectrum of anions observed in these experiments. . . . . . .. . .. 157
Photoelectron spectrum of the AA parent anion recorded with 2.54 eV
photons on the continuous photoelectron spectrometer. . . . . . . . . . .. 157
Photoelectron spectrum of the AA parent anion recorded with 3.49 eV
photons on the pulsed photoelectron apparatus. . . . . .. .. .. ... .. 158
Photoelectron spectrum of the AA dimer (parent) anion recorded with
3.49 eV photons on the pulsed photoelectron apparatus. . . . . . ... .. 159
Cross sections for the excitation of specific vibrational modes (red and
blue) and electron loss energy spectra (magenta) as a function of the
incident electron energy. . . . . . . ... Lo L oo 160

The principal geometrical parameters (in A) of the A, B, and C conform-

ers of the oxalic acid determined at the MP2/aug-cc-pVDZ level. . . . . . 164
The principal geometrical parameters (in A) of the oxalic acid dimers
AA, AB, and BB determined at the MP2/aug-cc-pVDZ level. . . . . . . 165

Illustration of the components of the stabilisation energy in the X;Y5
complex. Left: one-body conformational components; Center: one-body
deformation components; Right: two-body interaction term. . . . . . . . . 167



List of Figures XV

8.4

9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

9.10

9.11

10.1

10.2

10.3

10.4

10.5

Correlation between the two-body interaction energy terms and the red
shifts of the O-H’s involved in intermolecular hydrogen bonds. Red
squares for the red shifts of individual modes and blue diamonds for aver-
age values for each dimer. The results obtained at the MP2 /aug-cc-pVDZ

Conformers and tautomers of the oxalic acid monomer. The naming
scheme for atoms shown for 1. The structures 8 and 2 were labelled in
Ref.[193] as A and B, and I will use their notation when discussing the
dimer of OA. . . . . . . 177
Photoelectron spectrum of recorded with 2.54 eV photons (black). Com-
puted spectrum based on the CCSD(T)/ATZ electronic energies and CCS-
D/ATZ geometries and hessians (red). . . . . . . . .. ... ... .. ... 178
The CCSD/ADZ structures for the neutral and anion of oxalic acid. The
geometrical parameters (in ) for the neutral and anion in black and blue,
respectively. All structures are minima but the anionic 4, which is a
transition state. . . . . . .. L e e 180
The CCSD/ADZ structures of the neutral and anionic transition states
TS1-TS3 of ozalic acid. The geometrical parameters are in A, °. . . . . . 180
Energetics of stationary points (minima and transition states) on the po-
tential energy surface of the neutral and anionic monomer of oxalic acid,
where the zero of enerqgy is set to the energy of the neutral 8. . . . . . .. 181
The SOMO of anionic OA structures plotted with a contour value of 0.1

Ezxcess electron binding energies (eV) for the ozalic acid monomer. The
AFEA values are reported with respect to the corresponding neutral (”Local”
AEA), and with respect to the most stable neutral 3 (”Global” AEA). . . . 183
Photoelectron spectrum of (OA); recorded with 4.66 and 6.42 eV photons. 185
Photoelectron spectrum of (OA); recorded with 6.42 eV photons. . . . . . 186
Relative stabilities (eV) of the neutral and anionic dimers of OA, along
with ”Global” AEA and VDE values (eV). . . . .. ... ... ... .... 187
Postulated mechanism of excess electron mobility along a linear chain
of ozalic acid molecules. The arrows illustrate the motion of protons
that would facilitate the excess electron mobility. The unpaired electron is
represented by a violet dot and the excess charge by a red minus. . . . . . 188

A flowchart of the interface between an electronic structure method and a
force field. . . . . .o 194
Different minima and transition state structures of ethanolamine. Colour
code: grey — carbon, white — hydrogen, red — oxygen, blue — nitrogen. . . . 195
Original potential energy curve for ethanolamine as a function of the O-
C-C-N dihedral angle. The energies are determined at the BSLYP and
AMBER force field levels. . . . . . . . . . . ... 195
The AMBER force field energy and its components as a function of the
O-C-C-N dihedral angle. . . . . . . . . . . . . . . 196
Deformation of the original PES of ethanolamine at the (a) BSLYP and
(b) AMBER levels. . . . . . . . i 197



List of Figures xvi

10.6 The RMSD wvalues as a function of time for trajectories on the modified

Al

A2

A3

A4

B.1

B.2

B.3

B.4

B.5

and original PES at 200 K (a,b) and 400 K (c,d) and calculated with
respect to LM1 (a,c), GM1 (b) and GM2 and SPO (d). . . . . . ... ... 198

Photoelectron spectra of intact Phenylalanine anion and deprotonated pheny-
lalanine anton . . . . . . L Lo 204
The most stable conformers of neutral phenylalanine. The relative elec-
tronic energies (kcal/mol) with respect to the most stable canonical neu-

tral CN1 and geometrical parameters (A) characterised at the MP2/ADZ

level of theory. The pre-screening was done at DFT(B3LYP)/6-311G*

level of theory. . . . . . . . 205
The most stable tautomers/conformers of valence anions of phenylala-
nine. The relative electronic energies (kcal/mol) with respect to the most
stable canonical neutral CN1 and geometrical parameters (A) charac-
terised at the MP2/ADZ level of theory. The pre-screening was done at
DFT(B3LYP)/6-31G* level of theory. . . . . ... ... ... ....... 206
Three families of valence anions of phenylalanine, T1V, T2V, and T3V.

The spread of electronic energies within each family is illustrated in the
top-left part (MP2/ADZ level of theory). Structures of the most stable
conformer within each family in the bottom part with distances in A. . . . 207

Families of valence anions of tyrosine, D*3, D3% D% D26 SH?2 SH3 SC?
and SC® considered in this study. The relative energies (in kcal/mol)

with respect to the most stable canonical neutral N1, were calculated at
B3LYP/aug-cc-pvdz. Fach structure is the most stable conformer within

its family. . . . .o o 209
The principal geometrical parameters (in fi) of wvarious doubly proton
transferred anionic conformations of tyrosine characterised at MP2/aug-
cc-pVDZ level of theory. The protons were transferred from the carboxylic

and the hydroxyl groups into the ring. The CCSD(T) relative energies (in
kcal/mol) were calculated at MP2 optimal geometries. . . . . . ... ... 210
The principal geometrical parameters (in fi) and the MP2 relative ener-

gies (in kcal/mol, corrected for zero point vibrations) with respect to N1
structure, of various singly proton transferred comformations of anionic
tyrosine characterised at MP2/aug-cc-pVDZ level of theory. The protons

were transferred from the carboxylic and the hydrozyl groups on to the ring.213
The principal geometrical parameters (in /f) and the MP2 relative ener-

gies (in kcal/mol, corrected for zero point vibrations) with respect to N1
structure of various singly proton transferred conformations of anionic
tyrosine characterised at MP2/aug-cc-pVDZ level of theory. The proton

was transferred from the carboxylic group on to the ring. . . . . . . . . .. 214
Low-lying deprotonated anions of tyrosine optimised at the MP2/ADZ
level of theory. The relative stabilities (in kcal/mol) are with respect to
DPIC structure and the VDEs are in eV. The remaining quantities are

the same as in Fig. 1. (Zibo, is there experimental information on the
proton affinity of (Tyr-H)-? It would be equivalent to the deprotonation
enthalpy of Tyr.) . . .« .« o o 218



List of Figures xvii

E.1  Franck-Condon factors and signal intensities for the anion—neutral vi-
bronic transitions based on the most stable conformers of OA and OA™
(structure 8). . . . . ..o 236



List of Tables

3.1

5.1

6.1

7.1

7.2

7.4

7.3

7.5

8.1

8.2

8.3
8.4

8.5

8.6

9.1

9.2

Composition of some common correlated consistent basis sets . . . . . .. 83
The constraints set when generating valence anions of Phe . . . . . . . .. 116

The n,o values for bonds Bl — B6 of the N, D¥! DN+ SHF and SC*
systems considered in this report. . . . . . .. ..o 0oL 129

Vertical electron binding energies (meV) of the dipole-bound anionic state
at the Gy, GM(E)S and the GM‘;B geometries using the CCSD/ADZ+DF
optimal geometries. . . . . . . ..o 153
Adiabatic electron affinities (meV) of the DB and VB anions calculated
at different levels of theory with the CCSD optimal geometries. All cal-

culations with the ADZ+DF basisset. . . . . ... ... ... ....... 153
The Relative Electronic Energies (kcal/mol) of valence anions of ace-
toacetic acid calculated at different levels of theory. . . . . . . . ... ... 154
The electronic component (CCSD(T)/ADZ+DF) of AEA (meV) decom-
posed into the AEy (Gy-) termand VDE. . . . . .. ... ... ... .. 154
The values of VDE (meV) for the valence anion of AA. . ... ... ... 156

The total stabilisation energy and its components for the AA, AB, and
BB dimers. The corrections from zero-point vibrations are included in

the bottom rows. The energies areinmeV . . . . . . ... .. .. ... .. 170
The structure of the Ex:%mf component. All energies are in meV. . . . . 170
The structure of the Eibgrder components. All energies are in meV. . . . . 171
The structure of two-body interaction energy in the AA, AB, and BB

dimers. All energies are in meV. . . . . ... oo 171

Harmonic MP2/aug-cc-pVDZ frequencies of the O—H stretching modes in
OA and (OA)s2. TAH — intramolecular hydrogen bond, IEH — intermolec-
ular hydrogen bond, and NoH — no hydrogen bond . . . . .. .. ... .. 172
Contributions from O—H stretches, other intramolecular modes, and inter-
molecular modes to the zero-point vibrational energy in OA and (OA)s.
All results obtained at the MP2/aug-cc-pVDZ level. . . . ... ... ... 174

Nature of vibrational modes and harmonic frequencies, calculated at the
CCSD/ATZ level for structure 3. The “buckling” mode in bold, the modes
contributing primarily to the vibronic structure reported in Figure 9.2 in

blue. . . . . e 184
Geometric parameters for the neutral and anionic structure 3 at the CCS-
D/ATZ level. . . . . . . 185

xviii



List of Tables Xix

B.1 Relative stabilities (in kcal/mol, with respect to N1 structure) at different

levels of theory for the doubly proton transferred anionic conformations

of tyrosine. The protons were transferred from the carboxylic and the

hydrozyl groups on to the ring. . . . . . . . . . . ... .. 211
B.2  Relative stabilities (in kcal/mol with respect to N1 structure) at different

levels of theory for the singly proton transferred conformations of anionic

tyrosine. The proton was transferred from the hydroxyl group on to the

£ 212
B.3 Relative stabilities (in kcal/mol with respect to N1 structure) at different

levels of theory for the singly proton transferred conformations of anionic

tyrosine. The proton was transferred from the hydroxyl group on to the

£ 215
B.4  Electronic binding energies (in eV) of SHm and Dm structures at BSLYP/MP2/aug-

cc-pVDZ levels of theory. . . . . . . . e 215
B.5 Electronic binding energies (in eV) of SHm structures at BSLYP/MP2/aug-

cc-pVDZ levels of theory. . . . . . . . . e 216
B.6 Relative stabilities (in kcal/mol) of D>, D3> DN3 SH? and SC? struc-

tures with respect to N1 structure calculated at different levels of theory.

The CCSD(T) energies were determined at MP2/ADZ optimal geometries

and then corrected for MP2 E3®. The MP2 (CCSD(T) in brackets) VDEs

are in eV and the dipole moments of the neutrals at anion geometries are

in Debyes. . . . ..o e e 217

C.1 The Relative Electronic Energies (kcal/mol) of canonical conformers of
neutral acetoacetic acid calculated at different levels of theory followed
by their dipole moments calculated at MP2/ADZ level of theory. Single
point CCSD(T) energy calculation on CCSD optimal geometries . . . . . 221
C.2 The dipole moments of the neutral (N) at HF, MP2 and CCSD level of
theory at the three representative geometries; (i) optimal geometry of N,
(Gar), (ii) optimal geometry of DB, (GM;;S), (iii) optimal geometry of
VB, (G M‘;B). All the geometries were optimized at the CCSD/ADZ+DF

C.3 Contributions from components of the force fields to N1, N3 and N5
energies calculated using Amber, UFF and Dreiding force fields imple-
mented on Gaussian suite of programmes. . . . . . ... ... 222

C.4 Incremental electronic binding energies of the dipole bound anionic state
at Gy, G M, and G M, geometries using the CCSD/ADZ+DF optimal
geometries. . . ... L e e e 222

C.5 Cartesian coordinates of N1 neutral, DB anion and VB anion. Optimal
CCSD/ADZ+DF geometries. . . . . .. ... ... 223

D.1 Cartesian coordinates of A, B and C. Optimal MP2/ADZ geometries. . . 224

D.2 Cartesian coordinates of AA; AB and BB. Counterpoise corrected MP2/ADZ
geometries. . . ... e 225

D.3 Harmonic MP2/ADZ frequencies (cm~!) of the monomers A, B and C. . 226

D.4 Harmonic, MP2/ADZ, counterpoise-corrected frequencies (cm™!) of the
dimers AA, ABand BB. . . . . . . ... ... o 227



List of Tables

D.5 Electronic energies (in Hartrees) of the oxalic acid monomers A and B
calculated at the SCF and MP2 levels of theory with ANZ basis sets for
the optimal MP2/ADZ geometry. . . . . . . . . . ...

D.6 Extrapolated energies (in Hartrees) to the complete basis set limit of the
monomers A and B for the optimal MP2/ADZ geometries. The relative
energies are in meV. . . ... ..o Lo Lo

D.7 Counterpoise-corrected single point electronic energies (in Hartrees) of
the oxalic acid AA, AB and BB dimers calculated at the SCF and MP2
levels with the ANZ basis sets for the optimal MP2/ADZ geometries. . .

D.8 Extrapolated counterpoise-corrected SCF and MP2 electronic energies (in
Hartrees) of the oxalic acid AA, AB and BB dimers. Further corrections
from CCSD(T) and zero-point energies also included. . . . . . . ... ...

D.9 Relative extrapolated counterpoise-corrected SCF and MP2 electronic en-
ergies (in meV) of the oxalic acid AA, AB and BB dimers. The energies
are with respect to the AA dimer. Further corrections from CCSD(T)
and zero-point energies are also included. . . . . . .. ... ...

D.10 Electronic energies (in Hartrees) of the distored oxalic acid monomers
calculated at the SCF and MP2 levels with the monomer-centered basis
ANZ basis sets. The monomer geometries are extracted from the optimal
MP2/ADZ dimer geometries. . . . . . . .. ...

D.11 Extrapolated electronic energies (in Hartrees) of the distorted A and B
monomers. The monomer geometries are extracted from the optimal
MP2/ADZ dimer geometries. . . . . . . ... ..o

D.12 Comparison of two extrapolaton methods for the SCF and corr-MP2 com-
ponents of the stabilisation energy. Method 1: the stabilisation energy
obtained from the extrapolated monomer and dimer energies. Method 2:
the stabilisation energies were calculated at the SCF and MP2 levels for
the sequence of aug-cc-pVNZ (N = D — @) basis sets. Next, these sta-
bilisation eneriges were extrapolated to the basis set limit. Higher-order
corrections obtained at the CCSD(T) level of theory. All energies in meV.

E.1 Atomic positions in direct coordinates. . . . . . . . ... ...
E.2 Atomic positions in direct coordinates. . . . . . . . .. .. ... ... ..
E.3 The MP2/ADZ minimum energy structures for the neutral and anionic
dimers of OA. Atomic positions in direct coordinates. . . . .. ... ...
E.4 The MP2/ADZ minimum energy structures for the neutral and anionic
dimers of OA. Atomic positions in direct coordinates. . . . .. ... ...

. 228

231



Abbreviations

AA
AEA
ADZ
ADZ
CBS
DFT
EBE
EKE
FA

FC

FF
GM
GOT
HOMO
LM
LUMO
MC
MD
OA
Phe
PES
PESST
QEq
RMSD
SOMO

Acetoacetic Acid

Adiabatic Electron Affinity
Augumented Double Zeta
Augumented Triple Zeta

Complete Basis Set

Density Functional Theory

Electron Binding Energy

Electron Kinetic Energy

Formic Acid

Frank—Condon

Force Field

Global Minimum

Gaussian Output Tools

Highest Occupied Molecular Orbital
Local Minima

Lowest Unoccupied Molecular Orbital
Monte-Carlo

Mobolecular Dynamics

Oxalic Acid

Phenylalanine

Potential Energy Surface

Potential Energy Surface Scanning Tool
Charge Equlibration

Root Mean Square Deviation

Singly Ooccupied Molecular Orbital

xxi



Abbreviations

xxii

SSC
TS

VDE

Systematic Screening Conformers
Transition State
Tyrosine

Vertical Detachment Energy



Physical Constants

Speed of Light c = 2.997 924 58 x 108 ms~! (exact)
Planck constant h = 6.62606957 x1073* m? kg / s
Reduced Planck constant /A = 1.054571726(47) x1073* m? kg / s

Photon he = 1.98644568x10%°.Jm

xxiii



Symbols

<

q = €

N o~

distance

angular frequency
reduced mass
energy

energy

moment of inertia

kinetic energy

Xxiv

rads ™!
kg
kcal /mol



Dedicated to my family, Saodah, Goabaone and friends.

XXV



List of Papers

1 Zibo G. Keolopile, Maciej Gutowski, Maciej Haranczyk,
Discovery of Most Stable Structures of Neutral and Anionic Phenylalanine through
Automated Scanning of Tautomeric and Conformational Spaces, The Journal of
Chemical Theory and Computation doi:10.1021/ct400531a

2 Zibo G. Keolopile, Maciej Gutowski, Maciej Haranczyk,
Adiabatically Bound Valence Anion of Parent Tyrosine: A Remarkable Stability

and Unusual Structure, in preparation

3 Zibo G. Keolopile, Maciej Gutowski, (Heriot-Watt University)
Angela Buonaugurio, Evan Collins, Xinxing Zhang, Jeremy Erb, Thomas Lectka,
Kit Bowen (John Hopkins University)
Michael Allan (Switzerland)
Intramolecular Proton Transfer in Acetoacetic Acid Induced by a n* Excess Elec-

tron, in preparation

4 Zibo G. Keolopile, Matthew R. Ryder, Maciej Gutowski,
Submitted to The Journal of Computational Chemistry

5 Zibo G. Keolopile, Matthew R. Ryder, Benjamin Calzada, Maciej Haranczyk, Ma-
ciej Gutowski (Heriot Watt University)
Angela Buonaugurio, Jacob Graham, Allyson Buytendyk, Kit Bowen (John Hop-
kins University)
Intrinsic Electrophilicity of Oxalic Acid Monomer Is Enhanced in the Dimer and

Trimer by Intermolecular Proton Transfer in preparation

6 Sanliang Ling, Zibo G. Keolopile, Alexander V. Abramov, Maciej Gutowski
Suppressing Energy Barriers between Conformers on Molecular Potential Energy

Surfaces Submitted to the Journal of Computational Chemistry

XXVi



Chapter 1

Introduction

This dissertation is focused primarily on the development of new methods for the de-
termination of molecular structures and applications in the area of neutral and anionic
systems with intra- and inter-molecular hydrogen bonding. Molecular structures are
built from atoms. An atom is a system of electrons revolving around a dense nucleus
located at the center of an atom whereas a molecule is a system of atoms. The electrons
of an atom are bound to the nucleus by the Coulomb force. These bound electrons
possess a set of stable discrete energy levels loosely associated with orbitals. A molecule
is a group of atoms bound to each other by chemical bonds (e.g. covalent or ionic)
based on the Coulomb force. The arrangement of atoms defines the molecular structure.
When electrons absorb or emit photons with energy equivalent to the difference in en-
ergy levels, they undergo transitions between them and remain within the bound state
(discrete energy levels), but if the absorbed photon energy exceeds the electron binding
energy, then the electron ends up in the continuum of energy levels where it becomes a
free electron and the excess photon energy is converted to the kinetic energy of photo-
electron ejected from the molecule. This is the essence of photoelectron spectroscopy.
The principles of quantum mechanics can be used to model these spectra, as illustrated

in this thesis.

The introductory chapter introduces the concept of molecular structure and summarises
current methods for its determination. The methods I focused attention on are of two
types. The first one relies on enumeration of “all possible” structures and determina-
tion of their stability (level of fitness). This approach is named further on as a “brute
force” approach. The second one is based on molecular dynamics on suitably deformed
potential energy surface. The theoretical predictions in this thesis run parallel with
experimental verifications, in particular, the experiments on anion photoelectron spec-

troscopy. This experimental technique is also being discussed.
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1.1 Molecular Structure Models

We have seen advances in prediction of molecular structure in terms of the concepts of
valence bond theory[1] and molecular orbital theory[l] early in the twentieth century.
Within these theories, the properties of the molecules were explained in terms of their
electronic structure. The establishment of covalent bonding in terms of shared pairs of
electrons was first introduced by G.N Lewis[2] in 1916 where he proposed that an atom
shares a certain number of valence electrons with one or more other atoms in order
to have an electron system which is relatively stable, and Linus Pauling[3] suggested
that those shared valence electrons oscillate between two atoms participating in a bond
formation. A shared electron pair forms a single bond, two and three shared electron
pairs forms a double and triple bond, respectively, whereas an unshared pair of valence
electrons of an atom is called a lone pair. This lone pair does not participate in bonding

but it influences the shape of the molecular structure and its chemical properties.

1.1.1 Lewis structures Model

Lewis proposed the octet rule.[2, 4] In the octet rule, atoms of low atomic numbers (less
than 20) share electron pairs with neighbouring atoms until they have acquired a total of
eight valence electrons (an octet), as a noble gas, in exception of a hydrogen atom with
only two to resemble helium. Only the valence electrons on each individual atom are used
in the Lewis structure. Although the Lewis structure shows the pattern of bonds and
lone pairs, it does not depict the shape/geometry of the molecule. In addition, it pro-
vides inadequate description of the molecule in terms of bond lengths. For example, in
ozone, Oz, one O—O bond is different from the other, which is incorrect. This is rectified
by the concept of resonance, in which the actual structure is considered to be a superpo-
sition of all possible Lewis structures. The valence-bond theory is a quantum mechanical
way of expressing Lewis’ ideas in terms of wave functions. Suppose there are two widely
separated hydrogen atoms which can be described by a wave function ¢ = ¢4(1)dp(2),
with ¢, as 1s orbital of atom a. Then, the indistigushability of electrons allow us to
equally describe the same system with a wave function ¥9 = ¢4(2)¢p(1) with electron 2
sitting on atom a and electron 1 on atom b. The system will then be described well by a
linear combination of 11 and s, \Il(;) = ¢a(1)0p(2) £ Pa(2)Pp(1), where (s) (symmetric)
goes with + and (a) (antisymmetric) goes with —. The superimposed wave functions of
separate fragments of the molecule describe the electron pair. In Wy, the wave function
describing an atom a interferes constructively with the wave function of atom b, then the
amplitude of the overall wave function is enhanced in the internuclear region. With W,

being symmetric with respect to permutation of electrons 1 and 2, it has to be combined
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with an antisymmetric spin function, e.g. Vgpinq = % (a(l)B(Q) —a(Q)B(l)). It applies
to electrons with opposite spins. In short, spin pairing of electrons in two contribut-
ing atomic orbitals forms the valence bond function ¥y 5(1,2) and this wave function,
Wy p(1,2) = N(9a(1)64(2) + 6a(2)6(1) ) x L5 ((1)8(2) ~ a(2)8(1) ), describes a single
bond. The bond is formed because the pair of electrons is localised primarily between
the two nuclei and hence binds them together by the Coulomb force. A similar approach
can be applied to homonuclear diatomic molecules and polyatomic molecules. This is
regarded as blending of structures. Resonance between Lewis structures distributes the

bonding character of electrons over the molecule and lowers the energy.[1]

Bond length and strength are the key properties of bonds. The most widely used bond
length is the equilibrium bond length and it can be approximated from the covalent
radii of the elements participating in a bond formation. The covalent radii of elements
vary through the periodic table,[5] likewise, the metallic and ionic radii.[5] The strength
of the bond is measured by its dissociation enthalpy.[6]

The distribution of electrons to give the lowest energy structure can be deduced in terms
of formal charge.[1] A formal charge is the charge assigned to an atom in a molecule,
assuming that electrons in a chemical bond are shared equally between atoms, regardless
of relative electronegativity. The Lewis structures having low formal atomic charges
typically have the lowest energy and contribute the most to the total VB wave function.
The oxidation character of the bond is regarded as the charge that an atom would have
if it completely has ionic bonds with other atoms of different elements. So, each atom

is assigned a number corresponding to its oxidation state. Likewise the ionic structure.

Valence-Shell Electron Pair Repulsion Model. The extension of Lewis’s ideas by
including the molecular shape came in 1940 by Nevil Sidgwick and Herbert Powell.[7]
Their suggestions were then put into practise by Ronald Gillespie and Ronald Nyholm|8]
and this is a well known valence-shell electron pair repulsion model (VSEPR model).
In VSEPR model, bonding pairs, lone pairs or any electrons associated with any bond
take up positions as far apart as possible. This minimises the energy of the molecule
by minimising the repulsion between electrons and the shape is identified by referring
to the positions of atoms in the resulting structure. This basic shape is modified by the
strength of the electrostatic repulsion between lone pairs and the bonding pairs. Lone
pairs repel other most strongly followed by lone pair:bonding pair repulsion and lastly

the bonding pair:bonding pair repulsion.
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1.2 Mathematical Models

The physical properties of a molecule are associated with its molecular structure. The
Lewis or VSEPR models are not sufficient to predict specific molecular properties, for
example, the value of dipole moment. More complete physical models, typically based
on quantum mechanics, are needed to predict these properties. In the current age of
information and visualisation, I expect numerical molecular characteristics, such as bond
lengths and angles, orbitals, to be converted to graphical representations which can be
rotated and viewed at different angles. This eases visualisation of complex structures
which are hard to draw by hand. There are two major types of mathematical models
that will be discussed in this thesis, the molecular mechanics model and the quantum

mechanical model.

Molecular Mechanics Model. The molecular model is discussed in detail in chapter
2. In this model, atoms are represented by balls and bonds represented by springs.
The potential energy is calculated using force fields.[9, 10] The force field has a form of
mathematical functions involving parameters. This model is calibrated with data from
experiments and high-level quantum mechanical calculations (e.g. bond lengths, angles,

etc.).

Quantum Chemical Model. The quantum mechanical model is based on pure theory
of quantum physics and considers molecules as positively charged atomic nuclei sur-
rounded by electron clouds. The kinetic and potential energy operators are constructed
using the rules of quantum mechanics and the Coulomb law. The approach starts from
the pure quantum mechanical principles and does not require the use of experimental
data for parametrisation as in molecular mechanics, thus called the Ab Initio (from the

beginning). These Ab Initio methods are discussed in detail in chapter 3.

The outcome of this method could produce accurate representation of molecular prop-
erties by solving the Schrodinger equation for charged nuclei in a field of electrons.
However, practical solutions of the Schrodinger equation on multi-atoms systems became
achievable when the nuclei were approximated as fixed particles (the Born—-Oppenheimer
approximation) and the orbiting electrons were treated as independent moving particles
(the Hartree-Fock model). Born and Oppenheimer[11] showed in 1927 that to a very
good approximation the nuclei are much more sluggish than the electrons because they
are much more massive therefore they can be treated as stationary relative to the orbit-
ing electrons in a molecule. In principle, the nuclei are not stationary, but vibrate about
the equilibrium positions and by the ”fixed” nuclear positions I mean any set of in-
stant nuclear positions. The stationary nuclei are the essence of the Born—-Oppenheimer

approximation. In this approximation, the Schrodinger equation is separable into an
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electronic and a nuclear equation. The electronic equation can be solved for any molec-
ular geometry and the associated electronic energy is obtained. This leads to the concept

of potential energy surfaces described in section 1.3.

Solving the Schrodinger equation for polyatomic molecules proved to be computationally
demanding. Thus the field benefited from the growth in computer technology. This in
turn encouraged scientists to develop many-electron theories more complete than the
Hartree-Fock theory, for example, the coupled cluster theory, the density functional

theory, etc..

Current electronic structure methods achieved remarkable accuracy. Today, obtaining
preliminary computational information about a new molecule takes minutes, while syn-
thesising and measuring its properties might takes weeks or months. The current elec-
tronic structure packages have well developed tools for the qualitative and quantitative
characterisation of wave functions and electronic charge distributions. One can also cal-
culate molecular properties, spectroscopic parameters, and characterise transition states

for elementary chemical processes.

1.3 The Potential Energy Surface.

The potential energy surface (PES) is a mathematical/graphical relationship between
the molecular energy and its corresponding geometry. The molecular energy comes
from solving the electronic Schrodinger equation in the Born—-Oppenheimer approxima-
tion. Hence, the PES is the plot of electronic energy (supplemented with the Coulomb
nuclear-nuclear repulsion energy) as a function of molecular geometric parameters. The
concept of the PES first came in 1931 by Eyring and Polanyi[12, 13], where they dis-
cussed and plotted the response of the energy with respect to the change in nuclear
coordinates. The examples of the common one-dimensional PES are the infinite square
well, the simple harmonic potential and the Morse potential[14]. The infinite square
well potential is zero inside the box and infinite outside the well (see figure 1.1). The
solutions to the Schrodinger equation yield the discrete, quantized energy eigenvalues
E, = (h?/8mL*)n?, with L as the width of the box, m as the particle mass, n as the
principal quantum number (n > 0) and h as the Planck’s constant. The spacing of en-

ergy levels increases with n. This model is solved analytically without approximations.

Allow us to illustrate the concept of the harmonic oscillator PES through the use of
a diatomic molecule, AB. Let us treat atoms A and B as connected balls so that my

discussion is limited to a simple picture of Hooke’s law: F' = —k¢(r —r.) = —kyx, where
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FIGURE 1.1: The square-well potential.

F is the force, ky is the restoring force constant and x = r — . is the displacement from
the equilibrium position, .. The restoring force is a function of the displacement of the
spring from its undistorted length and it is directly proportional to the displacement. By
definition, compressing or stretching the spring increases energy of the system. Suppose
further that no gravitational force is acting on the masses of the atoms A and B, then
the energy in the system by default is only the potential energy due to the spring. From

Newton’s equations with Hooke’s law, I can write two equations of motion, one for each

atom;
d2l‘1
mlﬁ—k(lé—xl—re) =0 (11)
d2
m2%+k(:€2—x1 —71¢) =0 (1.2)

I can treat the above two body problem as the one body problem. Firstly, addition of

the above two equation leads us to

d2
@(mlwl + maoxe) = 0. (1.3)

The center of mass coordinate given is by X = W where M = mj 4+ mo. Then,

d?2X
dt?

equations 1.1 and 1.2 and doing simple algebra, I can arrive at

equation 1.3 reduces to one-body equation of the form M = 0. By rearranging

A2z

after subtracting the resulting equation 1.2 from equation 1.1. This tells us that the
motion of two-body problem depends on the relative coordinate z = x9 — x1 — 7r..The

reduced mass p is defined such that i = le + mLQ The general solution to equation 1.4
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is given by z(t) = ¢ sinwt + ¢g cos wt with natural frequency w defined as w = \/W
If the spring is displaced by A and released, then the spring oscillate back and forth
with angular frequency w = 27vy and the plot of displacement against time is sinusoidal
with amplitude equals to A. vy is the frequency of oscillation. In physics, the potential
energy is related to a force by F(z) = —% and together with Hooke’s law give the

potential energy associated with the simple harmonic oscillator,
Lo 9
V(z) = ikfx . (1.5)
Inspecting the energy change by increasing and reducing the internuclear distance yields
the parabolic potential energy curve illustrated in figure 1.2.

1
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\ ho /
5
2 \
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E =>ho
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E,=—ho
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\ Ground state

Zero Point Corrections, £,”

FIGURE 1.2: The harmonic oscillator potential.

The parabolic potential is the cornerstone of the harmonic oscillator. I will revisit the
importance of the harmonic-oscillator approximation resulting from the expansion of the
internuclear potential around its minimum after discussions of the quantum mechanical
harmonic oscillator. The Schrédinger equation for a one dimensional harmonic oscillator

is given as ) o

— ;le;l; +V(z)¥(x) = E¥(x) (1.6)
with V(z) defined in equation 1.5. Substituting for V' (x) and solve the resulting equation
for energies, one obtain E, = iﬂ/k:/j(v+%) = (v+1)hw, with v as the vibrational energy
levels (v =0,1,2,---). The energies are quantised and the energy levels are equispaced:
Ey,11 — E, = hw. From the experimental point of view, the transition between the
adjacent energy level allow us to predict the frequency of radiation, which should satisfy
the Bohr frequency condition AE = hvgs, where the observed frequency 0pps = ﬁ (%) %
Tilde declares units of wavenumbers. I can now express the vibrational energy in units
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of wavenumbers as:

G(v) = (v+%>ﬁ v=0,1,2,--- (1.7)

where G(v) is called the vibrational term given as G(v) = E,/hc. These transitions are
subject to selection rule which states that Av = £1 and there should be only one line in
the infra red region corresponding to this transition. In addition, it is observed that the
energy of the harmonic oscillator at its lowest quantum energy level v = 0, is not zero,
ie. By = %ﬁw This energy is termed the zero-point energy Egib. By the Heisenberg’s
uncertainty principle, the stationary system should not have exactly defined momentum
and position. A molecular potential energy surface is well approximated by a parabolic
potential around the bottom of the well but for large displacements, especially near the
dissociation limit, the parabolic approximation fails. A better description of the actual

potential is the Morse potential, see figure 1.3.
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FI1GURE 1.3: Illustration of the Morse potential.

The Morse potential[14] for a diatomic molecule is illustrated in figure 1.3 where the
potential energy is plotted as a function of nuclear separation distance. The Morse
potential accounts for the anharmonicity of the bond and the expression for the potential

is as follows; Virorse(Ar) = heDe(1 — e_aAT)2 with D, as the depth of the potential

1
minimum and a is related to the force constant through, a = (%) ? with ks having
the same description as in the harmonic oscillator problem. The Morse potential is
expanded through Taylor series (e~*A" ~ 1 — aAr) and normally the first two terms are
retained where the first term becomes Visorse(Ar) = heDea®Ar?. By inserting a into

the expression yields the harmonic oscillator potential discussed above.
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The allowed solutions to the Schrodinger equation for the vibrational energy levels are
given as E, = (v + 3)fiw — (v + 3)?hwze, with wz, = "%’ and x. as the anharmonicity
constant. The first term is identical as for the harmonic oscillator. The second term in
the expression is negative and quadratic in v, thus increases faster than the first term
and hence the expression for F, converges at high quantum numbers. The convergence
implies a finite number of vibrational energy levels, v = 0,1,2,- -+, Ujpaz, as shown in
figure 1.3. The dissociation energy Dy of the molecule is calculated as the difference

vib

between the depth of the potential D, and the zero-point energy, Dy = D, — Ej
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FIGURE 1.4: Comparison between the harmonic and the Morse potentials.

If T expand the potential in equation 1.5 by considering the Taylor series V' (z) = V (z9)+
Vie+ V"2 + %V’ "3 ... and restrict myself to small displacements, then I can neglect
higher order terms beyond quadratic and see that the harmonic potential coincides well

with the Morse potential as shown in figure 1.4.

Let us briefly discuss the electronic excitation from one electronic eigenstate to another
as illustrated in figure 1.5. Suppose an electron is excited from the electronic ground
state into an electronic excited state. Based on the Boltzmann statistics, the ground
vibrational state of the lower electronic level is the most probable. There are several
vibrational states in the excited electronic state as in the electronic ground state. The
electron can fall into any vibrational state with the wave function that matches the initial
vibrational state wave function. The match between the initial and the final vibrational
states is measured by the overlap integral S(vy,v;); S = 1 for absolute match and S =0
for no match. It is assumed that the initial and the final geometrical coordinates of

the nuclei are the same in the course of electronic transitions. The electronic transition
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FIGURE 1.5: [llustration of the quantum mechanical version of Franck-Condon princi-
ple.

that occurs without change in nuclear geometry is termed the vertical transition. This
vertical transition of the electrons is known as the Frank-Condon (FC) principle[15, 16],
which reads; the electronic transition from one eigenstate to another takes place very
much faster than the nuclei can respond because the nuclei are so much heavier than
the electrons.[17] The most intense vibronic transition, 0 < S < 1, is from the ground
vibrational state, v; = 0 to an upper vibrational state lying vertically above it with
the wave function having a significant amplitude where the maximum of v; = 0 is. The
intensity is proportional to the square modulus of of the overlap integral, |S(vs, v;)[?, also
known as the Frank-Condon factor. An application of this principle will be presented in

chapter 8.

The transition of electrons from one eigenstate into another results in electron density
building up from one region to another. This in turn results in a new force being
experienced by the stationary nuclei, hence the nuclei change positions in response to
this new force, as depicted in figure 1.5 (the position of the minimum in electronic
ground state is different from the position of the minimum in the electronic excited
state). Eventually the molecule might become vibrationally excited in the course of an
electronic excitation, and the probability of the excitation is controlled by the Frank-

Condon factor.
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The Stationary points. There are 3N — 5(6) internal geometric degrees of freedom
for an N—atom molecule. The PES is a function of these 3N — 5(6) coordinates, hence
it becomes nontrivial for N > 3. Still, the concept of PES is very important because it
helps in visualising and understanding the relationship between the potential energy and
the corresponding molecular geometry. Any point on the PES from which the motion
in any direction leads to a higher energy is called a minimum. The deepest minimum is
named “global” and other minima are “local”. A local minimum corresponds to a stable
structure with a finite lifetime and it is identified by zero gradients on all geometrical
coordinates with all positive curvatures. Different minima correspond to different stable
conformations or structural isomers of the molecule. One will never know if the “global
minimum” is found unless performing a thorough search in all geometrical parameters.
The transition states on the PES are identified by zero slopes with all curvatures positive
but one. These transition state structures are very important because they determine
the barrier heights for elementary molecular processes. Higher order transition states
are not very important to the field of physical chemistry and they will not be discussed

in this thesis.

Methods for locating stationary points. Stationary points are located through
geometry optimisation. The stationary point of interest might be a minimum or a
transition state. Geometry optimisation for finding a minimum energy structure is a
computational procedure for determining a stable structure. It is often referred to as
minimisation. The iterative procedure relies on forces and curvatures, which can be
obtained from classical force fields or in the course of quantum chemical calculations.
In minimisation, the molecular geometry is modified slightly by moving atoms in the
direction of forces acting on them and the energy for the new geometry is compared
to the energy from the previous iteration. This is repeated until minimum stationary
point is found where forces on each atom are zero. Likewise, in the transition state
optimisation, atoms are moved in the direction of forces except one coordinate whereby
the movement is against the direction of force. Performing geometry optimisation alone
is not sufficient enough to give us information about the nature of the stationary point,
therefore it is necessary to perform second derivatives (Hessian) calculations in order to
identify the curvatures of the PES. The detailed discussions of geometry optimisation is
presented in section 2.2. These methods often locate stationary points that are closest
in geometry to the starting geometry. So, finding the most stable minimum (global
minimum) is a challenging task because the optimisation might get trapped in the nearest
local minimum. In practice, computational scientists attempt to suppress this problem
by starting geometry optimisations from different initial structures. This method is not
bulletproof and a more reliable approach will be presented in Chapter 5 and further

tested in chapter 6.
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The global minimum structure is of high importance to the field of physical chemistry.
Let us consider the simplest phase, gas phase, and the ideal gas model. One needs
to know the most stable molecular structures to determine electronic, vibrational and
rotational energy levels. This in turn will allow to determine thermodynamic properties
of the gas. In more general terms, experimental chemists frequently rely on the so-called
structure-property relationships. These are relations between specific structural features

and molecular properties.

Computational studies have been carried out in the gas phase and in solid state to
find the most stable molecular structures.[18, 19] In some computational studies, the
most stable conformers were determined by manually rotating dihedral angles[20] of the
molecule and this process becomes labour intensive when dealing with systems comprised
of several atoms. In addition, rotating a specific dihedral angle affects other neighbour-
ing atoms attached to the same bond that is being rotated. This greatly distorts the
molecule, hence the number of geometrical optimisation steps needed to converge to a
local minimum might become significant. The most serious deficiency is that the whole
potential energy surface is not explored; some potentially relevant regions of the PES

might be missed.

In other computational studies,[18, 19] the initial molecular structures were taken from a
crystallographic database and used for determination of gas-phase molecular structures.
Unfortunately these initial structures are biased in favour of intermolecular interactions
and might be unsuitable for gas phase problems.[18, 19] Hence, there have been many
ingenious efforts to develop methods for finding the most stable molecular structures.
These efforts have been grouped, for the purpose of this thesis, into two families: deter-

ministic and stochastic methods.

1.4 Deterministic Models for molecular structures

There have been developments in the Combinatorial Computational Cheminformatics
C?3 approaches recently. These brute-force method have been applied to numerous
search algorithms to find the most stable molecular tautomers[21, 22], congeners[23]
and conformers[24-26]. For example, an algorithm that creates a library of tautomers,
TauTGen[21] requires a molecular framework of heavy atoms. The code distributes hy-
drogens onto probable sites on this molecular framework. Each distribution represents
an initial geometrical structure. The inability of the tool to generate conformers of each
tautomer generated is a disadvantage. A tool that constructs a library of congeners

of a given molecule has also been developed, ConGENER][23]. Likewise, a tool that
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constructs a library of conformers for a given molecule, the SSC[25], has also been de-
veloped. The SSC tool rotates a whole molecular fragment around selected rotatable
bonds. Thus it is more robust than changing selected dihedral angles. This tool gen-
erates only conformers of a tautomer specified on the input file. For a molecule that
can undergo tautomerisation, this is a disadvantage because an initial input file for each
tautomer has to be created and then ran separately. OMEGA[24] and CAESAR[26]
generate library of conformers by dividing the molecule into smaller fragments and then
reattach them in all possible ways. Unfortunately these latter tools might miss other

conformers because the fragments might have and/or prefer different conformation.

In the past, our group developed a tool that performs a combinatorial/computational
search for the most stable tautomers,[21] and the tool was applied to the anions of nucleic
acid bases.[27] More recently, our group developed another tool for a combinatorial /com-
putational search of the most stable conformers and it was applied to nucleosides.[25] In
chapter 5, I will discuss the capabilities of my newly developed Potential Energy Surface
Scanning Tool (PESST) that searches simultaneously for the most stable tautomers and
conformers[28] and I will demonstrate its usefulness on the neutral and anionic pheny-
lalanine. The demonstration will be extended to the search of the most stable valence

anions of tyrosine, discussed in chapter 6

A silent advantage of deterministic methods is that they ignore barriers on the PES. Thus
there is no problem with overcoming barriers when searching for the global minimum.

This problem is a deficiency of stochastic methods discussed in section 1.5

1.5 Stochastic Methods for molecular structures

One experiences a combinatorial explosion of molecular structures as the number of ro-
tatable bonds increases. For example, arginine has ten rotatable bonds, see fig 1.6. If
the PES is scanned, then the PESST[29] or SSC[25] tool will create 1679616 initial struc-
tures, although the problem can be minimised through activation of only few rotational
degrees of freedom. Performing energy minimisation for a large number of structures

quickly becomes computationally infeasible.

Many ingenious theoretical methods and algorithms aiming to determine the most stable
molecular structures have been developed.[30-35] The most common methods are finite
temperature Monte Carlo,[32] molecular dynamics,[33] basin-hopping[34] methods and
genetic algorithm[35]. The first two methods are implemented in various simulated
annealing algorithms. In standard simulated annealing protocols, the temperature of

the system and the PES are decided a priori. The simulation is run at an acceptably
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FIGURE 1.6: Conformational space of arginine.

high temperature (T) for a sufficiently long time. The reason being that the system’s
energy is speculated to be high enough to overcome potential energy barriers. Then the
system’s temperature is decreased so that it settles on the minimum. Although successful
application of this methods have been reported, the minimum might be “local” rather

than “global”.

There is temptation to run simulations at high temperatures to overcome barriers which
results in dissociation of molecular systems. At non-excessive temperature simulations,
the system might not have enough energy to overcome barriers quickly. A long run
would be needed to witness such a transition. As a result, the computational runtime

become significant and the PES is not explored efficiently, which are disadvantages.

There have been past efforts to suppress energy barriers. These include the diffusion
equation method (DEM) which transforms the original PES with multiple minima into
a new PES with only one minimum.[36] Some other methods include the distance scal-
ing method,[37] the shift method,[38] the Gaussian density annealing method,[39, 40]
and the ant-lion strategy for changing the range of the potential.[41] All these above
named methods require an analytical expression for the original PES and they cannot
be applied to the PES determined using electronic structure methods. Another suc-
cessful method, the basin hoping method,[34] requires geometrical energy minimisation
for each stochastically selected molecular structure, in which the PES is transformed
into a collection of inter-penetrating staircases. This is disadvantageous (minimising a
large number of initial structures which converge into the same local minimum) when
executed on electronic structure PES even though successful applications have been
reported.[42, 43]
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Here, I propose to change the PES and the temperature during the course of the sim-
ulation and run calculations at reasonably low temperatures to address the problem of
dissociation of the molecules. In this case, the dynamics of the system is executed on
deformed PES and the deformation protocols are initiated and terminated “on-the-fly”
depending on the local information gathered during the course of the trajectory. In
addition, the system’s temperature might also be temporarily increased to increase its
kinetic energy if it is trapped in a local minimum. In chapter 10 I will demonstrate
how the PES can be deformed in molecular dynamics simulations. The dynamics will
be executed on the deformed PES resulting from subtracting selected force field terms

that I found to be responsible for barriers.

1.6 Experimental Determination of Molecular Structures

Spectroscopy is the study of the interaction of electromagnetic radiation with atoms
and molecular structures. Important information about molecular structures can be
deduced by analysing the absorption properties at various regions of the electromagnetic
spectrum. The absorption in the microwave region, commonly known as microwave
spectroscopy, is used to study the rotational motion of the molecules which in turn
provide the moments of inertia which can be used to deduce bond lengths. Absorption
in the infra red region is used to study the vibrational motion of molecules, hence the
name infra red spectroscopy. The information we gather from this spectroscopy is the
rigidity of the bonds which in turn can be used to map the potential energy surface of

the molecule.

Anion Photoelectron Spectroscopy. The anion photoelectron spectroscopy is based
on the photoelectric effect explained by Einstein in 1905.[44] It is a powerful tool to
study the geometries, vibrational modes, thermochemistry, and electronic structure of
anions and neutrals.[45] In anion photoelectron experiments, a mass-selected beam of
atomic or molecular anions AB™ is prepared and a fixed frequency photon source hv
is used to photodetach electrons from the anion, AB~ + hv — AB + e. The kinetic
energy of the resulting photodetached electrons K FE. is measured and the technique
is governed by the energy-conserving relationship hv = KFE, + FBFE. The electronic
binding energy, EBE, is obtained by subtracting the electron kinetic energy from the
photon energy. This technique has been applied to a wide range of systems (atoms,
organic molecules, etc.) through the use of different sources of anions and photons of
different energy.[45, 46] An example of the photoelectron spectrum of oxalic acid (OA)

anion is shown in figure 1.7.
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FIGURE 1.7: Anion photoelectron spectrum of oxalic acid monomer discussed in chapter
9.

In photoelectron experiments, the photocurrent (photoelectrons emitted per second) is
plotted against the electron binding energy (see figure 1.7). The peaks in the spectrum
show the electron binding energies corresponding to different quantum states of the
neutral. This type of photoelectron spectra can be reproduced using theory but the
geometry of the anion has to be known. The theoretical results greatly help to interpret
the experimental spectrum by assigning experimental peaks to the computed transitions.
Results of such a study are reported in chapter 8 for the anions of oxalic acid, monomer
OA~, dimer (OA); and trimer (OA)3. Photoelectron spectroscopy is a handy method
to validate the computed anionic molecular structures. The spectra obtained using this

technique has been discussed extensively in chapters 6, 7 and 9.

Microwave Spectroscopy. Molecular systems undergo rotations and vibrations in the
gas phase whereas the molecular rotations are restricted in a liquid and solid phase due
to intermolecular interactions between neighbouring molecular species. The rotation is
relative to the set of orthogonal axis, x,y, z, passing through the system’s center of mass.
The rotational properties of the molecule about each rotational axis are correlated with
a set of quantised energy levels which depend on angular momentum quantum number
[ and the moment of inertia I about that particular axis. The moment of inertia is

the product of mass and square of its perpendicular distance from the axis of rotation:
I=5%, mlrz2

Consider two masses (m1,mg) attached by rigid rod of length r free to rotate about its
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i

FIGURE 1.8: Molecular system undergoes vibrations and rotations about axis passing
through its center of mass C.

center of mass, perpendicular to the molecular axis, as illustrated in figure 1.8. Masses
mq and mo are located at distance r; and ro from its center of mass C, respectively.
The kinetic energy possessed by the system is T = %mﬂ"% + %mgfg = %wz > mirf =
%I w?. Note that the velocity 7; = 277r;Vp0r = riw With vy as the number of rotational
cycles per second. By definition, the moments about point C' should be equal, that

is, miry = mary. From this definition, one may arrive at the following two set of

ma
mi+ma

mi
mi+mso

rand ro = r. I can now rewrite the moment of inertia
2

2
— ma 2 my 2 : _ 2
as I = my CrrE + M2 G gyz !~ OF terms of the reduced mass p as I = ure.

equations, r; =

Again, two-body problem simplifies into a one-body problem.[47—49]

The distance r depends on the three perpendicular axis (x,y and z), so are the moments
of inertia. Then I can classify, by convention, the moments of inertia as I, I, and I..
The rotational axes are chosen such that I, < I, < I,. The moment of inertia I depends
on the molecular geometry and the masses of the atoms associated with the geometry.
For a rigid rotor free from any force, its potential energy is constant and may be set
to zero. As a result, the total energy comprises of only the kinetic energy T = S—;,
where L = /I2 + 12 412 is the magnitude of angular momentum expressed in terms of
angular frequency as L = Iw. I now define the total rotational energy about three axes
_ B L
as F = o7, + 3, + o -
From the above illustration, I can assume that the molecular structures do not deform
under rotational stress and treat them as rigid rotors[47, 50, 51]. Although molecular
structures vibrate as they rotate, the amplitude of vibration is insignificant in comparison
with the atomic bond lengths, therefore to a good approximation, bond lengths can

be fixed. Rigid rotors are categorised into spherical, symmetric, linear and asymmetric

rotors. In the spherical rotors, the distance from the center of the sphere (rotational axis)
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is the same in all directions hence equal moments of inertia. Such examples of molecular

systems are N H ;L ,CHy,SFg. The classical expression for the rotational energy reduces

2412412 L2 . . .
to F = *—%—=* = 5;. Here L is the magnitude of the angular momentum with the

corresponding quantum mechanical expression given by L2 = (I 4+ 1)h?, where | =
0,1,2,---. This implies that the rotational angular velocities are quantised accordingly:
w=4/l(l+1)%. So is the total energy, with discrete values,
72

E(l) ET:Z(H—l)E. (1.8)
In most cases, the total energy is expressed in terms of the rotational constant B and
further in units of wavenumbers, denoted as E(l) or F(I) (which is called the rotational
term), so that the discussion of vibration-rotation spectra become convenient.[47-49]
Thus E(I) = % =1+ l)ﬁ = BI(l + 1). The value of [ = 0 is allowed, therefore
the rotor may have zero energy and the separation of adjacent energy levels is given by
E(l+1) — E(l) = 2B(I + 1) as illustrated in figure 1.9. The requirement for transition
between two quantum states is Al = +1. The energy difference between two adjacent
states [ and [ — 1 is simply AE = ﬁ;l and the frequency at which the absorption
transition occur is deduced from Bohr frequency and expressed as v = ﬁl = 2BI. This
frequency lie on the microwave region, hence the name microwave spectroscopy. Given
the transition frequencies from the spectrum, I can calculate the moment of inertia from
the expression for the rotational constant which in turn leads to the bond distance from

I = pr if masses are known.

I can now combine equations 1.7 and 1.8 to get the vibrational and rotational energy of
the diatomic molecule in the rigid rotor harmonic oscillator approximation:
~ 1. = v=20,1,2,---
E,=Gw)+F(l)=(w+ =)0+ Bl(l+1) (1.9)
2 =0,1,2,---
Each vibrational transition is accompanied by a rotational transition which both satisfy
the selection rules, Av = +1 and Al = +1 for absorption. Figure 1.9 illustrate the

rotational energy levels associated with the ground vibrational state.

Symmetric rotors have two equal I’s but different from the third. In this discussion, I
shall treat the two equal I’s as perpendicular to the rotational axis, I, and the third
unique [ as parallel, I, to the axis. If I > I, then the rotor is classed as oblate.
Such example of the molecular species is the benzene CgHg. 1If Iy < I, then the
rotor is classed as prolate, with C'H3C'l as an example. The expression for the energy
reduces to: F(J) = L;—ng + QL}%H — % + l%(%[” — ﬁ) The component of the angular
momentum L operator about any axis is restricted to the eigenvalues a = (I + 1)h and
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FIGURE 1.9: An illustration of rotational energy levels of the molecule associated with
ground vibrational state for diatomic molecule. Note that each vibrational energy level
has rotational energy levels associated with it. Energies are in wavenumbers

L. operator to the eigenvalues b = myh, with magnetic quantum number m; taking
values m; = 0,=+1,..., 4l It follows that the rotational terms are given by E(I,m;) =
Bl(l+ 1) + (A — B)m? and the rotational constants A and B are defined as A = T’ZIH

and B = ﬁ, respectively.

In linear rotors, the moment of inertia about the molecular axis is equal to zero, where
nuclei masses are taken as mass points lying along the rotational axis (see figure 1.8).
The components of angular momentum is equivalent to zero and therefore m; = 0 in the
expression above, hence E(I) = BI(l + 1). This solution is similar to the solution of the
spherical rotor except that the spherical rotor has A = B. Examples of linear rotors are

CO9 and HCI.

Asymmetric rotors have all the three moments of inertia different. Such molecular
examples are HoO and CH30H. These systems are too complicated to derive their
analytical solutions. The rotational energy depends on three molecular constants (the
rotational constants), which depend upon the moment of inertia, which in turn depend

on the molecular structure.

X-ray Diffraction. X-ray diffraction is a method for investigating the atomic and
molecular structure of matter and the technique exploits the properties of electromag-
netic (EM) waves.[52]. Laue[53] discovered that crystalline matter diffract X-rays such a

way that the molecular structure is revealed. The X-rays are electromagnetic radiation



Chapter 1. Introduction 20

with shorter wavelength than light in the range of 0.5-2.5 A, whereas the wavelength
of visible light is of the order of 600 A. They are produced when charged particles are
decelerated rapidly, in particular, the electrons. These electrons strike the anode target
with very high velocity and, at the point of impact, x-rays are produced and radiated
in different directions with a continuous range of wavelengths called Bremsstrahlung.
In addition there are sharp peaks superimposed on the continuum which are character-
istics of metal target used and they are referred to as K, L, M, etc classed according
to the increase in their wavelengths. These sharp peaks results from collision of irradi-
ated high velocity electrons with electrons in the K shell leaving the atom of the metal
target in an excited state. One of the higher energy electron in the outer shell imme-
diately falls into the vacancy in the K shell emitting excess energy in the process as
an x-ray photon. The electromagnetic waves exhibit wave-like behaviour, that is, they
undergo interference and diffraction.[52, 53] Diffraction is a phenomenon occurring when
a wave encounters an obstacle and the resulting pattern of varying intensities is called
the diffraction pattern.[53, 54] The pattern occurs when the waves encounter an object
with dimensions comparable to its wavelength. X-rays, for example, are form of electro-
magnetic radiation having a wavelengths in the range of 0.01 to 10 nanometers, which
is comparable to the lattice spacing, therefore, they are used in the determination of the

crystalline molecular structures by analysing the diffraction pattern produced.[53, 54]

The region where the interference of waves is constructive (peaks coincide) is seen by
enhanced amplitudes and the region of destructive interference is recognised by dimin-
ished amplitudes (peaks coincides with troughs). The intensity of the EM waves is

proportional to the square of the amplitude of the wave.

Atoms in a crystalline structure are arranged in semi-transparent layers. Each layer
reflects incident ray such that the angle of reflection is equal to angle of incident (Snell’s
law). The multiple reflections from these layers are described by Bragg’s law;[55-57]
2dsin = n\, where d is the separation distance between the layers, 6 is the incident
angle (angle between the incident ray and the reflecting layers), n is the reflection pat-
tern with n = 2,3,4, ... called 2" order, 3" order, 4*" order and so on, corresponding
to path-length differences of 2, 3,4, ..., wavelengths. \ is the wavelength of the incident
wave. The pattern produced by Bragg diffraction gives information about the sepa-
rations, angles for coherent and incoherent scattering from atoms in a crystal. Bragg
proposed that the intense peak will be produced if the multiple reflections from atoms
interfere constructively. The Bragg (intense) peaks of the reflected radiation were ob-
served at specific A and 6 and the constructive interference was when the phase shift is
a multiple of 27.[48] The separation distance may be readily calculated from the known

values of 6.
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X-ray crystallography is the most common and powerful technique for the determination
of the atomic and molecular structures of crystals.[58, 59] The atoms in a crystalline
structures cause the x-ray beam to scatter. The scattering is caused by the oscillations in
the electrons of an atom generated by the incident EM wave. Atoms with larger number
of electrons scatter x-rays more strongly than atoms with fewer number of electrons.
The dependence of the scattering on the number of electrons is expressed in terms of the
scattering factor, f, of an atom which is related to the electron density distribution p(r)
through f = 4m [ p(r)SBE 2y with k = 47 sin 0.[48] The 3-D picture of the electron
density is constructed from the measured angles # and intensities of the scattered beams
and then the determination of the average positions of the atoms as well as chemical

bonds is deduced from the constructed electron density.

Electron Diffraction. Crystal structures of solids are also being studied by electron
diffraction experiments. These experiment follow Louis de Broglie’s ideas[60, 61] that
electrons exhibit both particle and wave properties. His concept was based on the fact
that, analogous to photons, electrons should have well defined wavelength A = h/p,
with h as the Plank’s constant and p as the momentum of the electron p = mwv in the
non-relativistic limit, p = /2m(KE,), where m is the electron rest mass and KFE, is
its kinetic energy. The electrons are given kinetic energy by accelerating them through
a measurable electric potential, KFE, = eV. Electron diffraction technique is used to
study matter by analysing interference pattern of the electrons reflected from the sample
since the wavelength (A = h/v/2meV) used is of order of the lattice spacing in crystals.

Diffraction pattern is expected to appear for electrons with energy range of few keV.
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Classical Methods

2.1 Force Fields

Majority of the problems we encounter in computational chemistry are too large to
be tackled by electronic structure methods even if core electrons are ignored. In force
fields methods, the energy of the system is approximated as a function of only nuclear
positions and the electrons are ignored. In this case, the force fields can provide answers
to large systems that cannot be obtained through quantum mechanics and in some cases

accurate solutions can be obtained.

The total energy of the force fields Frpr in use nowadays is interpreted in terms of four
component picture of the intra- and two component non-bonded interactions and each
component describes the energy required to distort a molecule in a specific fashion. The

general functional form is;

EFF = Estr + Ebend + Etors + Ecross + Eel + Evdw (21)

~
intra- non-bonded

FEg,- is the energetic contributions due to bond stretch between two atoms, Fpeng is the
energetic penalty for bending an angle from the equilibrium value, Ey,,s is the torsional
energy for rotating around the bond whereas F..,ss describes the coupling between the
aforementioned terms. The E.; and the FE,q4, components describes the non-bonded

atom-atom interactions. The contributions are schematically represented in figure 2.1.

The optimal energies and geometries (stable structures) can be determined by minimi-

sation methods described in the next section.

22
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Torsional
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FIGURE 2.1: Illustration of the components of the force field energy.
2.1.1 The stretch energy

The potential energy function for a bond between two atoms A and B can be written as

a Taylor expansion around an equilibrium bond length.

dE 1d’E
Ear(1% —1g7) = Bo+ (107 = 1§7) + 5 (A7 =157+ (22)

The derivatives are evaluated at | = [p with Ey term set to zero (zero point for the
energy scale), as a result, the second term becomes zero and therefore the expansion

becomes;

EStT(lAB . l64B) — ké‘lB(lAB . 1643)2 4.
= k' B(AIAB)? 4. (2.3)
where k3B is the force constant for bond A - B. If the equation is terminated at the
second order, then the equation assumes the form of a harmonic oscillator which is

sufficient for determining equilibrium geometries. It should be noted that additional

terms are needed for the determination of anharmonic vibrational frequencies.
Estr(lAB _ ZSXB) — k?B(AlAB)Z + kng(AlAB)S + kaB(AlAB)4 4. (24)

Following this fact, if the function is terminated at the third order, then the cubic

anharmonicity constant ks (which is negative) will make the energy to go towards -oo if
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the calculations are started from geometries with long bond lengths and the atoms may

end up flying apart. This problem is rectified in Morse potential[14]:
- 2
Enrorse = De <1 - 6_a( h 0)> (25)

where D, is the depth of the potential minimum and a is related to the force constant

R
a=w 0.~ \ 2D, (2.6)

with g as the reduced mass and w = \/E as the frequency of the bond vibration. The

k through equation;

Morse potential reproduces the actual behaviour quite accurately but the disadvantage
with this potential is that it cannot be amended easily and it requires three parameters
to be specified for each bond, this is the reason why Taylor’s expansion is implemented
in most force fields. Moreover, the bond lengths do not deviate significantly from equi-
librium values during molecular mechanics simulations using Taylor’s expansion. Such
force fields that uses both the Taylor expansion and Morse potential are the Universal
Force Field (UFF)[62] and DREIDING[63]. The Optimized Potentials for Liquid Simu-
lations (OPLS-AA)[64] force field uses the standard form of equation 2.3 for the bond

stretching term.

2.1.2 The bending energy

Consider three atoms A, B and C forming an angle A-B-C with A-B and B-C as chemical
bonds. Small displacements from equilibrium bond angle are modelled by polynomial
expansions and the penalty for straining an angle is calculated using Taylor’s expansion
around the equilibrium angle. Similarly, the expansion also takes the form of the har-
monic oscillator if terminated at second order and this is adequate for most applications.

The general form of angle strain energy Ejpe,q is written as;

kapc (

EABC—bend = 5

0aBc — 04BC.eq)’ [l — Kapo(0aBC — 04BC,eq)—

Kipc(0aBc — 0aBC.eq)” — kKApc(0aBc — 0aBCeq)’]  (2.7)

where 6 is the angle between bonds AB and BC. The DREIDING[63] force field uses

the above functional form but the most preferred is the harmonic cosine form

1
EABC—bend = §/€ABC[COS 0ABc — COSOABC. eq)* (2.8)
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The OPLS-AA[64] uses the standard form described in equation 2.7 whereas the UFF[62]

uses the bending term described with cosine Fourier expansion in angle 6;

Eyrp-tend = »_, Cn cos(nb) (2.9)

n=0

with coefficients C), satisfying appropriate boundary conditions.

2.1.3 The torsional energy

If T consider four-atoms sequence A-B-C-D where there is a bond between A and B, B
and C and between C and D, then the torsional angle w is defined as the angle between
the plane spanned by atoms A-B-C and the plane spanned by atoms B-C-D. This can be
viewed as the angle between bond AB and bond CD when looking along bond BC. The
torsional energy Fi..s function is periodic in the angle w and in principle, the energy
should return to the same value when rotated by 360°. To fulfil this criterion, the E;,.s

is written as a Fourier series.
m
Eiprs(w) = kapep Z Vpcos(nw) (2.10)
n=0

where n defines the periodicity and n = 1 describes a rotation that is periodic by 360°,
then for n = 2, 3, 4 and so on, the function is respectively periodic by 180°,120°,90°
and so on. V,, contribute to the barrier height. It should be noted that other terms in
the force field such as non-bonded interactions between atom A and D also contribute

to the barrier height as the bond is rotated.

Here UFF[62] and the DREIDING[63] force field uses torsional periodicities and minima
modelled using Fourier representation in equation 2.10 with Vo = 1, V,, = — cos(nwp)

with wg as the equilibrium angle and kapcp = 1/2V,, yielding;
1
Eyrr/prerpiNg(w) = §Vw[1 — cos(nwy) cos(nw)] (2.11)

whereas the OPLS-AA uses the functional form;

1 1
Eoprrs—aa—tors = §V1(1 + cosw) + §V2(1 + cos 2w)+

1 1
§V3(1 + cos 3w) + §V4(1 + cosdw) (2.12)
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2.1.4 Cross terms: Class 1, 2 and 3 Force Fields

The aforementioned terms couple with one another. They are not treated as individual
coordinates. This can be understood by expanding the total potential energy function
in a multidimensional Taylor series where the products of the first order expansion are

components of the cross terms. The example of such cross terms are listed below;

Eotrjpend = kapc(0aBc — 0aBC,eq)[(1aB — 1aB.eq) — (IBC — IBC eq)] (2.13a)
Estrjstr = kapo(laB — laB.eq)(IBc — IBC,eq) (2.13b)
Eend/vend = kapcp(0ape — 04BC,eq)(0BcD — 0BCD eq) (2.13¢)
By tor = kapop(laB — 14B,eq)cos(nwapep) (2.13d)
Eyendjtor = kapop(0apc — 04B0,eq)cos(nwapep) (2.13e)
Eyend/tors vend = kaBcD(0aBC — 0ABC.eq)(0BoD — 0BCD eq)cos(nwapcp)  (2.13f)

In principle, in most force field, the constant k depends on all atoms in the sequence
but the central atom. For example, the stretch/bend constant k4pc is usually taken as

Kp in common force fields.

The classification of force fields is done based on these cross terms. Force fields that
do not include these terms are regarded as class I and those with explicit cross terms
are viewed as class II force fields. The inclusion of these terms improves the ability of
the force fields to predict the structural properties accurately. The cross terms are very
important for optimal representation of the PES and for reproducing the vibrational
frequencies accurately. In general, the Ey, jpeng term is the most important among the
all cross terms. The class 111 force fields take into account the chemical effects and other

features such as electronegativity and hyperconjugation.

2.1.5 The van der Waals energy

The attraction or repulsion between two non-bonded atoms is modelled by van der Waals
function. The van de Waals function has two terms, the dispersive interactions and the
exchange-repulsive interactions. The attractive contributions are due to dispersive forces
which results from instantaneous dipoles caused by fluctuation in the electron clouds.
The repulsive contributions are quantum mechanical in origin and can be understood
through Pauli principle which prohibits any two electrons in a systems from having the
same set of quantum numbers. In this case, the pairs of electrons cannot occupy the
same region of space. The attractive dispersion interactions varies as %@ and dominates
at large distances. The repulsive term dominates at short distances and is modelled as
1 —Br

either 7 or Ae
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FIGURE 2.2: Illustration of the Lennard-Jones potential.

Quantum mechanics is used to model the dispersive and exchange-repulsive interactions
between pairs of atoms and molecules and the calculations are demanding as large basis
sets and electron correlation are required. For fast calculations, Lennard-Jones 12-6
function has been used to model these interactions. It has an attractive part that varies

6 and a repulsive part that varies as r—'? and the total potential is defined as

Epy(r) = de [(“)12 - (")6] (2.14)

r r

as r-

follows:

where o is the collision diameter (the separation for which the energy is zero) and ¢ is
the well depth. These two parameters can be adjusted. The Ep j(r) is positive at small
separations with slightly negative minimum at equilibrium bond distance and approaches

zero at large separation distances as shown in figure 2.2.

Amber[65], OPLS[66] and OPLS-AA[64] uses the above standard Lennard-Jones 12-
6 potential. The Merck Molecular Force Field (MMFFs)[67, 68] uses a buffered 14-7

Lennard-Jones potential with exponents and empirical constants derived from experi-

7
1.07rg 1.12rf
Epupia_r(r) = —2 2.15
buf1a-7(r) €<r+0.077’0> (7’7—&-0.127’5 ) (2.15)

Some molecular force fields such as the MM2[69, 70] and MM3][71] uses the 'Buckingham’
or "Hill’ (also known as the exponential-6 (X6)) type potential;

mental data;

¢

Exe(r) = Ae” P — 6

(2.16)
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or sometimes written as;

6 e o o\ °
Exe=c¢ oz—6e(1 /0)_a—6<7“0>] (2.17)

with A,B and C as constants and Ry as the minimum energy distance. The DREIDING
force field[63] uses both the Lennard-Jones 12-6 type potential and the exponential-6

form.

Hydrogen bonding in force fields. Hydrogen bonds are formed between a protic
hydrogen atom and the lone pair of the electronegative atom such as nitrogen and oxygen,
that is, from the positively charged hydrogen and the negatively charged heteroatom.
The hydrogen bonding parameters are substituted into the van de Waals potential for
only pairs of atoms which are in vicinity of each other and able to participate in the
hydrogen bonding interactions. They are modelled by short bond length Ry and large

but in some force fields the modified Lennard-Jones potential is used;

En—pona(R) = ¢ [5 <7;f’> Y6 (T) 10] (2.18)

In some force fields, the hydrogen bonding functional form is multiplied by a factor (1 —

cos wXHY) or (cos wX V) to give it some directionality, where w* Y is the angle between
the hydrogen atom H bonded to atom X and the hydrogen bond formed between the

H and the electronegative atom Y.

The MM2[69, 70] and MM3[71] uses the angle-independent 12-10 Lennard potential
described above. The DREADING force field uses CHARMM]|[72] like hydrogen bonding
potential described by the following equation;

Xy Xy

12 10
Eyp=Dpp [5(”{3) — 6(m> ] cos4(wXHy) (2.19)

whereas the Amber[65], OPLS[66], OPLS-AA[64] and MMFFs[67, 68] have no explicit
hydrogen bonding term.

The total non-bonded energy is the sum of this term, the van de Waals, F,4,, and the

electrostatic, E,;, term discussed in the next section.
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2.1.6 The electrostatic energy

Quantum mechanical description of electron density leads to accumulation of excess
charge in some regions and depletion in others. This is also due to electronegative ele-
ments attracting more electrons than less electronegative elements thus uneven charge
distributions in the molecule. The excess charges interact with each other through
Coulomb interaction. The most convenient way of describing the electrostatic interac-
tions is to assign each atom a partial charge and to estimate the electrostatic interactions
between two molecules or parts of the same molecule using the Coulomb potential. This

is calculated as the sum of the interactions between pairs of point charges;

N

Ea=3)_ 4771505(17«:? (2.20)
i=1

where ¢; and g; are point charges, € is the dielectric constant used to model the effect

of surrounding molecules whereas ¢ is the permittivity of free space and N is the total

number of atoms. Good partial charges are obtained through Molecular Electrostatic

Potential (MEP) fitting from electronic structure methods through minimization of the

error function defined below.
Npoint.s Natoms q (R ) 2
ErrF(g)= (qﬁesp(r) -y R o] _“T> (2.21)
T a a
The electrostatic potential ¢csp at point 7 is then calculated from the following equation.

Nnuc

Pesp(r) Z Rl _r’ ’r _T‘ (2.22)

where Z, are the nuclear charges and W as the electronic wave function. The partial
charges obtained through minimisation of the error functions are too sensitive to small
details in the fitting data and this is primarily due to charge fittings using only surface
atoms. This is often rectified by adding a hyperbolic penalty term for having non-zero
partial charges. This Restrained ElectroStatic Potential (RESP)[73] fitting scheme has
been used in AMBER force field[65].

The OPLS-AA uses the standard form of Coulomb potential, described in equation
2.20. Both the UFF and the DREIDING uses the slightly modified Coulomb potential

constant;

Eyrr = 332.06374% (2.23)
5Tij

for the electrostatic interactions with charges obtained using Charge Equilibration (QEq)
scheme[74].
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2.2 Geometry Optimization, (Mathematical methods of)

The potential energy surface of many-body system is multi-dimensional. Studies on ”how
the energy varies with the coordinate system” are complicated because for any system
with N atoms the energy is thus a function of 3N Cartesian coordinates system or 3N —5
internal coordinates for linear systems or 3N — 6 for non-linear systems. Visualisation of
this kind of potential energy surface becomes impossible except for small systems where
energy is a function of a few coordinates. It is necessary to understand the potential
energy surface because the stationary points are important for thermodynamics and

kinetics. These points can be identified through the use of optimisation algorithms.

Consider a function f which depends on several more independent variable 1,72, ..., 7;.
The information about the forces and curvature of the energy function can be obtained
through derivatives. The first derivatives of the function with respect to each variable
should be zero at the minimum and the second derivatives should be positive i.e.

of 0% f

— =0 —5 >0 2.24

aTZ' 87“12 ( )
At the minimum, all frequencies are real but at the transition state, there is only one
imaginary frequency with all others real and the second derivatives are positive except

for one direction.

0’ f 0% f
—5 <0 —5 >0 2.25
or2 or2 (2:25)
— ——

for only one r for other r’s

Most minimisation algorithms locate the nearest minimum from the starting point by
going downhill on the energy surface. The direction of nearest minimum is obtained
from the first derivative of the energy (gradient). The force acting on each atom is equal
to the negative of the gradient and each atom can be moved in response to these forces
in an attempt to lower the energy of the system. The potential energy function for a

multidimensional case is written as a Tylor’s expansion about point 7,

Fr) = Fra) + (= ra) ) (0 = 1) fra) - 20 —m) b (2.26)

For any potential energy function with 3N Cartesian coordinates, the variable r is a

simplification of a 3N dimensional vector r. Each component is a partial derivative of f

with respect to appropriate coordinate, % and the gradient at point n will be denoted

"’ .(ry,) is the partial second order derivative of

0,
2
the potential energy function with respect to 2 coordinates r; and 7, %
10T

as gn. Each component (i,j) of matrix
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The highest-order derivative used in the optimisation method determines its class. Those
which only use the first-order derivatives are classed as first-order methods and those
which use both first and second order derivatives are classed as second-order derivative
methods. The most frequently used first-order minimisation method is the steepest
descents method, which is popular in minimising structures far from the minimum, and
the second-order minimisation method is the Newton-Raphson method, which is widely

used for structures close to the minimum.

2.2.1 The Steepest Descent Method

In the steepest descent method, the direction of movement of particles is parallel to the
direction of net force, downhill, that is, in the direction opposite to the gradient g. We
start from the initial position r, followed by deciding the step size A\ along the gradient

and then descend towards minimum through the use of the following equation:

Tntl = Tn — An8, (2.27)

For search method, we then proceed along the direction of forces until minimum is found
and then recompute the gradient g,, ., at the located minimum and repeat the process.

The step size A is governed by the directional derivative;

A (i) = VI )T S (2.28)
=-Vf(rn)" - 8, (2.29)

in which both —V f(r,,4+1)T and g, are orthogonal to each other when the equation is
set to zero. The succeeding search is orthogonal to the preceding search resulting in a
zig-zag pattern. Since the points are taken in a linear fashion, the movement is known
as line search and the method itself is stable, fast, simple and easy to apply. It is fast in
terms of initial convergence but become slower towards minimum because the step size

decreases as it approaches minimum.

The procedure is outlined below;

1. Calculate the gradient of the function: g, = V f,,(r)
2. Determine the direction of movement; d,, = —g,,

3. Calculate the step size X\; miny,~of(rn + Andn)

4. Calculate the new point from equation 2.27; rp11 = ry, + Ad,
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5. Repeat the procedure at this new point by calculating the gradient g,,, 1 = V f(rn41)
and the direction d,41 = —g, 1 at point r, 1 and determine other points until

convergence.

2.2.2 The Newton-Raphson Method

This is the most robust second-order minimisation method. The potential energy func-
tion is written as a Taylor’s expansion around point 7,, as described by equation 2.26. For

N —atom molecule, the coordinates r of the atoms have 3N —dimensions with elements

{Tn,k}§

Tmn= | Tn3 (2.30)

3N

and with 3N —dimensional gradients(first derivatives) g which can be calculated analyt-

ically. The first derivative gives the direction of the vector. Let us pay attention on the

nt" coordinate so that I follow its direction. The gradient of the n** coordinate will be

given by

g, =Vof(rn)=| 7 (2.31)

L Orsy
with the elements {g, 1} collected in a column vector g,, and the Hessian (second deriva-

tive), H, is 3N x 3N matrix whose elements are defined by;

[ 92f(r) Pfr) Of(r) T
87’167‘1 67'137‘2 37'187‘31\]
52 () PIr) . O
H'r — f(?") _ Ora0ry Ora0ro Oradrs N (232)
v ooy, : : : :
% f(r) Ff(r) ... % f(r)
L OrgnyOr1  OrgnOra OranOran A p=r,

Here the second derivative gives forces and curvature of the directional vector therefore
the minimum can be guessed along the line searched. Suppose I use the unitary matrix

U that diagonalises H,, such that the diagonalised Hessians are given by A;

(UTH,U)py =61\ here, vt =1 (2.33)
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and A is a diagonal matrix with eigenvalues of the Hessian matrix;

A= (2.34)
0 AsN
There will be 3N — 5|6 eigenvalues A which are non-zero. By rewriting equation 2.26 in

terms of g, and H,, and then insert the unitary matrix into the resulting equation, one

obtain the following equation truncated at the second order;

F) = Flra) + = r)gE + (= ra)™ Hy 5 = i) (235)
= f(rp) +UUT(r —rp)gr + 1(r — 1) YUUTH,UUT (r —7) (2.36)

2

I can write equation 2.36 in terms of steps along the 3N — 5|6 directions corresponding
to non-zero Hessian eigenvalues in a more compact form by assigning UT (r — r,,) = Q

and UTg, = G and by using the fact that (AB)T = BTAT;

f= flr) +GTQ+1QTAQ (2.37)
~—— 2
constant,C
1
—C+ %: GnQm + 5 ; Qi AQm (2.38)

where I have introduced the component of the step, Qn = >, UL, (r — r,,);, and the
component of the gradient G, = ", Unr{:k,gmk along the m!" eigenvector of the Hessian
matrix H. I focused my attention on the k" component of the vector. At the minimum,
I seek the value r = r,, 1 so that the first derivative is zero, f/(r,+1) = 0 = g, therefore

I minimise the energy function in equation 2.38 with respect to @, and write;

of
Qm

This implies that the information about geometry optimisation step and its direction is

= G+ AmQm =0 (2.39)

contained in Qyy;

Qm = _)iz“ (2.40)
which is Newton-Raphson method. In geometry optimisation, Newton-Raphson method
is able to find the minimum in one step for a quadratic function and the step may be

written as

Ax' = (Az), Axh, Axl, -+ 6xy) (2.41)

Ag = - (2.42)
€n
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with the projected gradient g, along the Hessian eigenvector with eigenvalue &,. The
step is controlled such that the direction is correct and total length of the step does not
exceed the region in which the 2"¢ order Taylor expansion is valid. This is done through
the use of shift parameter ~;

Az = —

n

2.43
p— (2.43)

The correct step direction is given by all values of v below the lowest Hessian eigenvalue
and those v values approaching —oo gives almost zero step size. The inverted Hessian

matrix H~! is computationally demanding for large systems.

However, most of the energy functions are not quadratic therefore the minimum cannot
be determined in one step. In this case, I apply the procedure iteratively following the

below outline;

1. Calculate the first derivative of the function, the gradient: g, = V f(r,).
2. Calculate the second derivative, the Hessian: H,, = V2f(r,,).

3. Determine the step length and the direction of search from equation 2.40
4. Calculate the coordinates of the new step:

5. Repeat the procedure at the new coordinated found in step 4 until convergence.

The Newton-Raphson method is slow at the beginning for very distorted geometries but
converges very quickly when geometries are close to the minimum unlike the steepest
descent method with rapid convergence at the beginning but very slow towards the
convergence. The solution to this problem is to combine these two algorithms, starting
with steepest descent and then Newton-Raphson method towards convergence as done

in Gaussian electronic structure suite of programmes[75] under quadratic convergence.

Normal modes of vibration. An expansion of potential energy V around the min-
imum energy structure and truncated after quadratic terms leads to the following ex-

pression for the total classical energy of the molecule;

1 . 1
Eiot = Egin + Epot = 5 Z mz$? + 5 E Kij$i$j (244)
where
o’V
Kij= ——— 2.45
" 85618‘%‘] ( )

Vibrational normal modes are defined in terms of mass-weighted coordinates ¢;;

gi = m;*x; (2.46)

2
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where m; is the mass of the atom displaced by x;. The kinetic energy becomes ;
Bpin =232 (2.47)
kin 2 : i .
(2
and the potential energy takes the form
E —12[0 " (2.48)
pot — 9 L i74i4; .
ij
with
kz'j 82V

Ky = - 2.49
T (mimy)1 2 9gig (2.49)

The total classical energy takes this form
B= S @413 K
ot = 5 Z @i+ 2; i3 (2.50)

In order to have the potential energy in the diagonal form one introduces eigenvectors
of the K;; as new coordinates labelled @; and corresponding eigenvalues labelled ;.
The procedure is analogous to the one presented in equations 2.36/2.38 , but now it
applies to the mass-weighted Hessian rather than to Hessian. In these coordinate the

total classical energy takes the form
1 . 2
Eiot = 5 Z Qi + 5 Z KiQ; (2.51)
(2 (2
This leads to the following quantum mechanical Hamiltonian
o 1,07 1

H=SN"H  H=- ~ ki Q? 2.52
2; 2 a0z + 3! (2.52)

Since the Hamiltonian is additive in normal modes @; the vibrational wave function of

the molecule is a product of wave functions for each mode
Uy = [ [ o (Qi) (2.53)
i
and the total vibrational energy is the sum of the energies associated with each mode

Evip = Z Evi (254)
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co

Ground state

Zero Point Corrections, £”

FIGURE 2.3: Illustration of the vibrational energy levels of the molecule.

The solution V,,, E,, are known from the theory of one-dimensional harmonic oscillator

1
Evi = (U,‘ + i)ﬁwl w; =k

S olm

v; =0,1,2,. .. (2.55)
1
2

‘l’vi = ]\fvilqvi(:Q/i)eiyf/2 Yi = (;::) Q’L (2'56)

where v; is the vibrational quantum number, w; is the vibrational frequency, H,, (y;) are

the Hermite polynomials of the variable y;. The total vibrational energy is given by

Eyip = Z(Uz + %)hwz (2.57)

i

The vibrational ground state of a polyatomic molecule is of special interest as it is the
only quantum vibrational state available at zero Kelvin. The associated energy Ej is

the termed ”zero-point” vibrational energy
1
Eo = Z KW (2.58)
7

This is illustrated in figure 2.3.
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2.3 Molecular Dynamics Algorithms/Schemes

The most common classical molecular simulation search methods used are Molecular
Dynamics[76, 77] and Monte-Carlo[78] methods. Molecular Dynamics (MD) simulation
method addresses the time evolution of system, therefore, one can easily examine each
MD step individually. Its is possible to predict the outcome of the MD simulation at
any time in the past and in the future. The total energy of the system is made up of
kinetic energy and also contributions from potential energy. For MD calculations, sam-
pling is performed mostly under microcanonical ensemble. Monte-Carlo (MC) samples
under canonical ensemble. The MD simulation search method use differential equations
embodied in Newton’s second law to calculate forces and accelerations of particles for
the next geometry in the trajectory. Most MD codes compute forces from derivatives
of empirical force fields discussed in the preceding section. In real situation, the forces
should change instantly whenever the position of the particle changes and even when
the nearest neighbour changes its position. Even though the parameters used in force
fields are computed from electronic structure calculations, the end results are not exact,
therefore, for better results, forces and energy can be obtained from Born-Oppenheimer

electronic energy surface which replaces the potential energy determined by a force field.

Consider a set of N-particles assuming a set of coordinates gy = (r1,72,...,73n5) with ve-
locity expressed as (%)0, the vector of masses m and the total energy £ which comprised
of the kinetic energy = and the potential energy V. Suppose the particle displaces by Ax
in time duration At, such that the new generated coordinates z(t + At) and velocities

%(t + At) at time (¢t + At) is expressed as,

d
o(t+ At) = 29 + (dif)om (2.59)
and -
dx dz (%55 )0
b At) = [ == ) — At | =2 2.
PR (dt>0 == ] (2.60)

where —(%)0 is the initial geometry force along the z-coordinate. Then one can express

the momenta p = (p1,p2,...psn) of the particles as,

dx

Having a new set of coordinates and velocities, one can generate another set using
Newton’s equations and the procedure can be repeated for a finite number of steps. The
behaviour of particles can then be investigated from these sequence of coordinates. In
MD (or Newtonian dynamics) calculations, the potential energy of the system comes

from a force field and contributes to the Hamiltonian of the system. The Hamiltonian
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function H(p,r) consist of terms such as the kinetic energies, Z(p), of the particles and
the potential energy, V(r). The potential energy is the energy possessed by a mass
due to its position within a force field. The Hamiltonian as function of momenta and

position can then be written as;

3N 2
H(pr)=Y_ 2]:;} +V(r) (2.62)
i=1 '

One can write Hamilton’s equations of motion for a set of particles assuming positions

r with momenta p as;

. OH

i o= aT)i(p,T) (2.63)
. OH

i = _aim(p’ 7) (2.64)

Newton’s equations of motion can be solved by substituting equations 2.62 into 2.63 and

2.64. The outcome of the analysis gives the following set of equations;

#i(t) = vilt) (2.65)
£i(t) = _;riv (2.65¢)

where a; is the acceleration of particle ¢ and f;(¢) is the force exerted on the particle
i. V(ri(t)) is the potential energy and r;(t) is the position vector of the it particle at
time ¢. Equation 2.65b is the Newton’s second order differential equation with respect

to r(t), and can be written as,
1
F(t) = — fi(r(t 2.66
) = filr®) (2.66)

This implies that only positions of particles are important for solving equation 2.66,
hence most molecular dynamics codes involve the use of x—, y—, z—coordinate systems,
that is, the positions to evaluate forces at every step rather than using potential energy
as defined in equation 2.65c. The idea behind equation 2.66 is that it is cheaper in-terms

of computational time as compared to equation 2.65c.

Computer algorithms used in simulations include Verlet[79] and Beeman[80] schemes and
these algorithms are used to integrate above Newton’s equations of motion. I will discuss
both algorithms in the following sections. The algorithms use the position, velocity and

force components.
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2.3.1 The Verlet algorithm

Let’s use Taylor expansion to show how the positions and the velocities of particles
change in At at time ¢,, (time at the current position), where At = t,, 41 —t,, =ty —tn—1.
One obtains the following equations at time ¢, + At (next position after time step At)

and t, — At (the previous position, i.e. before the time step At);

1 1.
Pl = Tn + Fn AL + 5m(At)? +3 (AL + O((At)Y) (2.67)
and
r o At l 2 l 3 4
n1 = T — T At + 2'rn(At) 3 T'n(At)” + O((At)?) (2.68)

Adding equation 2.67 to equation 2.68, one obtain;
Png1 4+ Tno1 = 2rp + i (A% + O((A1)Y) (2.69)

Substituting equation 2.66 into equation 2.69 and rearrange terms, one obtains the Verlet
algorithm|[79];
1
Tng1 =2 = a1+ — fa(A8)2+0((At)Y) (2.70)

One can do the same for the velocity by subtracting equation 2.68 from equation 2.67
and substitute equation 2.66 into the resulting equation. Rearranging the equation, one

obtain the expression for the velocity of particles;

tn = gz (et = rt) — o (A8 + O((A1)) (2.71)

At this point, one may think of using time-reversal invariant expression for fn, where,

1

fn = TAt(fn—H - fn—l) (2.72)

Note that if the terms having fn are omitted, then one obtains the standard velocity
Verlet algorithm, equation 2.73, and by substituting equation 2.72 into equation 2.71,
one obtains velocity Verlet algorithm,[81] equation 2.74.

1
Un = m(’rn-i—l - Tn—l) (273)

1 1

vn = gag(raet = 7net) = o (i = o)A+ O((AD)) (2.74)
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2.3.2 Leapfrog algorithm

To get the velocity in Verlet algorithm, positions of the particles have to be calculated
first. This is disadvantageous because there is no velocity term in the equation. As a
result, leapfrog algorithm|[81] was then developed. In the leapfrog method, the velocities
for the next time step v (¢, +At) are calculated from the velocities from the previous time
step v(t, — At). The derivation of leapfrog algorithm is similar to the Verlet algorithm.
In this case, the positions or velocities are expanded in Tylor series at time (¢,, + %At)

and (t, — £At) in $A¢ at time ¢,. Then I get,

o 1 . 1 . 2 1 cee 3 4
Tpyl =Tn + §rnAt + érn(At) + e T'n(At)” + O((At)Y) (2.75)
and
1 1. oy 1. . A
Tpol =Tn— irnAt + érn(At) T 'n(AL)” + O((At)*) (2.76)

The same procedure as for Verlet algorithm is followed. Equation 2.76 is subtracted

from equation 2.75 to get,

) 1.
Tagl = Tpo1 = At + % (A1) + O((A1)Y) (2.77)
Rearranging equation 2.77 and using equation 2.65b and 2.66 (7" = % = %% =

% f ) and then shifting the time points by %At, one obtains the expression for leapfrog
algorithm;

1 .
Fa4l = T+ Uy 1AL+ %fn%(m)?’ + O((At)®) (2.78)

I can simplify the above equation by eliminating the function fn 1 from above expression
2

using its time-reversal invariant expression and obtain;

Paet = T U A+ S (gt — F) (A2 + O((A1)?) (2.79)
where; .
f.n_t,_% = E(fn—&-l - fn) (2.80)

Similarly, the expression for velocity can be obtained by expanding the velocity at time

tn, + %At and t, — %At. The above procedure for positions is followed to get,

_ 1 1 . 3 5

Just like Verlet algorithm, omitting the terms containing f and f leads to the standard
Leap-Frog algorithm;
Pa4l = T+ U, 1AL+ O((A)) (2.82)



Chapter 2. Classical Methods 41

and the velocity;

Upgl = Up_1 + %ant + O((At)?) (2.83)

n+§ n

The velocity at ¢, can be computed by averaging the velocities v(t, + At) and v(t, — At)

and the positions are computed from equation 2.82.

The equation 2.81 can be simplified further and one can also maintain its accuracy
by substituting fn with its time-reversal invariant expression, equation 2.84, to obtain

velocity Leap-Frog expression, equation 2.85.

.. 1
Jn= (At)Q(fnJrl_an"‘fn*l) (2'84)
Velocity Leap-Frog expression;
= Lrars 2 At + O((At)? 2.85
Un—&-% _Un—%"i_%fn +%(fn+1_ fn + fa—1)At + O((At)”) (2.85)

2.3.3 The velocity Verlet scheme

The Verlet equations do not have the velocity term, therefore, it is difficult to get veloci-
ties of the particles without knowing the positions first. The velocities are obtained only
after the computation of new positions. These new position are obtained from current
position 7(t) and previous positions 7(t — At). The simulation requires some calculation
of r(t — At) at the beginning (¢t = 0) for the computations to start. There were some
developments on the Verlet algorithm later on, as a result of this deficiency. Velocity
Verlet[82] method was developed and it computes positions, velocity and acceleration at

the same time. The velocity Verlet scheme[83] is as follows;

1 T(t+ At) = F(t) + 0(t) At + Sa(t)(At)?

2wt + AL = () + TYAL
3 a(t+ At) = —LVV(r(t + At))

- . a(t+At)At
4 (4 AL) = Gt + Aty + WEoDA

2.3.4 The Beeman Scheme

Another computational algorithm that is well known in the computational simulations is
the Beeman algorithm[80] and it is similar to the velocity Verlet algorithm. The scheme
is moderately computationally more expensive and has better accuracy than the Verlet

algorithm. The position and the velocity expressions, respectively, are calculated from;
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2 1
ri(t 4+ At) = ri(t) 4+ v; (t) At + gai(t)AtQ — éai(t — AH)AE + O(Ath (2.86)

and

vilt+ A) = vi(t) + %ai(t +ADAL + %ai(t)At - %ai(t CADAL+OAE)  (2.87)

The equations of motion can also be integrated following the modified Beeman|[84]

scheme.

1 r(t + At) = r(t) + (6 At + AE[47() — i(t — At)]

2 Pp(t + At) = #(t) + SL[37(t) — #*(t — At)]

3 Pt + At) = Fri(t + At), i’ (t + At), i=1,...,N]|/m
4 Folt + At) = #(t) + {L27(t + At) + 5i(t) — #(t — At)]
5 Replace 7, with 7. and go to 3. Iterate to convergence.

6 Replace t with t + At and go to step 1 to determine the parameters of ¢t + At.

Since r is the dynamic variable, then 7, and 7. respectively are the predicted and cor-
rected velocities. N is the total number of particles studied and F' is the total force
acting on the particle. The total force is calculated using equation 2.65¢ with the po-
tential energy, V(r(t)), of the system calculated from the force field. Accelerations and
velocities of the particles are calculated from equation 2.66 or the expressions described
above. From the above scheme, only the positions of the particles are important in

computations of all parameters.

2.4 Explicit Models for Tautomeric/Conformational Search

Many ingenious theoretical methods and algorithms aiming to determine the most stable
molecular structures have been developed.[30, 31] The most common methods are finite
temperature Monte Carlo,[32] molecular dynamics,[76] basin-hopping[34] methods, as
well as genetic algorithms.[35] These search methods are classed as stochastic because
there is no guarantee that they will identify the global minimum. These stochastic search
methods are applicable to large and complex systems, they typically rely on classical
force fields and therefore their accuracy is limited. In addition, there are brute force
methods based on systematic scanning the potential energy surface (PES), also known

as the Combinatorial Computational Cheminformatics C2. Some of them specialize in
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molecular tautomers(21, 22, 85] and others in conformers[24-26] but in this dissertation,
I present a method/tool that would deal with tautomers and conformers on equal footing

(chapter 5).

2.4.1 Stochastic Search Methods

The stochastic methods follow common procedure of performing random sampling on
the potential energy surface followed by evaluation of fitness of the randomly generated

structures.

Monte-Carlo. Monte Carlo (MC) methods generate a sequence of configurations and
addresses them. These configurations are generated randomly and they depend fully
on their immediate predecessor but there is no relation between the current step and
previous steps, hence, time irreversible. Unlike MD, the MC methods are not time
dependent but one can follow and analyse the structure of the system as it evolves
hence the sampling is performed under different ensembles. This makes it possible to
study even complex structures with MC methods. Here, the geometry of the molecule is
changed randomly based on the degrees of freedom the molecule has. Then the decision

is made whether to accept the new step based on the Metropolis criterion.[32]

Configurations are generated by Cartesian moves or torsional moves depending on the
choice of the researcher and the type of the molecule. In Cartesian moves, a single
atom/molecule is randomly moved. For large systems, several atoms/molecules are
moved. In torsional moves, the dihedral angles are changed. At every MC iteration, three
random numbers ranging between 0 and 1 are being generated and the new cartesian

coordinates of the atom are given by;

Tnew = Tolg + rand * or (2.88a)

Ynew = Yold + rand * or (2.88Db)

Znew = Zold + rand x or (2.88c¢)
In case of the torsional moves;

(z)new = Qsold + rand * (S(b (289)

where rand is the random number generated, §r and d¢ are maximum possible displace-
ment/angle in any direction. These implies that the maximum change is governed by
or and d¢.
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Some algorithms implemented in MC codes perform minimisation after every MC step.
The idea is to relax the strained bonds and angles and then to calculate the energy
based on any of the local minimum converged to. This is followed by screening the
current configuration based on its energy. The configurations having lower energies
than preceding configurations are automatically accepted and then used as the starting
point for the next MC step. Otherwise, a random number is generated between 0 and 1

and the Boltzmann factor P is calculated

P = cap (— A]{‘;(T’”)> AV = V(raew) — V(roia) (2.90)
and then compared to this random number. AV is the change of potential energy of the
system which depends only on the positions of the atoms. If the Boltzmann factor is
greater than the random number, then the step is accepted and the current configuration
is kept for the next MC step. But if the Boltzmann factor is less that the random number,
then the step is rejected and the previous configuration is retained and used in the next
MC step. The rate of acceptance depends on the maximum displacement/angle. The
value should be chosen wisely. If the value is very small, then most of the steps will
be accepted and the system will take more time to cover the phase space because the
current state and the previous state will be similar. If the value is large, then most of
the steps will be rejected since the energy change will be large and therefore, improper
sampling of the system. The above algorithm leads to the sampling consistent with the

Boltzmann distribution.

Simulated annealing. In MD and MC methods discussed so far, the system tempera-
ture is set as a guiding parameter for sampling the potential energy surface. The phase
space is thought to be well sampled for sufficiently long runs at elevated temperatures
because the molecule will have high enough kinetic energy to overcome barriers on the
potential energy surface. If the temperature of the system is allowed to decrease dur-
ing the course of the simulation, starting from elevated temperatures, then the system
might settle into the local/global minimum structure. For sufficiently long MD or MC
run with infinitely slowly cooling, the resulting minimum is the global minimum. This
idea of tweaking the system’s temperature coupled to the MD or MC run is called the
simulated annealing[86] technique. This method is very slow and more disadvantageous
because at low system’s temperature, the molecule might settle in a local minimum
whereas elevated temperatures might lead to dissociation of the molecule which result

in a failed search. This technique is covered in chapter 9.
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Molecular Orbital Theory

Quantum mechanics is an important tool for investigation of a wide range of problems
in molecular physics. The advancements in supercomputers and computational methods
has enabled breakthrough in solving chemical problems that were beyond reach only few
years ago. These problems are related to the determination of molecular structure and
reactivity, and the spectroscopic parameters that can be used to interpret the experi-
mental spectroscopic data. This chapter will cover the important advanced electronic
structure theories[10, 87-91] used in this study. I focused mainly on the non relativistic
molecular Born-Oppenheimer electronic Schrodinger equation and paid particular at-
tention to the systems of identical particles and constructed their wave functions. The
eigenfunctions of the Hamiltonian are then defined based on the particles in the sys-
tem and yield the corresponding eigenvalues, the energies. These methods have been
implemented in the quantum chemistry codes and they start from the Hartree-Fock
method and extend to coupled cluster method. This chapter will also covers density
functional theory. These methods have higher accuracy than the force fields discussed

in the previous chapter.

3.1 Fundamental Aproximations

3.1.1 The Schrodinger Equation

Particles obey laws of quantum mechanics. The description of the dynamics of a system
comprised of N particles can be understood from generalisation of the dynamics of a

single particle. The evolution of the wave function ¥ with time according to the general

45
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form of time-dependent Schrodinger equation is mathematically expressed as;

L0 . Lol .

zﬁa\IJ(m,m, s TN, t) = HU(F, Ty -+ TN, T) (3.1)
where the Hamiltonian H of one-particle system P2/(2m) + V() is generalized to N-
particle system. This form of the Schrédinger equation is often separated into equations
that depend explicitly on time and those that depend explicitly on space variation of
the wave function ¥. In most cases, calculations based on this formulation is possible
when the potential energy is time-independent. The one dimensional form of equation
3.11s

N P 2 ~ N ﬁQ 9 .

7j=1
where m; and P; are the mass and the momentum of the jt-particle, respectively and
the operator 1% corresponds to the total potential energy. This form of equation allows

techniques of separation of variables to be used, in which a trial solution is of the form;
\IJ(FLFZa e ,FNvt) = T/}(Flv":éa T 7FN)9(t) (33)

If T inset this equation 3.3 into the Schrodinger equation 3.1 and use the Hamiltonian

defined by equation 3.2, then one obtains;

N

—Z LA )w_mwf (3.4)
— 2mj d 72 1,72, .

which can be simplified by diving by 8 on both sides;

N

R 1 d%p . 1df
ZQm D + V(R 7y PN = ihs— (3.5)

The Lh.s. of the equation is a function of coordinates ¥ and any change in coordinates
does not affect the r.h.s. of the equation. This implies that the L.h.s. can be equated to a
constant F and the time dependent equation separates into the following two differential

equations.

N
n? d*e T .
~3 gy g+ VR )= B (30)
do
ih— = Ef .
ih— (3.7)
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and the latter(time dependent) has the solution # o< e~*#*/"_ In many cases V in equation
3.2 does not depend on time and then the state of the N-particle system is described by

the complete wave-function
W7, 7, vy ) = (71, Ty -, Py e (3.8)

with v as the solution to the time-independent Schrédinger equation and the exponential
part is the time dependent part with E as the total energy of the system. These are
termed stationary states. Schrodinger equation can be solved for many different systems
since the Hamiltonian of the system caters for different interactions within a system.
The Hamiltonian of the system includes the kinetic energy of the electrons 7. and those
due to nuclei Tn, the interaction potential energy between electrons and nuclei f/e,n,
electrons-electrons V,_. and also nuclei-nuclei Vj,_,,. To be more precise, for a system
with N atomic nuclei (a, b, ...) with atomic numbers (Z,, Zy, ...) and n electrons (i, j, ...),

the expanded non-relativistic Hamiltonian would be expressed as,

where k = €p is the permittivity of free space, e is the elementary charge, m. and

1
dreg?
mg are the mass of the electron and nucleus, respectively, and Z is the charge of the

nucleus.

Construction of many-electron wave function from spin-orbitals. The exact
eigenstates of the many particle system described by equation 3.2 are generally difficult to
obtain. One may deduce some of their properties through symmetry schemes. Consider
an exchange operator Pj; (also known as the permutation operator) that when operating
on an N —identical particle wave function ¥(x1,...,Xi,---,Xj,---,XnN) it interchanges
the coordinates of the i and the j"-particle and y; is the spatial and spin coordinates

of the particles 7. Then,
F)ijw(Xh'-- s Xiy ooy Xgroo- 7XN) = w(XIa“jov' <oy Xy e >XN) (310)
and

Pizji/}(xl,...,xi,...,Xj,...,XN) = Pt (X1s- - Xgs-+ s Xir- -1 XN) (3.11a)
:w(Xl,...,Xz‘,...,Xj,...,XN) (3.11b)
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From equation 3.11, we see that two successive application of exchange operator P;;
leave the wave function unchanged. Let us consider the states that are eigenstates of all
permutation operator in this system with N —particles. All the eigenstates that satisfy
the Schrodinger equation H|¥) = ¢|¥) are also eigenstates of the permutation operator
P;j and the states must satisfy P;;|¥) = ¢;;|V). Here P;; is self adjoint/Hermitian and
unitary, P = Pj; = P~! 50 that P;EPZ] = 1 and I assumed that |¥) is an eigenvector of

all permutations so that it is the eigenvector of all transpositions. Then

requires
2 _ 2 _
Pil¥) = ci3|19) = |¥) (3.13)

so that the eigenvalue cgj of I = Pfj are simply

c?j =1 and cZampose = (£1)™9, (3.14)

hence two eigenvalues. n;; is the number of transpositions in which Pt permutation

can be splitted. Then I can rewrite the wave function as;

P’L’j¢(Xh"'7Xi7"'>Xj7"'aXN) ::l:w(Xh"'7Xi7"'>Xj7"'7XN) (315)

I used the adjectives symmetric and antisymmetric for wave functions corresponding to

eigenvalue +1 (¥y) and -1 (¥,) respectively, all with respect to the interchange of the
pair (4, 7).

ws(xlw-'7Xi7~'-7Xj7"'7XN) :ws(xlv"jow"?Xiu"'7XN> (316)
wa(Xlw"7Xi7"'7Xj7"'>XN) = _¢G(X1>"'7Xj7'"aXiv"'7XN) (317)

System of distinguishable non-interacting particles. If 1 consider a system of
N non-interacting, distinguishable particles, each particle having different mass m; and

experiencing different potential ‘A/i(xi), then the potential is given by;

~

N
=1
and the Schrodinger equations by;

Hd}nhnz,m NN (X17 X2y .- 7XN) = En1,7L2,~~- ,nN¢n1,n2,~- NN (Xl) X2+ 7XN) (319)
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which separates into N one particle equations

2

2 Vi, N — )
oV + V060 |, (03) = o, (0 (3.20)

and the solution to these equations yield one-particle energies ; with the total energy

of the system equal to the sum of these one-particle energies
N

En1,n2,--~,nN =¢e1+ea+---+en :Z&'ni (321)
i=1

and the total wave function as the product of single particle states 1; (spin orbitals)

N
1/’n1,n2,.-- SN (le X2y« 7XN) = Q;Z)TH (Xl)'@bnz (X?) T ¢n1v (XN) — H¢nz (XZ) (322)
i=1

Symmetric and asymmetric functions In quantum particles, the wave functions
are either totally symmetric or totally antisymmetric under the interchange of particles
for systems of IV identical particles. That is, the identical particles lose their identity as
described by equations 3.16/3.17. This can be understood by constructing symmetric

¥s(x1, x2) and asymmetric ¥, (x1, x2) wave functions from any wave function ¥ (x1, x2)

¥s(x1,x2) = [¢(X1,X2) + (X2, X1)} (3.23)

Hg\H
[\}

Ya(x1,X2) = —= [¢(X17X2) - w(X2,X1)} (3.24)

S

and the normalisation factor is given by %

System of identical non-interacting particles For a system of N non-interacting
identical particles with equal masses m; = m, and experiencing the same potential

Vi(xi), the Schrodinger equation is similar to the equation 3.20 where the system is

written as N separate identical one-body equations
e, -
|~ 5 V2 Vi) | 9. (060) = it (00) (3.25)

A symmetric or asymmetric wave functions for a system of two identical, non-interacting
particles can be constructed in terms of one body wave functions, equations 3.23 and
3.24

n(01:x2) = 7= [t (00 (42) + o (2 (0 (3.20)
Ya(X1,X2) = \}i [wm (X1)%ns (X2) = ¥ny (X2)¥ns (Xl)] ny # ng (3.27)
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If ny = ng = n, then ¥s(x1, x2) = ¥n(x1)¥n(x2) and ¥, (x1, x2) = 0. The general form

of symmetric 1; and asymmetric 1, two body wave functions are given as;
(X1, X2) = \FZ Pty (X1) ¥, (x2) (3.28a)

Ya(X1, X2) = \FZ )Y P, (1), (x2) (3.28b)

where P is the permutation operator and (—=1) is equal to +1 for an even permutation
and equal to -1 for an odd permutation. The sum is over all possible permutations. I can
use the same logic and construct a wave function of identical, non-interacting three-body

system. The symmetric and asymmetric wave functions respectively are given as;
Wbs(X1: X2, X3) f Z Py (X1) ¥ (x2) s (X3) (3.29a)

Ya(X1, X2, X3) = \FZ )Y Pty (1)t (X2) s (x3) (3.29b)

and the generalized wave function from equations 3.28 and 3.29 for N identical non-
interacting system as
¢S(X1ax2> o 7XN ZP n1 Xl Q1)7L2(X2) ¢TLN (XN) (330)
P

D (=1 Pbny (x1) s (x2) - oy (Xv). (3.31)

P

’l/}a(XLXQf o 7XN) =

2 ﬁ\

The latter, known as the Slater determinant[92], can be rewritten in an N x N

determinantal form involving spin orbitals only,

xi(x1) xi(x2) o xa(xw)
ot xan - ) = \/;7' XQ(EXI) X2(5X2) X2(;XN) (3.32)
| xv(x1) xw(x2) e xv(xw) |
= [xixz x| (3.33)

If any two particle occupy the same one particle state, then the determinant vanishes
due to two rows being identical. This is known as the Pauli exclusion principle. I
will revisit the Slater determinants in section 3.2. Approximations are required when
solving complex differential equations such as equation 3.1 with Hamiltonian defined by

equation 3.9 and the wave function represented by equations 3.30 and 3.31.
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3.1.2 The Born-Oppenheimer approximation

The atomic nuclei are much heavier than the orbiting electrons. Any movement made
by the nuclei result in electrons adjusting themselves instantly to the current positions
of the nuclei because they move faster than the nuclei. One can approximate the nuclei
to be stationary with respect to the orbiting electrons. Within this approximation, the
kinetic energy of the nuclei in equation 3.9 is set to zero, T,, = 0 and the nuclei-nuclei
interactions can be considered to be constant, Tn_n = k. Note that any constant has no

effect on the operator eigen functions, thus equation 3.9 reduces to;

AL ol RN SIS TR S (331
= — . — 6 —_— R P .
elec Qme : ? — "l“i —Ta| 2 vy "l“i —’I“j|

(]

which is the electronic Hamiltonian ﬁelec and the electronic wave function e, =
Yetee(Ti;74) 1s the solution to a Schrodinger equation f[elecwelec = &elecWeiee- The elec-
tronic wave function depends explicitly on the electronic coordinates and parametrically
on the nuclear coordinates whereas the electronic energy depends only on nuclear coor-
dinates &eree = Eetee(a). 1 can now write the total energy of the system &, for a fixed

nuclei as;

ke? 2o
gtot gelec Z | b (335)

Ta _Tb|

which has the additional term, the nuclear repulsion term, Vien. I can use the same
assumptions and solve for the nuclear motion in the average field of the electrons. Then

equation 3.9 would be rewritten as;

ﬁnucl = gelec(ra) + Vn—n + Tn (336)
h? V2

= Gtot\Ta) — 5 —4 3.37

&t t(T ) B — g ( )

where the potential energy of the nuclei Vi—n has been embedded on the total energy
&tot(rq). Here, the electronic energy plays a major role and the Schrodinger equation
ﬁnuclwnud = &Ynue leads to the energy levels for molecular vibrations and rotations
which in turn are fundamental in spectroscopy. The nuclear wave function depends on
nuclear coordinates ¥nyer = Ynuel(ra) and € is the Born-Oppenheimer approximation[11]
to the total energy given by equation 3.1. In the context of Born-Oppenheimer ap-
proximation, the nuclei move on the electronic potential energy surface described by
electronic Schrodinger equation. If these corrections are introduced in the adiabatic
approximations, then the result obtained will be a good approximation and this is the
Born-Oppenheimer approximation. From now onwards, I will consider only the elec-

tronic Hamiltonians and electronic wave functions unless otherwise stated.
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3.1.3 Trial Wave Functions (Variational Principle)

Let’s start from the trial wave function ® which can be written in terms of eigenfunctions

of the Hamiltonian 1; forming a linear combination, with ¢; as the coefficient;

=) cith (3.38)

i

and the wave function @ also satisfies the normalization condition,

(D) =D ciej(whilesy) Zc = laf =1 (3.39)

%)

The expectation value for the electronic Hamiltonian ﬁelec discussed above

<&)|I:Ielec|(i)> = <Z Ciwi‘ﬁelec| Z cj¢j> = <Z cz¢z| Z CjEﬂZ)j> (3.40&)
d J i j
=N Eicieitwil) = > Eifeil? (3.40D)
] i

Let us compare (®|Hje.|®) with the exact ground state solution Ep;

<(i)|f{elec‘q) EO - ZE |Cz| - EOZ |Cz|2

—Z\czy (E; — Eo) >0 (3.41)

The variational principle state that the expectation value Ey is a lower limit for (®|H jqc|®).
Any trial wave function used yields energy greater than the ground state energy. In gen-

eral form

<(i)|f1[elfc|(i)> > (3‘42)
(®[®)

3.2 The Hartree-Fock Theory (Principles of)

Given the single determinant defined by equation 3.32, |Wo) = |x1X2 ** XaXb " XN),
the energy is minimized with respect to the spin orbitals, x;, provided the spin orbitals

remain orthogonal and normalised i.e. [ dzix}(1)xp(1) = (alb) = dap

N N
L[ EO Xa Zzsba (I|b ) (3'43)

a=1b=1
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with the condition (a|b) — d4» = 0 and the first variation in L goes to zero, 6L = 0 for

infinitesimal change in spin orbitals, x, — Xa + dXa-

N N
SL=0Ey— Y > epdlalb) =0 (3.44)

a=1 b=1
My goal is to determine the Fock operator using equation 3.44 and I will start by
expanding the §FEy term. Note that equation 3.34 can be written as a sum of terms
comprising single particle operators, each of which act on a single electronic coordinate

and pair interaction operators acting on pair of electrons.

. ) 1 -
Hepee = > ha(xa) + 3 > ha(xisxy) (3.45)

i#]
where izl(xi) is the sum of the kinetic energy term and the nuclei-electron interaction

term and ﬁg(xi, Xj) = % is the pair interaction operator, the electron-electron interac-

tion term. I can write the energy Ey in equation 3.44 as;[87](pp. 118)

N

N
> (aalbb) — (ablba) (3.46)

a=1b=1

N | =

EO[X(Z] = Z +

using equation 3.45 where I have conveniently defined my integrals as;

(alhla) = / d s (D)o (1) (3.47)
(aalbb) = / dydeax s (D xa(1)rin (203 (2) (3.48)
(ablba) = / dydea s (Dxe(Dri X (2)xa(2) (3.49)

The Hartree-Fock equations are obtained from minimisation of the energy Ep[xa], so the

variance of the energy 0 Ey is given by;

N

0Ey = Z<6Xa‘B’Xa> + <Xa|h’5Xa>
a=1

1
t3 (OxaXalxexs) + (XadXalXbX) + (XaXalOXbXb) + (XaXalXb0Xb)
a=1

M=M=
M= -

1
~3 (OxaXxbXbXa) + (XadXbIXbXa) + (XaXblOXbXa) + (XaXb|X60Xa) (3.50)

I
—

b

I
—

a

which reduces to two unique two electron integrals

N N N
0Eo =Y (6Xalllxa) + > > {6XaXalxsx6) — (9xaXslXbXa) + C* (3.51)
a=1 a=1 b=1
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The other variance I am interested on is ep,0(alb). From equation 3.43, there is no

variation in constant dp, SO

6{alb) = (0xalxs) + (Xaldxb) (3.52)

and then ,,0(a|b) can be approximated as,

> eadlalt) = > eval(xalxs) + (Xaldx0))
ab ab
=D evaldXalxe) + ) can(xs/0xa)

ab ab

= ehaldxalxo) + Y haldxalx0)”

ab ab

= Zgba<5Xa‘Xb> + Cx (353)
ab

Substituting equation 3.51 and 3.53 into equation 3.44, one obtains

N N N

SL=">> (Oxalhlxa) + YD (0xaxalXexs) = (6XaXolXbXa) = D €ba{0XalXb)
a=1 a=1 b=1 ab

+C* =0 (3.54)

I can rewrite the equation 3.54 in terms of the coulomb operator J,(1)

J(1)xa(1) = [/ dxzxZ(Q)""fglxb(2)] Xa(1) (3.55)

and exchange operator Kp(1)

Ky(1)xa(1) = [/dﬂczx?;@)mlxa(?)] xb(1) (3.56)
= [/ dacQX;‘(Q)rulplgxb(Z)] Xa(1) (3.57)

defined by its effect when operating on a spin orbital x,(1). The operator Pyy inter-

changes electron 1 and electron 2 when operating to the right.

N N
5L = Z / dirnbyi(1 )+ () = K))xe(1) - ;ebaxbm}

+C* =0 (3.58)
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The quantity in bracket must be zero because dx;; is arbitrary.

N N
X)) + > (1) = Bo(D)xa(1) = 3 enaxs(1) = 0 (3.59)
b=1 A N A A b=1 N
or AL+ 3G — Ko()] xa() = 3 enans(1) (3.60)
b=1 b=1

Fock operator

The Fock operator f is defined above by the quantity in brackets and it is the sum of
the core Hamiltonian operator h(1) and an effective one electron potential, the so called

Hatree-Fock potential v %
VIF(1) = Jp(1) = Ky(1) (3.61)
b
-y / Ao X2 (1 — Pra)ys(2) (3.62)
b
The Fock operator in short form,
f(1) = h(1) +07F (3.63)

The above equation 3.60 reduces to

N
Fixa) = valxw) (3.64)
b=1

There are several solutions for the above equation, each solution corresponding to a
different set of €5,. The above equation may be written in canonical form using solutions
of g, that satisfies g, = dpgca- 1 can use the matrices U that satisfies the relation
Ut = U1, UTU = 1 (orthonormal) and consider a new set of spin orbitals x’,. These
new set of spin orbitals should satisfy xi, = >, XsUse. From the fact that the matrix U
is unitary, |det(U)|? = 1, det(U) = €'®, and the transformed determinant should differ
from the original determinant by only phase factor. I can now work on its effect on the
f (1) and on the gpa. The coulomb and exchange terms of the Fock operator are the only

terms that depend on the spin orbitals. The transformed sum of the coulomb operators
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S A1) =Y [ e ria(@)
=3 [ 3 Ui @i S V)
a b c
= UpUea | | dzaxi (2)r5 xe(2)
bzc (; b ) / 2Xp 12 X
=3 b / deaxi(2)ripxe@) = Y J(1) (3.65)
be b

where I have used the fact that ), Uy Ucq = dpe. I will now deal with the transformed

exchange operator K !
SR = Y [ denG @@

=3 [ o 3 UG @) Y Vo)
a b c

_ UtUea) [ deaxg(@rizna@x()
%; <; b > / 2Xb 12 Xd\4) X

=Y [ e @@ ) = X K(n) (366)
be b

Equation 3.65 and equation 3.66 implies that f’(1) = f(1). The next term I paid
attention to is the Lagrange multiplier p, where I multiplied equation 3.64 by (x.| and

realised that e, are matrix elements of the Fock operator.

(Xel fIxa) =D €balXelxs) = €ca (3.67)
b

So, the effect of unitary transformation on the e,

o = / dy x5 (1) £(1)x5(1)
= Y ULV [ dencDF @)
cd

= UszcaUa (3.68)
cd
¢ =U'eU in matriz form (3.69)

From equation 3.69, I can choose the unique matrix U which diagonalises € and the

unique set of spin orbitals y/, are the so called canonical orbitals. I can then rewrite the
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Hartree-Fock equations in the canonical form as
fIxa) = €alxa) (3.70)

or simply
f‘Xa> = €alXa) (3.711)

3.2.1 The Roothan equations

Let us start by expanding the unknown basis functions 1 in terms of linear combination

of a set of K known basis function ¢,(r) where p=1,2,..., K.
K
@bi:ZCm% i=1,2,....K (3.72)
pn=1
The Fock operator defined in equation 3.60,
) R N
F) = h(1) + D (H(1) = Kp(1)) (3.73)

can be written in a matrix form in the basis [¢,]

Fp = / dri 65 (1)f(1)g,(1) (3.742)
N/2
= [, imen + Y [ 60I2(1) - Ko (3.74D)
N/2 ’
= H5“ + Z 2(uvlaa) — (palav) (3.74c¢)

Here, one-electron part of the Fock matrix (core Hamiltonian matrix) is fixed for a given

basis set and it is defined as
e = [ dnei(0i06,0) (3.75)
and the two electron integrals as
(wlaa) = [ dradragi(1)u(Dri 63(2)60(2) (3.76)
(ualav) = [ dradrag(1)u(Dr ¢3(2)6,(2) (3.77)
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I can use my definition of 9 in equation 3.72 to simplify the two-electron part G, of

Fock matrix

N/2
= BT+ 32 Y CuCral2lnlord) = o)

= H + ZP)\J[<MU|J)\> — 5(#)\\0@]
Ao

= H + Gy (3.78)

It is clear that the matrix G depends on the two-electron integrals and it also depends

on the density matrix P, respectively defined below;

(olAo) = / dr i) (1) (i3 (200 (2) (3.79)
N/2
P =2 CuCi, (3.80)

and the Fock matrix F depends on the density matrix P, more specific, the coefficients
c, that is F = F(P) = F(C). I can use the form of eigenvalue equation and write the
Roothaan equations F(C)C = SCe which can be solved iteratively because of their non-
linearity. The eigenvector C and the eigenvalues € are obtained from diagonalization of

the Fock matrix F. I can now write,

FC = SCt (3.81)
and the transformed Roothaan equations[93],

F'C’ = C’: (3.82)

where the transformed matrix X is defined such that it satisfies the relation X'FX = F?,
and the coefficients C’ were related to the old C through C’ = X~'1C or C = XC.

3.2.2 Self-Consistent Field Method (SCF)

The computational procedure for solving the Hartree-Fock equations is called the self-
consistent field, and follows;

1. Specify set of molecular coordinates

2. Calculate all required molecular integrals, Sy, H5", (uv|Ao)

3. Calculate transformation matrix X by diagonalization of the overlap matrix S
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4. Generate the initial guess at the density matrix P
5. Use density matrix P and (uv|Ao) to calculate the matrix G of equation 3.78
6. Combine G and H®"* to get Fock matrix F = H“"™ + G
7. Transform the Fock matrix, F? = XTFX
8. Diagonalise F’ to obtain C’ and e.
9. Calculate C = XC’
10. Use C to form a new matrix P using equation 3.80

11. Evaluate if the difference between the new density matrix P in step 10 and the
matrix in step 5 falls below predetermined threshold. If not, go to step 5 and

repeat the procedure with the new density matrix from step 10

12. If converged, calculate the expectation values and other quantities of interest from

the converged solution.

3.2.3 Electron Correlation Energy

The Fock operator described by equations 3.60/3.73 is used to find one-electron molec-
ular orbitals. The Hartree-Fock wave function is limited to a single Slater determinant.
Lower electronic energies can be obtained by constructing an approximate wave func-
tion as a linear combination of Slater determinants corresponding to different electronic
configuration;

\I’:CQ\I’HF+61\I/1+CQ\I/2+"' (3.83)

The weights ¢ ensures normalisation. The ¢y coefficient is typically larger than any
other coeflicients in the combination, thus the HF wave function dominates in the linear
combination described above. In the Hartree-Fock picture, the correlated motion of
each electron with every other electron is ignored, thus the dynamical character of the
electron-electron interaction is missing. A multi-determinantal wave function allows to
capture the correlated motion of the electrons. In short, for any given electronic state,
the correlation energy FE..- is the difference between the exact non-relativistic energy

Fezact and the restricted Hartree-Fock energy Epr obtained in a complete basis set.
Ecorr = Eemact - EHF (384)

The E.o- is always negative. The correlated methods based on multi determinantal wave

function give better predictions than the Hartree-Fock method.
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3.3 Perturbation theory

This is a mathematical method suitable for systems with Hamiltonian H very close to a
model Hamiltonian f:fo, for which solutions of the Schrédinger equation are known. The
Hamiltonian operator H can then be split into two parts, the unperturbed Hamiltonian

Hy and perturbation operator W which is very small compared to H,.
H=Hy+W (3.85)

The perturbation W is encountered in systems subjected to weak electric or magnetic
fields or in theory of electron correlation and comes about its effects on the energy
spectrum. The most explicit ways of writing the perturbation W is through the use of
real parameter A such that 0 < A < 1 and therefore W = )\ﬁp. The parameter A\ controls

the magnitude of perturbation and then the total Hamiltonian would be written as;
H = Hy + \H, (3.86)
Thus the eigenvalue problem becomes

(ﬁO + )\ﬁp)|¢n> = En|¢n> (387b)

Non-degenerate Perturbation Theory. The following scheme applies to situations

in which E,(LO) is non-degenerate.
Hol¢n) = B |én) (3.88)

The main idea behind perturbation theory is that the perturbed eigenvalues and eigen-

states can both be expanded in power series in the parameter A;

E,=E® £ \EM £ \E?) 1 ... (3.89)
[¥n) = [dn) + M) + N [D) +--- (3.90)

The parameters Ey(Lk) and the kets |¢£Lk)>, respectively, represent the k*-order correction

to the eigen-energies and eigenvectors. It is worth noting that only one or two terms in

these expansions are kept as the series might be divergent[91].

If X\ is set to zero, then the expressions 3.89 and 3.90 when substituted into equation
3.87 yield the unperturbed solutions F, = E,(LO) and |¢,) = |¢n), equation 3.88. I can
determine the values of Efll), Ey(f), E7(13) and |7,/)7(11)) by substituting equations 3.89 and
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3.90 into equation 3.87.

(Ho -+ M) (160) + AD) + X1 4+ ) =
(Efp) -|-/\E7(11)+)\2E7g2)+...)<‘¢n>_~_/\W?(11)>+)\2W7(12)>_i___.) (391)

Considering the fact the the coefficient of successive powers of A on both sides of equation

3.91 are equal, then I can deduce these equations;

e Zero order in A

Hol¢n) = E}”|6n) (3.92)
e First order in A
Hol¢fD) + Hylon) = BV [9(D) + E{D|én) (3.93)
e Second order in \
Hol[v®)) + Hylv M) = EPD[WP) + EP W) + EP ) (3.94)
e 717 orderin A and ¢ > 0
Holohy,) + Hpliy ") = Z EQ)yli=9) (3.95)
j=0

Here, my goal is to find the expression for the perturbation corrections Efzk). At this
stage, it is often convenient to use the intermediate normalisation condition obtained by

multiplying equation 3.90 by (¢|;

(Bnltn) = (Dnldn + ApD + A29@) 4. (3.96)
= (dnldn) +X (Dnl(D) +A% (Gn (D) + - - (3.97)

=1 =0 =0
(Gnltn) =1 (3.98)

where (¢, | = <1/)7(10)| and the normalisation condition is expressed as;

(@DpE) = do (3.99)

I can multiply the equation 3.93 by (¢y,;

(6 Ho ) + (dnl Hyldn) = (6| EQSD) + (] BV |60 (3.100)
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and use the facts that <¢n|ﬁ0|w7(11)> and (¢>n|¢§})) are both equal to zero and (¢p|¢,) = 1
and obtain
EY = (¢n| Hplén) (3.101)

The set of unperturbed states |¢,,) form a complete and orthonormal basis ({¢y|pr) =

dnk), therefore I can expand \1/17(11)> in the |¢,) basis such that

vi) (Z [6m) (O )rw“ )

m;ﬁn

=Y bmbm (3.102)

m#n

Note that <¢n]w7(11)> = 0 and the coefficient by, (: (qﬁm]z/z,(f))) can be obtained by multi-
plying equation 3.93 by (¢,,| on both sides

(ol (HolD) + Hylén)) = (| (EL1AD) + ED (3.103a)
(G| Holo D) + (b Hpldn) = B (bl D) + B (b ) (3.103b)
ED (pml D) + (bl Hplén) = B (dmalo(V) +0 (3.103¢)
Thus, A
= (dmlPV) = Gm|Hplon) (3.104)

EY - By

I can then substitute the above equation into equation 3.102 to get

EEDY W¢m> (3.105)

m#n
and I can then determine the eigenfunction ¢§3) of H to first order in )\f:fp through

substitution of the above equation into equation 3.90

mW n
o)~ o) + 3 49 (P "io 6m) (3.106)

The second-order corrections to the total energy can be determined from multiplication
of equation 3.94 by (¢,| on both sides and then use the facts that (qﬁnw,(zl)) = <q§n]¢7(12)> =
0 and (¢n|¢n) = 1 to obtain

EP = (pnlHp ) (3.107)
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through which equation 3.105 is inserted on the above equation to get the second-order

correction to the energy

2

(2 ‘ ¢m|HP‘¢n>|
EP =) PO (3.108)

m#n n m

The total energy of the system up to the second-order correction can be obtained by

inserting equations 3.108 and 3.101 into the equation 3.89:

m H n
En= EO + (0nlHylon) + 3 W e (3.109)

m#n

Calculations up to the second-order correction are typically satisfactory. In principle, I

also expect

(Gl Hyln)

£ _ 0 K1 n#m (3.110)

The degenerate perturbation theory is discussed next.

Degenerate Perturbation Theory. In this section, I will discuss perturbation theory

for degenerate energy level of Hy. The eigenvalue problem is written as;

f{\%) = Enhbn) (3.111&)
(Ho + Hp)[thn) = Enlthn) (3.111b)

Considering the f-fold degenerate system described by different eigenstates |¢,,,) corre-

sponding to the same eigenvalues E,(LO), I write:
ﬁ0’¢na> :E7(LO)’¢)HQ> a=1,2,3,---,f (3112)

Suppose the states |¢y,, ) are orthonormal with respect to quantum number «, the eigen-
function [¢),,) can be expanded as a linear combination in the |¢,,,) basis, in the zeroth-

order approximation:

!
¥n) = aaln,) (3.113)
a=1

and the coefficients a,, should satisfy the relation:

@) Za 5005 = Z|aa| (3.114)

through the orthonormality condition (¢n, |¢n;) = da,5. To get these coefficients and
the first-order corrections to the energy, equations 3.112 and 3.113 are substituted into

equation 3.111 and then the resulting equation is multiplied by (¢n,| on both sides and
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use the fact that (¢ g|¢n,a) = 65, to get the following equations:

(bns] (Z [ET(LO) |6na) + ﬁplcﬁnaﬂ aa> = (fn,| <En 3 aa|¢na>> (3.115)

> aq [Egowa,g + (Png \ﬁpy%a)] =En ) tabas (3.116)
or
f A
agEn = agBY) +> " aa(¢ns|Hp|én,) (3.117)
a=1

which can be rewritten as a system of f—homogeneous linear equations in ET(}) for

coefficients a,, thus having f different real roots:

!
Z(ﬁpﬁa - Eél)%,ﬁ)aa =0 B=1,23,---,f (3.118)
a=1

where H,3, = <¢n5][:[p\¢na> and E,(ll) =B, — E7(L0). The energies E7(Ll) are the 1%t order

correction to the eigenvalue, E,(lo). The coefficients a, are non-vanishing only when the

(1)

determinant |ﬁpa5 — By, 0q,p| is zero:

ﬁpll — BV prlQ ﬁplS e ffplf
Hpo H—22—E(1) Hy3 Hy
i peom = -0 (3.119)
H H H Hp— EWY
pfl pf2 pf3 pff n

(1)

In general, the roots Ey_; are different therefore the eigenvalues H are not degenerate,
hence the f-fold degenerate level of the unperturbed problem E,(ZO) is split into f different
levels E,,

En Eg)) + E,,(Li) o = 17 27 37 Ty f (3120)

o« =

I can find the eigenfunctions |¢,), of H in the zeroth-order approximation from equation
3.113 but firstly, I need to substitute these roots into equation 3.118 and then solve the

resulting equation for the coefficients a.

3.4 Moller-Plesset Perturbation Theory

Here I present a theory that improves the Hartree-Fock energy by adding the missing
part, the correlation energy, which can be obtained through partitioning of the Hamil-

tonian and the perturbation procedure discussed in the previous sections. I can write
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the partitioned Hamiltonian as;
H=Hy+V (3.121)

where Hj is the Hartree-Fock Hamiltonian which can be expressed in terms of Fock op-
erators f(i) (equal to one-electron operator h(i) plus electron-electron effective potential

v (2));
Hy = Z £(0) (3.122a)
= [h(@) + v (i) (3.122b)

and the potential energy operator V is defined by;

V=> rt-vHE (3.123a)
r<s
= =) v (3.123b)
r<s 7

The energy of the system is estimated by applying the above Hamiltonian on the

Schrédinger equation;

Epp = (®yp|Ho+ V|®ur)
= (D p|Ho|®yr) + (Oyr|V|®yr)
= (Dur| Y f@O)®ur) + (®ar| Y ' 1@ur) — (@ur| Yo" (i) ®nr)

=Sty S abab) — S alo" "oy
a ab a

= Zga - % Z(ab||ab> (3.124)
a ab

Note that the Hartree-Fock wave function ® g is an eigenfunction of ﬁo therefore the

eigenvalue Eéo) is equal to the sum of the orbital energies ) ¢e,, that is,
EY =3 e, (3.125)
a
and the total energy is the sum of the zeroth and first-order energies,

Ey=E" + EV (3.126a)

=Yy S abab) (3.126b)

ab
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The second-order correction to the Hartree-Fock energy has been derived in the previous

section,

2
E® = Z |O|V’7;|(O) (3.127)

where the summation is over the full set of excited determinants. Singly excited detr-

(2

minant ¥{ do not contribute to Ej ) because

(Prp|V|UE) = (®prp|H — Hol V) (3.128a)
= (Ppp|H|VE) — (D p|Ho|DF) (3.128b)
= (O p|H|VE) — (i| f|a) (3.128¢)

0 (3.128d)

The first term disappears according to the Brillouin’s theorem[87] and the second term
because (i|fla) = (i|fa) = e4(ila) = 0. The triply (and higher) excited determinants
(2)

also do not contribute to E;~ because of the two-particle nature of V. The effect of H,

operating on \I'%b is

\I'ab ( (i +€j —€q — 5b)) |\Ilfjb) (3.129a)

— EO|ws) (3.129h)

This result will be used in the denominator of equation 3.127. I can rewrite the Moller-

Plesset second-order correction to the energy as;

occ wvirt
(U v
E(2 Z Z 0| Zr<s TS ‘ >| (3.130&)
€ +Ej — €y —Ep
1<j a<b

occ virt

b)|
)y i L] (3.130b)
Ei+eEj—€q—¢€p

1<j a<b

The explicit expression for the total MP2 energy is given by equations 3.126 and 3.130;

Eyps = B + BV + B (3.131a)
— Epr + ES? (3.131b)

The third and forth order corrections can also be made in a similar but more complicated

way.
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3.5 Coupled-Cluster Theory

The coupled-cluster method is the most successful method used to describe the many-
electron molecular wave functions accurately. It starts from a single determinant refer-
ence function and recovers large fraction of the correlation energy and providing accurate
correction to the Hartree-Fock description. This method can be applied to systems with

few tens of atoms which are dominated by a single electronic configuration.

The coupled-cluster wave function. In the independent-particle model, the wave
function for the motion of non-interacting fermions, which corresponds to a product of

T

creation operators a; working on the vacuum state |vac), is described by Slater deter-

minant of occupied spin orbitals ¢ = 1, V.
N
r) =[] aflvac) (3.132)

If two interacting electron are occupying the spin orbitals ¢ and j, then their motion
will be impeded by their instantaneous interactions. As a result, the electrons will get
excited to different sets of virtual spin orbitals ¢ and b and the process may be described

as
aja;r- — aja} + Zt%%ial (3.133)
a>b
where tfjl? are the so called amplitudes. The right hand side of the equation 3.133 is named
a two electron cluster (a pair cluster). The “correlation process” of these electrons is
described by operator:
78— qf aiaZaj (3.134)

with a;’s as the annihilating operators and one can assume that ¢ and j are unoccupied

in vacuum state |vac) and write the pair-cluster ij as;

[H (1 + tff]b Z‘;b)] ajayvac) =a, aT]vac )+ Z tf]b La”vac (3.135)

a>b a>b

ab ~ab
ij ZJ

equation 3.135 for all pairs of occupied spin orbitals, then one can show that the expres-

using the relation ¢¢ = 0. If I allow each pair of electrons to interact and rewrite

sion for pair-correlated electronic state is:

\CCD>:[ [T (1+ep)

a>b,i>j

P r) (3.136)

Note that all %Z-ajb commute with each other and the above expression is known as the
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coupled-cluster doubles (CCD) wave function in which only double excitations are al-
lowed. The pair clusters account for the majority of the contributions to the description
of the correlated motion of interacting electrons. This is due to the fact that the corre-
lation motion of electrons is important for electrons that are close to each other and at
most two electron may coincide in space. The accurate description can be obtained by

considering clusters of all sizes:

fabe — ol guafajalag - = %, (3.137)

and the generalised coupled-cluster wave function is expressed as:

1CC) = H(l +tm) 1y 5 (3.138)
o
The spin-orbital excitation operators satisfy the relation 7' = 0, thus the correlating

operators may be written as exponentials of the excitation operators.

1+ t,7, = el (3.139)
thus, the coupled-cluster function 3.138 can be rewritten as;

0C) = eT|@pr) (3.140)

where excitation operator T= > u t,, 7, and the expression 3.140 is known as the expo-

nential ansatz. 1 may rewrite the excitation operator as a linear combination of single,

double, triples, ... ,excitations up to IN—fold excitations for N electron system.
T=Ty+To+T5+ - +Tn (3.141)
where
occ virt
=> ) tlala; =) tirf (3.142)
) a at
occ virt 1
b b_ab
=2 thalaiaja; = 7Dt (3.143)
i>j a>b aibj

occe virt

Ty = Z Z ts ka alabaja ap = Z tfjb,g ;;l;f (3.144)

1>j5>ka>b>c azbjck:
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etc. with the coefficients ¢, t%b,tgjblg, ... as the amplitudes. The exponential operator

can be expressed as a Taylor’s expansion

> TN
; T
T _
= (3.145)
N=0
g fa i ey Ly (3.146)
B 2 3! 4! ‘
=1+ N+ T+ T+ )+ T+ T+ T+ + (T + T+ T+ )3+

(3.147)

therefore, I can gather similar orders of excitation and rewrite the equation as;

T =1+7 + (o + %Tf) + (T +TyTy + %T}")+

<T4 + %TZ? + %TETQ + 11T + iT{‘) +-o (3.148)
Note that there is only one way to generate single excited determinant, Tl, but two
ways to generate double excitations. Either through generation of pure double excited
determinant, TQ or generation of two successive single excitations, T1T1 = Tf The Tz
is the connected cluster whereas the two successive single excitations T 1T1 =T 12 are the
disconnected clusters. Similarly, there are three triply excited determinants that can be
generated. One may be through single pure triple, Tg, or through single and double,
TlTQ = Tg, or through generation of three singles, T1T1T1 = Tf’ The pure triple Tg is
the connected cluster whereas Zf’lffb = Tg and T1T1T1 = Tlg are the disconnected clusters.
I can relate the coupled-cluster method to the Configuration Interaction (CI) method

and write the lowest-order configuration operators for each classes of excitation as;

Co=1 zero excitations (3.149a)
CL=T single excitations (3.149Db)
A ~ 1.

Co=Tr+ §T12 double excitations (3.149¢)
. 1.

Cs =T34+ 1117 + ng’ triple excitations (3.1494)

A . PR 1,4 1,ag. 1.
Cy =Ty +TT3+ §T22 + §T12T2 + ﬂTf‘ four fold excitations (3.149¢)

and so on where the operators C; pertain to the CI method. The generalised coupled-

cluster exponential operator can now be written in terms of CI operators as;

6T260+01+02+03+é4+-~' (3.150)
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The above exact coupled-cluster wave function satisfies the Schrodinger equation
Hexp(T)|®ur) = Eexp(T)|®ur) (3.151)

for a given orbital basis but the truncated wave function cannot satisfy this equation
exactly. Firstly, the coupled-cluster wave function is being optimised and the optimised
wave function that satisfies the above equation is projected onto the Hartree-Fock state
and onto the excited manifold (u| = (P HF]T,I I then get the following set of coupled-

cluster equations, the energy and the amplitudes, respectively;[88]

(Prr|Hexp(T)|®nr) = E (3.152)
(u|H exp(T|®prr) = E(p| exp(T)|®rr) (3.153)

The most convenient way of expressing the projected coupled-cluster equations is to

multiply the above Schrédinger equation 3.151 by the operator exp(—7') from the left
exp(=T)H exp(T)|®pr) = E|®yr) (3.154)

and then project the resulting equation 3.154 against the same determinants used in
above equations 3.152/3.153 to get the following equations for coupled-cluster energy

and amplitudes, respectively.

(@ p|exp(=T)H exp(T)|®yr) = E (3.155)
(pl exp(=T)H exp(T)|®pr) = 0 (3.156)

The non-Hermitian similarity-transformed Hamiltonian[88] HT = exp(=TH exp(T') op-
erator (from equation 3.154) can be expanded in terms of the commutators and yield
no higher than the quartic in the amplitudes

. 1 . .

exp(—T)I:Iexp(T):H—I—[I:I,T]—i-f[[f{,jﬂ],jj]—i-f[[[ ) ]aTvT]

—

A~

+ gl

3,

1,7),7),17] (3.157)

and the resulting projected amplitudes from equation 3.156 will yield at most quartic
equations in the cluster amplitudes. This termination of the expansion is due to the
special structure of the singles (equation 3.142) and doubles (equation 3.143) which
are linear combinations of commuting excitation operators. The expressions for the

Coupled-Cluster Singles and Double (CCSD) amplitudes equations[88](pp. 661) are as
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follows;

2

(| H|®gp) + (u|[H, )| g r) + (m|[H, T]|Pmr) + 1<l¢1|[[fAJ[a7A11]a T1)|®pr)
+ (|[[H, 1], T5]| @ r) + éwlm[ﬁaTl]aT1]aT1]’q)HF> =0 (3.158)

(2| HI®prp) + (pa|[H, Th]|gr) + (ol [H, To] | @)
1

+ §(u2![[f1,T1],T1H<I>HF> + (ol [, T4, To]| 1)

+ 5l Ba), Bll®r) + SOl T3, T, Tl @)

(p2([[H, Th], 1], T5) | Prr) + i(#z![[[[ﬁ,Tl],Tl],Tl],T1]!¢HF> =0 (3.159)

N |

_|_

The Coupled-Cluster Energies. The coupled-cluster energy is obtained from the
Schrodinger equation. Here I start by subtracting the Hartree-Fock energy from the

Schrodinger equation (on both sides) and the equation reads;
(H — Eyp)¥ = (E — Egr)¥, (3.160)

where my intermediate normalised full CI wave function looks like

[Wo) = @) + Y Copl®i) + > Copnil b+ (3.161)
a<b a<b<c<d
r<s r<s<t<u

I can now define the new Hamiltonian H N = H— FEyr and the correlation energy as

AFE = F — Egp and then the new equation becomes;
HyUo = AEY, (3.162)

If I substitute the coupled-cluster ansatz for the wave-function, multiply the equation

with Hartree-Fock determinant on both sides and integrate the equation, I simply get;

(@pp|Hn|(Co+CL4+Co+Cs+Cy+ - )Ppp) =
AE(@pp|(Co+Cr+Co+C5+Cy+---)pr) (3.163)



Chapter 3. Molecular Orbital Theory 72

The Brillouins theorem requires (@ HF|fI N|C'1¢ gr) = 0 and also taking into account

the above definitions of Hy ,and Frp, I can rewrite the equation as;

AE = (Dp|Hy|Co®pr)

1.
= <(I)HF’HN’(T2 + §T12)CI)HF> (3.164)

I can expand T and 75 in equation 3.164 using equations 3.142 and 3.143;

occ virt

Doy =Y Y o (3.165)
i>j5 a>b

occ virt occ virt occ virt occ virt

TPOpp =T1 ) Y BB =YD 10l => "3 8> > o (3.166)
i a A a 7 a J b

I then eliminate the unrestricted summations on equation 3.166 and use the symmetry

of the doubly excited determinant, @%b = —@?f = —@fj‘»‘ = @?? and obtain;
occ virt
TP0pp =2 > (L) — t0t9)0f (3.167)
i>7 a>b

Substitution of equations 3.165 and 3.167 into equation 3.164 leads to;

occ wvirt occ wvirt
AE = (dyp|Hy| (Z I ESYNY (t“tb — e cI»“b)) ) (3.168a)

>3 a>b >3 a>b
occ virt
= (Pur|Hn > D (t“” + 1 — tbt“) Dby (3.168b)
i>7 a>b
occ virt
-3y (t“b + 104 — tbt“> (ial|jb) (3.168¢)
>3 a>b

Thus, the coupled-cluster energy is given by Foc = Epgp + AFE with the integral ex-

pressed as;

(ial|jb) = /dT(l)dT(2)¢Z‘(1)¢Z(2)9(172)(1 — Pra); (1)1(2) (3.169)

Note that only the singles and doubles excitation amplitudes contributes directly to
the coupled cluster energy whereas the higher-order excitation amplitude contribute
indirectly irrespective of the truncation level of the cluster operator. Therefore, majority
of the coupled-cluster energy is from the singles and doubles. The important special case
of the coupled-cluster theory- the coupled-cluster singles and doubles (CCSD)
model will be studied in more details in the next section and significant number of

calculations in this dissertation were performed at this level.
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3.5.1 The closed-shell CCSD model

In this model, the cluster operator is restricted to contain only the singles and doubles
operators of singlet symmetry. The singles and doubles amplitudes contribute a lot to
the total coupled-cluster energy and the doubles amplitudes contribute significantly over
the singles amplitudes but the singles are important for the description of the molecular

properties.

The singlet CCSD state is generated from the closed-shell Hartree-Fock state by applying
the exponential cluster operator and the terms that transform as singlet in Ty and T

are retained in the cluster operator:
10C) = T 412 |3y 1) (3.170)

The singlet cluster operators should satisfy the spin tensors as defined below and this

will impose constraints on the singles and doubles cluster amplitudes.

[S.,T;] =0 (3.171)
[S+, T3] =0 (3.172)

Let us deal with operator T by substituting equation 3.142 into equation 3.171 to get

the following requirement

Zt‘“’ ., al, ai] (3.173a)
- Z t ( 2, @ (lo’ a’LT + alo—[gz, aif]) (3173b)
=Y (o -7t a; =0 (3.173c)

aoiT

here o and 7 run over —% and % To satisfy the above equality condition, ¢ must be
equal to 7. The other requirement is obtained from substitution of the same equation

(eqn 3.142) into equation 3.172 to get two sets of equations.

(S, Ta) = (48 — 18 af 4ais = 0 (3.174)

at

[S_, 1) = (t8e — 37)a] sai0 = 0 (3.175)

at

here o and 8 amplitude must be identical to satisfy the above equalities. I can write

the final form of the single cluster operator as a linearly independent combination of the
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singlet one-electron excitation operators, Fg;;

— Z t9 By (3.176)
ai

where F,; = alaam + alﬁaiﬂ is the singlet one-electron excitation operator. I can follow
the same procedure outlined above to determine the singlet doubles operator T using

the above requirements and it should also satisfy the symmetry relation t“b = t?f, thus:

T 1 ab
Ty=5 ) 18 Euibly (3.177)

abij

The CCSD Energies. The coupled-cluster electronic energy is calculated from equa-
tion 3.155
Ecc = (®grple  THeT |®yr) (3.178)

and for the CCSD electronic energy, the above equation 3.178 can be rewritten in the

form of commutator expansion (equation 3.157)
Eccsp = Enr + 5 <(I)HFH[H T, )| @mr) + (Pur|[H, To]| @) (3.179)

I will deal with the last two terms (the correlation corrections from the singles and
doubles). T can now substitute the CCSD operators defined by equations 3.176 and
3.177 in the expression 3.179 and obtain

Eccsp = Enr + 5 Z t3t5( @y p|[[H, Eas), Eys)|®rr)+
azbj

th (Opp|[H, Ei Eyj)|®rr)  (3.180)

aibj

which can be rewritten as;
1 .
Ecosp = Enr + 5 > (88 + 85 (@ pp|[[H, B, Evj||®mr) (3.181)
aibj

where I have used the following commutator relations for the doubles and higher order
excitations;
(@rr|H, EaiByj)|®rr) = (Purl[[H, Eail, Evl|@mr) (3.182)
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3.5.2 The CCSD(T) model

I have seen from the previous sections that the CCSD wave function is corrected to the
second order in 77 and Th. The CCSD(T) method consists of, in addition to the CCSD
energies, the corrections from non-iterative fourth order connected triples. Therefore, 1

can express the CCSD(T) energy as;

where AECCSD(T) i the CCSD(T) correction to the CCSD energy expressed as;[88](pp
793)
AECCSPM) — (7](&,* V]| ® g ) (3.184)

and these triples T3(2) correspond to the second-order amplitudes generated from CCSD
amplitudes and those amplitudes in (¢] are also the CCSD amplitudes defined by the

following equations;[94]

t|_Zt“< (+ 3 < (3.185)
abl]

|Z):Zt?i> Zt > (3.186)
ai abzg

Note that the bra and the ket amplitudes are not identical because of the biorthogonal
representation. I can deduce this two relations, t¢ = 2t¢ and t_%b = 4t§’;’ — Qt%’ for the
CCSD(T) amplitudes and then rewrite the CCSD(T) correction as;[88] (pp. 794)

1
AECCSD(T Z ta< ’ T(2 ‘(I)HF> > Z tab<
abij

@ TP enr) (387

where the triples amplitudes *T 352) of the CCSD(T) calculation are also explained well
from ref[88].

3.6 Density Functional Theory

Electronic wave functions for N —electron depend on the 4N coordinates. The singlet
wave function has a form of Slater determinant that depends on N —spin orbitals and has
N! terms. The correlated wave functions for medium size molecules (~ 10 atoms) and
reasonable basis set (aug-cc-pVnZ family) can easily require millions of determinants.
There is need for an alternate formulation of electronic structure theory that would not

lead to these computationally cumbersome wave functions.
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The electronic Hamiltonian operator give us the information about the positions of the
nuclei, their atomic numbers and the total number of electrons. The total number of
electrons gives us information about the key variable, the electron density p, which can
be obtained by integrating |¥|? over all electronic coordinates r except for one in which

the integral is summed over its spin coordinate o;

p(r) = /dedTg dry|U(r,01,79,09, - TN, oN)|? (3.188)

11
2°2

From this definition, p(r) is independent of the label of the electron omitted from the
integral therefore the integral of the electron density over all space return the total

number of electrons N,
N = / p(r)d>r (3.189)

This is a 3 dimensional integral, with variables x, ¢, and z, the result of integration is the
total number of electrons. DFT calculations are centralised around the electron density.
This is more advantageous over the wave function methods because the dimensionality is
reduced to 3D regardless of the number of electrons in the system, therefore, calculations

can be performed on large systems.

Thomas-Fermi approach. The idea of determining energy using purely electron
density was first illustrated by Thomas and Fermi in 1920s. In their model (Thomas-
Fermi Model),[95] the kinetic energy term of the electrons T, defined in equation 3.9/3.36

was made to depend exclusively on the electron density.

Tlp) = Cp/p5/3(r)dr, with ~ Cp = %(27r2)2/3 = 2.871 (3.190)

The last two terms of equation 3.34, the electron-nucleus and the electron-electron inter-
actions were also written in terms of electron density and the total energy of the system

was defined as

E[p]:C'F/p5/3(7’)d Z’O dr+ = // ‘Tl_m' Pr)pra) 4 gy, (3.191)

Hohenberg-Kohn Theorem. The fundamentals of the density functional theory were
validated in 1964 by Hohenberg and Kohn (Hohenberg-Kohn(HK))[96] in which the
electronic Hamiltonian was expressed as a functional of electronic density p(r) based
on two key theorems; The first theorem demonstrated that one can obtain external po-
tential v(r) from the electronic density and then the Hamiltonian can be expressed as
a functional of electronic density. There is an agreement between the external poten-
tial and the electronic density and the electronic density and electronic wave function

U(r) can be used interchangeably to give a full description of the system. The second



Chapter 3. Molecular Orbital Theory 77

theorem demonstrated how the ground state electronic energy/density can be obtained

variationally for a given external potential and a number of electrons.
Eu(p) > Eu(po) = Fo (3.192)

Consider a system of electrons enclosed in a box subjected to a known external potential
v(r) with the ground state electron density po(r) and electronic energy Fy. If there is
another external potential v/(r) different from v(r) that can give the same ground state
electron density po(r), then the Hamiltonian H and H’ must differ, so is the normalised
wave function W and W’ for these two states. Then, the energy of these states respectively,

are given by;
Eo < (W'[H|Y') = (V'|H'|V) + (V'|H — H'|Y)
= Ey+ /p(r)[v(r) —'(r))dr (3.193)
and

Ey < (| H'|W) = (V[ H|Y) + (V| 7"~ H|P)

= Fy— /p(r) [v(r) — o' (r)]dr (3.194)

Summing up equation 3.193 and 3.194 yield contradicting equation, Fy+ E| < E{,+ Ep,
demonstrating non-existence of two different external potentials that can yield the same
electronic density p(r). Then, for any given external potential v(r), the electronic energy

E, can be expressed as a functional of electron density p(r).

Ey[p(r)] = Tp(r)] + Vaelp(r)] + Veelp(r)]

N /P(T)v(r)dr + Frxp(r)] (3.195)

where T[p(r)] is the kinetic energy of the many electron system, Ve.[p(r)] is the electron-
electron interaction energy where their sum gives Frx[p(r)], the universal functional
of charge density p(r). Fpx is independent from any external potential v(r). The
interaction of electron density with the external potential are accounted in the integral.
If a system is described by a ground state wave function ¥, and electron density p(r),
then the external potential v(r) is uniquely being determined by p(r). For any different

wave function U’ and its related electron density p/(r), the energy is expressed as;

Elp/(r)] = /PI(T)U(T)dT + Fuklp'(r)] > E[p(r)] (3.196)

Thus, from the second Hohenberg-Kohn theorem, the ground state electron density can
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be found by using the variational principle, Ey[po] < Ey[p], and the minimum energy

can be obtained only from the exact ground-state electron density.

Kohn-Sham formalism. Improvements of Thomas-Fermi model came in 1965 by
Kohn and Sham[97] where they described the kinetic energy of the system as if the
electrons were not interacting and moving in an effective potential. In Kohn-Sham
formalism, the universal functional of charge density Fr|[p(r)] is written as the sum
of the kinetic energy of non-interacting electrons T, the Hartree energy Epy and the
exchange and correlation energy FE.. which account for all the many-body quantum

effects. From equations 3.195/3.196,

Elp(r)] = / p(r)o(r)dr + Fargc|p(r)
- / p(r)o(r)dr + Talo(r)] + Exlp(r)] + Eaclp(r)]

_ / (Yo (r)dr + Tylp(r)] + % / ’mdrdr' FElp(r)]  (3.197)

The kinetic energy T does not give a correct description for a system with interacting
particles, hence the wave functions used are not true wave functions but the Pseudo-

functions, the Kohn-Sham orbitals.

T = (WlT00) = —3 S (619%) = 3 3 [a(0V0tar (3198)

i

Therefore, I can minimise the above energy functional, equation 3.197, and require the

variation in total energy 6 E[p(r)] with respect to the variation of the spin-orbitals d¢;

5:;; <E[p('f’)] — & [/ p(r)dr — N]) =0 (3.199)

The integral minus N, [ p(r)dr — N, is the normalisation constraint on p(r) with ¢; as

to be zero.

the Lagrange multipliers. Here, the non-interacting electrons are moving in an effective

potential v r¢ which depends solely on the electron density p(r),

v _ S p(r)o(r)dr + Blp(r)] + Euelp(r)]}
A op(r)

= u(r) + / P40t 4 ) (3.200)

=7

with v, defined as,

Vge(T) = (3.201)
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One obtains a system of equations analogous to the Hartree-Fock equations, the one-

electron Schrodinger like equations central to the Kohn-Sham DFT.

12 /0(7“/) 4o (r o(r ) = e
2V +/Ir—md + e (r) + 0(r) | ¢i(r) = eigi(r) (3.202)

5V 4 Vegy [ i) = i) (3.208)

with the electron density related to the Kohn-Sham orbitals through

N
p(r) = loil? (3.204)
=1

with the €}s as the Kohn-sham one-electron orbital energies and the equation has to
be solved iteratively. The total energy of the system can be found from the resulting
density through substitution of equation 3.198 into equation 3.197 and the —%V%ﬁi term

is from equation 3.202.

Bl =3 [ 610) [ - [ = vt - v<r>] i(r)ar
+/p(r)v(r)dr+;//p|(:)pg|,)drdr’+Exc[p(r)] (3.205)

which simplifies to

N /
Elp(r)] = ZE,’ — /p(?“)vxc(r)dr - % / / Wdrdr' + Exc[p(r)] (3.206)

These are the Kohn-Sham equations, 3.200, 3.203 and 3.206 which must be solved it-
eratively, with /s in equation 3.206 as the lowest eigenvalues. The procedure is as
follows;

1. Obtain an initial guess of electron density

2. Construct the effective potential Vs from equation 3.200

3. Obtain Kohn-Sham orbitals from equation 3.203 using this Ve

4. Obtain new electron density from equation 3.204

5. Calculate the enrgy using this new electron density from equation 3.206

6. Check for convergence. Determine if the new electron density in step 4 is the same
as the electron density from the previous step or within a specified criterion. If

not converged, then return to step (2) with the new electron density
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7. If converged, use the last electron density and the energy as the final calculated

parameters

3.6.1 The exchange correlation functional

Early approximations to the exchange-correlation functional were derived from the ho-
mogeneous electron gas (HEG) model.[97] In this model, N interacting electrons were
placed in space volume V' with positively charged background to neutralise the system.
The electron density p = N/V was sampled by varying both N and V to infinity, keeping
p finite. The exchange-correlation energy functional is a function of electronic density at
each point in space. The energy value of this functional depend solely upon the value of
the local density where the functional is evaluated, hence the approximation is termed
the local density approximation (LDA). This exchange-correlation energy functional is
not a functional of the derivatives of the density or the Kohn-Sham orbitals and it can

be decomposed into exchange F, and correlation E. terms linearly.’
E..=FE.+ F, (3.207)

The general expression for the exchange-correlation energy for spin unpolarised system

is written as,

EEPAlp) = [ pr)zaclp)ir (3.208)

and for the local spin density approximation (LSDA) as;

LSDA 3/6\"° ay4/3 8\4/3
ELSPA _ _2(2 (P°)¥3 + (o°)Y* | dr (3.200)

The commonly used LDA exchange energy functional include Vosko-Wilk-Nusair (VWN),
Perdew-Zunger (PZ81), Cole-Perdew (CP), Perdew-Wang (PW92) etc and they will not

be discussed in this dissertation.

The other class of approximations to the exchange-correlation energy functional is the
generalised gradient approximations (GGA). This approximation is considered to be
an upgrade to the LDA. In addition to the electron density in the LDA, it also uses
the gradient of the electron density to correct the variation of the electron density
with variation of positions. The expression for the GGA exchange-correlation energy

functional is as follows,
EGEA =BG p(r), Vp(r)) (3.210)
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The GGA exchange-correlation energy functional can also be decomposed into the ex-

change part, EEGA and the correlation part, ECGGA;
Egt = BJ9M + B4 (3.211)

Here I have Perdew-Wang (PW86),[98] Becke (B88),[99] Lee-Yang-Parr (LYP),[100]
Perdew-Burke-Ernzerhof (PBE),[101] etc. functionals.

The development of density functionals is still ongoing because more and more differ-
ent DFT problems have to be addressed.[102-108] Some problems includes studies of
the systems where dispersion interactions are important[102-105]. In some cases, in-
correct descriptions for the transition metal oxides have been observed.[106-108] New
functionals[109, 110] have been developed to address this problems and they are termed
meta GGA functionals. This meta-GGA functionals depends on, in addition to the p

and Vp, the kinetic energy density 7 or V2p, where 7 is expressed as;

occ

T= % > [Vl (3.212)

New better performing functionals which mix Hartree-Fock exact exchange into pure
GGA and meta GA functioanls were developed and they were named hybrids functionals.
Their improved performance is due to the nonlocality of the exact exchange. Examples
include B3LYP,[100, 111-113] MO6-L,[114] M06-2X,[110] etc. In this dissertation, I
will only briefly discuss the B3LYP functional because it was extensively used for the
screening purposes. This functional has been extensively tested and seemed to perform
very well in many cases. The expression of the B3LYP exchange-correlation functional

is as follows;
EBYP — (1 —ag — a,) EFSPA 4 o BHF + 0, EP® + (1 —a ) EYVN 40 ELYF (3.213)

with constants ag = 0.20, a, = 0.72 and a. = 0.81 obtained by parameter fitting to the

experimental molecular atomisation energies.

3.7 Correlation consistent basis sets

In this dissertation, I will only discuss the correlated consistent family of basis sets de-
veloped by Dunning and co-workers[115] purposely for recovering the correlation energy
of a chemical system and accomplish the convergence of the electronic energies by ex-
trapolation to the complete basis set (CBS) limit. The design of these basis sets were

based on previous work by Almléf and Taylor[116] and by Jankowski et al[117].
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Almlof and Taylor efficiently recovered the correlation energy of the system by truncating

set of atomic natural orbitals as basis functions.

Jankowski et al performed high-level correlated calculations on fluoride and analysed the
effects of adding polarisation functions to the basis sets. They added even-tempered sets
of s and p polarisation functions and optimised the parameters of each set with each
additional functions added. The exponents of these basis functions were determined

through:
Qg

q"’

with ag being the smallest exponent of the s— or p—functions in the basis set and ¢ is

n=12.. (3.214)

Qy =

the geometric progression constant. In their analysis, they figured that certain sets of
functions recovered roughly equal amounts of correlation energy and devised a truncation
scheme which allowed addition of groups of functions which recovered similar amounts

of the correlation energy.

Then Dunning generalised their ideas and performed correlation calculations in order
to optimise the even-tempered sets of polarisation functions.[115] He started with oxy-
gen atom but constrained 1s—orbitals to double occupancy because they were unable
to correlated with valence electrons. Dunning adopted Jankowski’s scheme and started
grouping these functions. At each grouping stage, one function of the next highest an-
gular momentum is added to the existing set to form a new sets of basis functions. For
example, 4s3p2d is superseded by 5s4p3d2f which is then replaced by 6s5p4d3 f2g. This
ensured that the correlation energy is recovered consistently at each stage as all the func-
tions contribute roughly equally, so is the name correlation consistent basis sets. These
basis sets were labelled ” N —tuple zeta” where N is the cardinal number representing
both the maximum value of [ in the set and the number of sets of Gaussians per valence
orbital. The cardinal number is well represented as N=D,T,Q,5,6,- - - (”double-, triple-,
---7 ) zeta and Dunning’s first and second row basis sets were named cc-pVINZ.[118—
120] The ’cc-p’, stands for ’correlation-consistent polarized’ and the "V’ indicates they
are valence-only basis sets as noted earlier. The basis sets constructed later included
'tight’ functions which were optimised while allowing core-valence correlation. These

basis sets were named the Core-Valence; cc-pCVNZ.[120]

Studies of the dipole-bound anions, Rydberg states require basis set with extra diffuse
functions because they often involve more diffuse orbitals. The calculations require
functions with small exponents to correctly describe these systems. From the cc-pVDZ
basis sets described above, Dunning and co-workers extended them by adding single
Gaussian function of each symmetry and optimised its exponent. These type of basis sets
were named ’augmented-cc-pVDZ.[121] The augmented correlation-consistent basis

sets used in the remaining chapters of this dissertation are listed in table 3.1. Although
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Contracted functions

Basis set First row elements Hydrogen atom
aug-cc-pVDZ 4s, 3p, 2d 3s, 2p
aug-cc-pVTZ 5s, 4p, 3d, 2f 4s, 3p, 2d

aug-cc-pVQZ  6s, 5p, 4d 3f, 2¢g 5s, 4p, 3d, 2f

TABLE 3.1: Composition of some common correlated consistent basis sets

these basis sets are incomplete, one may add extra diffuse functions with low exponents.
These exponents should form an even-tempered set of basis functions calculated from
equation 3.214 with o as the minimum exponent from the standard basis set which

undergoes geometric progression.[122]

FExtrapolation to the complete basis set limit. The systematic convergence of
Dunning’s basis sets to the CBS limit suggests an empirical extrapolation techniques. At
the CBS limit, the cardinal number N is infinity. Many suggestions about extrapolations
were formulated.[123, 124] The Helgaker[123] formulations were based on extrapolating
the Hartree-Fock energy and the correlation energy. In principle, the extrapolation of
the Hartree-Fock energy can be achieved easily as a finite number of basis functions
could describe the single-determinant Hartree-Fock wave function but the correlated
calculations require arbitrary large basis.[123] The three-point extrapolation scheme
applied to the Hartree-Fock and correlated calculation from this paper complied with

Feller’s suggestions.[124] Their extrapolation model is as follows;
EF = BAE 4+ Be AN (3.215)

with E]{,IF as the energy calculated with the N —tuple zeta basis set, Eg g g as the Hartree-

Fock energy at the complete CBS limit whereas A and B are fitting parameters.

The correlation energy with respect to the basis set size has the form[123]
BT = E¥e + AN—3 (3.216)

The above two formulations, Bachorz et al proposed the expressions for the Hartree-Fock

energy
En_9EN — E3_
Effs = -1 3.217
“BS ™ En_s—2EN_1+ En ( )
and correlated energy
En_1(N —1)3 — EyN3
By = 2V = 7 - By (3.218)

(N 1) — N3

at the basis set limit.[125]
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Basis-set superposition error

As mentioned earlier, the localised basis set are incomplete. The problem become signifi-
cant when dealing with molecular complexes. Suppose I wish to calculate the interaction
energy between monomer X and monomer Y. The interaction energy FE;,; is usually
calculated (using the supermolecular calculation) as the difference between the energy
of the complex Exy(G) at any optimal geometry G and the sum of the energies of the

MONOMmers;

Eint = EXy(G) — (Ex(Gx) + Ey(Gy)) (3.219)
— Exy(G) — Ex(Gx) — Ey(Gy) (3.220)

Ex(Gx) and Ey(Gy) are the energies of the monomer X and Y at their optimal ge-
ometries Gx and Gy, respectively, on the monomer complete basis set (MCBS). This
might look obvious at first glance. Let us consider the situation when operating in the
basis set approximation. The monomer X has a set of basis function ||X), and Y has

set of basis functions ||Y'), and the dimer has both sets of functions || X +Y).
Eini = Exy (G| X +Y) — Ex(Gx||X) — Ey(Gy|]Y) (3.221)

Here the dimer energy Exy (G| X +Y) is calculated using a different and larger set of
basis functions || X +Y') than the energies of the monomers, Fx (G x| X) and Ey (Gy||Y).
In addition, in the dimer, the monomer X can benefit from the basis functions ||Y) of
the monomer Y and vice-versa. As a result, their energies are lowered in the dimer.
However, in the monomer energy calculation, the monomer X has only access to its own
set of basis function [|X), so is monomer Y. The artificial lowering of the dimer energy
with respect to the monomers is termed ”the basis set superposition error, BSSE”.[89]
The overlap of the set of basis function ||Y) with the set of basis function ||X) depends
on the intermolecular distance between the monomers, X and Y in the dimer. If the
monomer X is so close to the monomer Y such that their set of basis functions overlap,
then monomer X will benefit from the set of basis function ||Y) of the monomer Y and
the more the closer the monomer X is, to the monomer Y, the more the overlap and the
more the BSSE. In short, the magnitude of the BSSE is dependent on the intermolecular

distance.

The counterpoise correction to the basis set superposition error. So, let us

estimate the energy of the dimer Fxy (G) at any geometry G using monomer energies;

Exy(G) = Ex(Gx) + Ey(Gy) + E¥'(G) + E{*(G) + B3 (G) (3.222)
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where E¥(G) and E{¥(G) are the interaction energies of one-body term 1bt in the

dimer complete basis set calculated as
Ei'(G) = Ew(G) — Ew(Gw) (3.223)

with Ey (G) as the energy of the monomer W at its optimal geometry G in the dimer
complete basis set (DCBS) and Ew (Gw) as the energies of the monomer W at its
optimal geometry on the MCBS. E?@(G) is the interaction energy of the two-body
term 2bt in the DCBS calculated as; Energy of two-body term;

E¥(G) = Exy(G) — Ex(G) — Ey(G) (3.224)
The Eg(bf/(G) term has to be counterpoise corrected. The Boys and Bernardi prescription;[234]
E%®. = Exy(G|X +Y) — Ex(G||X +Y) — Ey(G|| X +Y) (3.225)
and the counterpoise corrected total dimer energies are given by;

ESy = Exy(G|X 4+Y) + Ex(G|X) — Ex(G||X +Y) + Ey(GY) — Ey(G||X +Y)
(3.226)

= Exy(G||X +Y) — BSSEx(G) — BSSEy(G) (3.227)

Here the basis set superposition error (BSSE) is defined as the energy of the monomer

due to the presence of ”ghost” basis functions.

BSSEx(G) = Ex(G|X +Y) — Ex(G| X) (3.228)
BSSEy(G) = Ey (G| X +Y) — By (G||Y) (3.229)

therefore, I define the interaction energy of the two-body system as;
EY} = ESV(G) - Ex (G| X) - Ey(G||Y) (3.230)
which is exactly the same as;

E®. — Exy(G| X +Y) - Ex(G|X +Y) — Ey(G|| X +Y) (3.231)
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3.8 Statistical Thermodynamic Properties

In classical physics, a system observable is the property of the system state that can
be determined by some sequence of physical operations. Suppose I want to understand
the system having N-particles. Any observable that need to be measured, e.g. energy,
depends on the coordinates and momenta of the particles in the system. Therefore,
the observable will be a functional of momenta p(t) and positions r(¢). For example,
consider an observable A, its instantaneous value for a system having N-particles at
time t would be A[p™(t), 7V (t)]. Particles interact with each other, as a result, the value
of the observable fluctuates and what is measured would be the average value. If for
example, the time for calculations is long enough such that time ¢ approaches infinity,
then the value of the observable will approach exact average value. That is;
1 /7
Age = lim = [ AN (), 7V (t)]dt (3.232)

T—00 T t=0

For a system comprised of a very large number of particles, the calculations are not
feasible. Therefore, the average value of an observable is replaced by ensemble average.
The idea was to assume that a system is made up of several replicas, each replica
representing a possible state that the real system might be in. Then the ensemble
average would be the average of those replicas considered all at once. It is regarded as

the expectation value of the observable.
) = [ [ dp s A el ) (3233)

p[p™,rN] is the probability density in the ensemble. For a system with a fixed number
of particles, the probability density is a well known Boltzmann distribution.

e[_E(pv"’)/kBT}
p(p,7) = — 0 (3.234)

where E is the energy, kp is the Boltzmann’s constant, 7" is the system’s temperature
and @ is the partition function. For a system having a constant number of particles,

N, volume, V, and temperature,T’, (the canonical ensemble), the partition function is

_ 1 1 N ;. N H(pN7rN)

expressed as,

(3.235)

N! is due to indistinguishability of the particles. H is the Hamiltonian function, which

is the total energy of the system. It is equal to the sum of the kinetic energy, Z(p), and
the potential energy, V (r).

H(pN,rN) =2(p") + V(") (3.236)
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There are several observables that can be determined by a computer simulation under
different ensembles (e.g. canonical, microcanonical, grandcanonical, isothermal-isobaric
ensemble etc.). One way to quantify these observables is by comparison with the experi-
mental data. Internal energy is the observable that is mostly determined in order to get
information about the system. The values that are usually obtained during the course

of the simulations are ensemble averages;

M
(E) = % > E (3.237)
=1

The other observable that is also determined most frequently, is the simulation tem-

perature, T'. It is directly related to the kinetic energy of the system by the following

expression ;
3N 3N 9
—/ N m;v; - U, Pi kBT
= = _— = — = —(3N — N, 3.238
W) =3 I =3 g = TN N (3.235)

where m; is the mass of particle ¢ and N, is the number of constraints on the system.
Kinetic energy depends only on the momentum of the particles. It can also be argued
that it depends on the velocities of the particles, v; = p;/m;. Pressure is another
observable. I am not going to show the derivation of the gas laws but it is related to
the system’s kinetic energy or temperature by the following expression for perfect gas;

PV = NEkgT. The equation is slightly modified for real gases.

Here I discuss the most important equations in thermodynamics. These are based on a
non-interacting system of particles applicable only to ideal gas. The reason being that
my discussions in chapter 5 onwards are based on the calculations performed in the gas
phase conditions. The observables that I am interested in are the contributions to the
entropy, energy and heat capacity resulting from translational, electronic, rotational and

vibrational motions.

For a system of identical, indistinguishable particles, the number of available molecular
states is much greater than the number of particles with its canonical partition function

Q(N,V,T) given by;
[a(V, 1)

QIN.V.T) = 2

(3.239)

which simplifies a many-body problem to a one-body problem and ¢(V,T") is the molec-
ular partition function. Let us consider an ideal gas which can undergo translational,
rotational, vibrational, electronic and nuclear degrees of freedom. Each degrees of free-
dom can be treated as separate quantity to a very good approximation, if I use the rigid

rotor-harmonic oscillator approximation, therefore I can write the Hamiltonian as sum
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of independent terms.

q(v7 T) — Zeij/kBT — Z 67(6¢+6j+6k+...)/k’BT (3240)
J i,5,k,...

where E; are the energy states of N—body problem. In this case, the N—body energy
is Fjjk,. =& +¢&j+ep+---. From the fact that the electronic and nuclear degrees
of freedom can be written separately, that is, H = ﬁt + ﬁr + ]—L + er + ﬁn, with
subscripts t,r,v,e and n for translation, rotation, vibration, electronic and nuclear,
respectively. This implies that the total energy is the sum of the contributions of each

energy component, € = €; + €, + €, + € + €,. S0, from equation 3.240, I have;

q(V,T) = 4:9rqvqeqn (3.241)

Each contribution will be studied in the next section in the context of entropy, energy

and the heat capacity. The entropy contributions S is calculated from[126]

_ q(V,T) dlng
S = Nkg+ Nkp IH<N + NkpT a7 y (3.242)

In Gaussian electronic structure code, the Nkp term is substituted with R (R = Nkp)
and the molar masses are used such that n = N/Ny4, hence N = 1 after moving the first

term in the natural log as e

S =R+ Rn(q(V, T))+RT<81T )

:}ﬂMﬂKI§)+RT<6m )

:R<ID(QthQTQv <aln ) ) (3'243)

I can also use the partition function to calculate the total energy of the system through,

dlng
_ 2
E_N@T<8T>v (3.244)

and then the heat capacity,

oF
N.V
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3.8.1 Contributions from translational motion

I will not dwell much into the derivation of the translational partition function g,, but

it is given by

2mmkgT G
T™mRpB
qr = <h2 ) -V (3.246)
for the ideal monoatomic gas and by
2(my + ma)kpT\
m(M1 + M2)Kp
Gt = < % ) % (3.247)

for the ideal diatomic gas.[127](pp. 85/93) This can be generalised to polyatomic

molecules and rewrite the translational term as;

3/2
orMkpT
Qt:<h2 ) v (3.248)

with M as the total mass of the system. The internal energy of the system from trans-

lations can be obtained by calculating the partial derivative of ¢; with respect to T,

Oln ¢ 3
( 3T >V— 5T (3.249)

From ideal gas law, PV = NRT = NLANAkBT, and V = %, equation 3.248 become,

3/2
2nMkpT kT
= . 3.250
qt ( h2 ) P ( )
Then from equations 3.243 and 3.249 I can write the translational entropy as,
St = R| In(gte) + T 3
t = at oT
= R(lng: +1+3/2) (3.251)

using Stirling’s approximation. I therefore, write the contributions due to the internal

thermal energy from translational motion as,

1
B, :NkBT?<a nq)
1%

or

3
= RT?| —
i)

= gRT (3.252)
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and the heat capacity at constant volume from equation 3.245 as,

oE;

T oT
_ gR (3.253)

C

3.8.2 Contributions from electronic motion

The electronic partition function defined by the following equation,[127](pp. 96)
Qe = woe_eo/kBT +wie  V/EBT o oe—e2/kT 4 . (3.254)

w is the degeneracy of the energy levels and the €, is the energy of the n'” level. The
electronic partition function for the ground state system (with 9 = 0 as the reference

state) with assumptions that higher energy levels are not accessible is given by;
Ge = Wo (3.255)

Therefore the entropy of the molecule due to electronic motion from equation 3.243

B Olngqe
ey

= R(Ing. +0) (3.256)

simplifies to,

The last term vanished because there is no temperature dependent terms in the partition

function.

3.8.3 Contributions from rotational motion

Molecular rotations can be categorised into linear polyatomic molecules and non-linear
polyatomic molecules. For single atom, the contributions from the rotational motion
does not depend on temperature ¢, = 1, thus the contributions to the internal energy,
heat capacity and entropy are all zero. For linear polyatomic molecules, the contributions

are given by the rotational partition function[127](pp. 133),

8n2lkgT 1 (T
ar = Tz - ;r (@r> (3.257)

with I as the moment of inertia and o as the symmetry number. The o for a polyatomic

molecule is simply the number of ways that the molecule can be rotated into itself. Here
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gr is temperature dependent quantity, therefore the entropic contributions from equation

B Odlng,
ooafoen (%)

= R(lng, + 1) (3.258)

3.243 are given by,

and the contribution from the internal thermal energy from equation 3.244 is given by,
Olng,
E, = RT?
' < or )V

_RT2<;>

= RT (3.259)

and the heat capacity from equation 3.245 reduces to

(),

For non-linear polyatomic molecules, the problem is a little bit complicated and the

OF,
Cr oT

(3.260)

contribution from rotational partition function is derived in ref[127](pp. 136)

Tl/2 T3 2
= 261
1 Or ((@r,x@r,y@r,z)> (3 0 )

From equations 3.243, 3.249 and 3.261, the contributions from the entropical effects

simplifies to,

= R(ln 4 + ) (3.262)
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with the contributions from the internal thermal energy due to rotational motion of the

Olng

_ 2 r

ET—RT< o7 )
\4

molecule

_ ;RT (3.263)

obtained by simplifying equation equation 3.244 by substitution of equation 3.261 with
the help from equation 3.249. Finally, equation 3.245 for the heat capacity reduces to;

OF,
y

= %R (3.264)

3.8.4 Contributions from vibrational motion

All molecules are completely not at rest. Corrections to the zero-point energy vibrations
are measured from the bottom of the potential well and each nuclei vibration is treated
as a function of 3n — 6 coordinates system. An ideal diatomic molecule vibrates like two
masses attached by a spring, therefore the potential of the system can be approximated
by a quantum harmonic oscillator approximation with the energy that varies with the
square of the displacement from equilibrium. The vibrational energy levels within the

quantum harmonic oscillator are quantised and defined by,

1
En = <n+2>fw n=0,1,2, - (3.265)

with & = h/2m where h is the plank constant. The natural frequency is given by

1

5-+/k/p with k as the bond force constant and p as the reduced mass approximated

v =
as;
mimq

— 3.266

h = o (3.266)
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The vibrational partition function ¢, for diatomic molecule is from McQuarrie[127](pp.
96)

q(T) =) e Fen (3.267)

n
o0
= e /2y " g fhun (3.268)
n=0
o—60,i/2T
= T (3.269)

with 8 = 1/kgT and ©,; = hvkp. For polyatomic molecule, with known normal

frequencies vy, v, - - - , Vs, the partition function is given by;
a —0,,/2T
q(T) = H 1 — ¢9ui/T (3.270)
i=1

where a@ = 3n — 6. This is applicable to results printed out from Gaussian electronic
structures code. Of course the zero of energy V' = 0 can be taken as the first vibrational
energy level n = 0, as shown in figure 3.1. In this case the partition function for each

and the overall vibrational levels, respectively, are given by;

1
@(T) = 0.7 for each vibrational level (3.271)
q(T) = |O‘| b for overall vibrational levels (3.272)
v Pl 1 _ 6@1,72'/T

and the energies referenced to this energy level are also printed in the Gaussian output
file.

The contribution to the entropy is also calculated from equation 3.243;

Odlngq,
S, = R(lDQU+T< 9T >V>

(3.273)

The natural logarithm of contribution from the vibrational partition function g,;

Ing, = Za:<®2;f + ln(l - egv»i/T>> (3.274)

=1
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FIGURE 3.1: The Harmonic potential well with zero point energies corrections shown.

is then substituted to equation 3.243/3.273 with its first partial derivative and the equa-

tion leads to;
- Oy . @ 0, s O T2 —0,,;/T
S”:R<Z<2J;+ln(1_e 6W/T)>+T< 12T5+; / o—©u.i/T >)
= R(za: ln(l — e_ev,i/T) + <§: ( 11)@_/2 ev(:)/vji/T>> (3.275)
; —

'U7,/T

which can be simplified by multiplying with < e,/T

S, = RZ( 5 Z’/’LT/T - ln<1 - e—@w/T)> (3.276)

The contribution to internal thermal energy from molecular vibrations from equation

3.244 is given by;

s
I
=2
g

- @vi @U ie_@ﬂ’i/T
Z( RREE e_@v’i/T> (3.277)

1 1
Oy, <2 + e 1) (3.278)

gd
,Mp
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3.9 Remarks

The methods discussed in this chapter will be used extensively in the remaining sections

of the dissertation.



Chapter 4

Electron Binding Energies

4.1 Koopmans’ Theorem

Consider the neutral N-electron closed-shell system represented by the optimised Hartree-

Fock state |Ppr) = [x1x2-  XaXp - - Xn) of energy, equation 3.101,
Efip = (®ur|H|®wr) (4.1)

The Fock operator f defined in equation 3.60/3.73 is a well-defined Hermitian operator
with infinite number of eigenfunctions and each solution |y;) will have a spin orbital

energy ¢; such that equation 3.71 reads;

flxi) = eilxi) 1=1,2,...,00 (4.2)

The N spin orbitals with the lowest orbital energies are just the occupied spin orbitals of
|® ) whereas the remaining infinite number of spin orbitals are virtual spin orbitals.
Suppose we annihilate the occupied spin orbitals such that the ionised system is de-
scribed by single-configuration state a;s|® ), where o is the spin coordinates, then the
expanded cationic wave-function in the configuration generated from the Hartree-Fock

state would be represented as;[88]
IN=1) =) Ciaio|®ur) (4.3)
i
The ionised state
IN = 1)io = 6ic|PHF) (4.4)

can be generated from the Hartree-Fock state by applying the associated annihilation

operator, thus reducing to a single term. However, the cationic states can be determined

96
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through variational principle by solving
HN-lc = EN-1¢ (4.5)

where EV~! is the the energy of the cationic system and the matrix elements of the

Hamiltonian operator given by
Hg_l = <‘I)Hp‘ajaﬁajg‘q)[{p> (46)

therefore, we can rewrite the matrix elements as;

HY ' = (@pplal,,[H,ajo]|®nr) + (Purlal,acH|®ur) (4.7)
= —(®pr|lal,. [aje, H)+|®rr) + 6@ pr|H|®gr) (4.8)
= —fji + 0 Effp (4.9)

where fj; are the elements of the Fock matrix given as;[88]

1 .
fii = 5 > _{esllaly. [ajo. H]]1les) (4.10)
g

for a closed-shell electronic state |cs). Thus we can set up the cationic eigenvalue equa-
tions and solve them in any basis that satisfy the variational conditions for the neutral

system and the cationic (eigenvalue) energy would be given by;
EN ' =Ejjp -« (4.11)
By rearranging the above equation, we can define the ionization potential (IP) of a
closed-shell molecular system at Koopmans’ theorem as the negative orbital energies of

the canonical orbitals;

IPFT = N7 — BNy = —¢ (4.12)

We can follow the same procedure and create an electron on the virtual orbital, and then
find the solution for the corresponding eigenvalue equations. The anionic wavefunction
will be

IN+1) =) Coal,|®nr) (4.13)
a
and the anionic state after application of associated creation operators would be

IN + 1ao = alo|®ur) (4.14)
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The resulting Hamiltonian matrix elements of the Hamiltonian operator will look like
I A (.15
with the anionic energy given by
EY*' = Efjp + €a (4.16)

So, the electron affinities (EA) of a closed shell molecular system at Koopmans’ level is

given by the negative orbital energies of the canonical orbitals

EAET — g — BNt — ¢, (4.17)

The Koopmans’ theorem states that for a given N-electron Hartree-Fock single deter-
minant | V) with occupied and virtual spin orbital energies ¢; and ¢,, the energy required
to produce (N — 1)—electron single determinant |N — 1) is equal to —¢;, and —¢g, to
produce (N + 1)—electron single determinant |N + 1), all having identical spin orbitals
with those of the N —electron system. This approximation assumes that there is no spin
orbital relaxation in (N £1)—electron states. This ”frozen orbital” approximations tends
to produce too positive an ionisation potential or too negative an electron affinity and the
correction to this is from allowing orbital relaxation and correlation effects one obtains
when going beyond the Hartree-Fock approximations. Orbital relaxation accounts for
the majority of these correction and it is reproduced at the Hartree-Fock level. Although
the correlation effects are large for systems with large number of electrons, this cancels
the relaxation error for ionisation potentials but wvice-versa for electron affinities, thus
the Koopmans’ ionisation potentials might be good approximation to the experimental

ionisation potential.

4.2 Electronic Affinities

It is well established that structures with dipole moments above ca. 1.625 D can bind
an extra electron primarily due to the electrostatic dipole potential of the underlying
neutral system[128-131]. The binding energy associated with the excess electron requires
size extensive methods if estimated as the difference between the optimal energies of
the neutral and the anion. Such problem can be addressed through the use of the
second order Moller-Plesset (MP2)[132] perturbation theory, the coupled-cluster method
with singles and doubles and non-iterative triples (CCSD(T))[94], etc. and the electron

binding energies are analysed within a perturbative framework designed for dipole-bound
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anions and the solvated electrons. The electron binding energies are normally estimated
at Koopmans theorem with and without orbital relaxation and the electron correlation
contributions are also estimated at these level of theory. Consider a neutral molecule
(M) weakly interacting with the loosely bound electron (lbe), the total Hamiltonian can
be described as:

H = H 4+ \WM 4 pyibe (4.18)

A and 7 have physical values equal to unity and they define the order of perturbation
theory. The orbitals of the M are used in the determination of the Fork operator and
the ground state (zeroth-order) Hamiltonian is estimated as the sum of Fork operators
for all electrons in the anion.

HO = pM 4 pilbe (4.19)

with H? corresponding to the Hartree Fork level of theory for the M and KT level of
theory for the lbe and WM and V¢ respectively are the fluctuation operators for the
neutral molecule and the lbe. The fluctuation-interaction operator V% is expressed in

terms of the coulomb (Jys) and the exchange (Kjs) operators for M.

Vlbe — Z

e M

— (Jar(lbe) — Kpr(lbe)) (4.20)
Tlbe,i

where 7y ; is the distance between the ith electron of the neutral and the lbe. The
energies of the anions are determined by applying double perturbation on equation 4.18

and the expansion should yield:

o

E=) ) W (4.21)
=0 1=0
with e*) as the k' order in WM and I*" order in V. If we neglect both orbital relax-

ation and electron correlation effects, the sum of the three lowest-order terms reproduces

the SCF energy of M and the binding energy (EXT) at Koopmans theory is given by.
5(00) +€(10) +€(01) — E]S\ZCF _ El{g{:j (422)

If we account for the polarization of the neutral by excess electron, the effect of back
polarization, the orbital relaxation effect and the induction effects, then we can estimate
the induced SCF binding energy from the difference in the SCF energies of the neutral
and the anionic species

SCF SCF SCF 02
AESG = Eying — Ex7 %_ez(nd) (4.23)
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where,

sC sc s
B = B3 " = E3T (4.24)

e = 2 (4.25)

(02)

where €, sp 18 the dynamic correlation between the lbe and the electron of the M and

it is approximated by AE%ZI?_diSp which takes proper permutational symmetry for all

electrons in the anion. We therefore approximate the dynamic correlation as:

2
S |e<¢a¢lbe I ¢rds) I _ \ pupe (4.26)

disp _ _ disp
weM r<s + €pe — €r — €5

The terms, ¢, and ¢y are the spin orbitals occupied in the ground state wave function,
¢r and ¢, are unoccupied spin orbitals, e, and eg are the corresponding orbital energies.
The total MP2 contribution to the binding energy is described in terms of dispersion
and non-dispersion terms:
M P2 MP2 SCF M P2(disp M P2(no—disp
ABYE? = BYSE? — BSCT = B P 1+ AB : (4.27)
The latter expression is dominated by the correlation to the static coulomb interaction

between the lbe and the charge distribution of M. The overall contributions to higher

order MP contributions can be estimated as;

MP(n—1

The MP4 results can be subtracted from the CCSD results in order to estimate the
correlation contributions beyond the fourth-order. This is estimated by subtracting the
DQ, SDQ and SDTQ MP4 energies from the D, SD and SD(T) coupled cluster binding
energies, respectively.

AEb%?d = Ebcigd - E%«fﬁ (4.29)

4.2.1 Vertical Attachment/Detachment Energies

Suppose we start from a neutral structure M defined by the geometry G. The energy

of the anion M~ at a geometry G can be written as;
Ey- (G) = EM(GM) + AEM(G) — EBE(G) (4.30)
where Ej/(Gyy) is the energy of the neutral M at its optimal geometry Gy,

AEM(G) = Eu(G) — Em(Gum) (4.31)
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Neutral \

. EBE(G)
Anion

\

Ey(Gy-)
FIGURE 4.1: Illustration of the adiabatic electron affinity given by equation 4.34.
represent an increase of the energy of the neutral M associated with its geometrical
deformation from Gy to G, and EBE(G) is the vertical electron binding energy at the

geometry G;
EBE(G) = Ey(G) — Ey-(G) (4.32)

The values of EBE are positive for vertically bound anionic states and negative for
resonances. The electron vertical attachment energy (VAE) is equivalent to EBE(Gy).
The electron vertical detachment energy (VDE) is equivalent to EBE(Gj;-) and the

adiabatic electron affinity is defined as;
AEA = Ey(Gy) — Ey-(Gag-) (4.33)
where G- is the optimal geometry on the anion of M. Notice that;
AFEA =—-AEN(Gy-)+ EBE(Gy-) = —AEy(Gy-)+ VDE (4.34)

This equation is illustrated in figure 4.1.



Chapter 5

Discovery of Most Stable
Structures of Neutral and
Anionic Phenylalanine through
Automated Scanning of
Tautomeric and Conformational

Spaces

5.1 Abstract

I have developed a software tool for combinatorial generation of tautomers and con-
formers of small molecules and demonstrated it by performing a systematic search for
the most stable structures of neutral and anionic phenylalanine (Phe) using electronic
structure methods. For the neutral canonical tautomer I found out that the conformers
with and without the intramolecular (O)H---NHy hydrogen bond are similarly stable,
within the error bars of my method. A unique IR signature of the conformer without
the hydrogen bond has been identified. I also considered anions of Phe, both valence
and dipole-bound type. I have found out that tautomers resulting from proton transfer
from the carboxylic OH to the phenyl ring do support valence anions that are vertically
strongly bound, with electron vertical detachment energies (VDE) in a range of 3.2-3.5

eV. The most stable conformer of these valence anions remains adiabatically unbound

102
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with respect to the canonical neutral by only 2.17 kcal/mol at the CCSD(T)/aug-cc-
pVDZ level. Based on past efforts with valence anions of nucleic acid bases, I suggest
that the valence anions of Phe identified in this report can be observed experimentally.
The most stable conformer of canonical Phe is characterized by an adiabatic electron

affinity of 53 meV (a dipole-bound state).

5.2 Introduction

Recent years brought significant advances in non-destructive transfer of low vapor pres-
sure compounds to the gas phase.[133-136] The resulting intact molecules are probed
with different spectroscopic methods and an interpretation of these experimental results
frequently invokes comparisons with computed spectroscopic characteristics.[137] These
characteristics can be routinely determined for molecules with a few tens of atoms at
density functional or second-order Mgller-Plesset (MP2) theory levels. The only caveat

is that the gas phase molecular structure has to be known.

Information about gas phase structure is frequently limited even for neutral molecules.
Computational chemists are tempted to use condensed-phase structures (primarily from
crystallographic data bases), but these structures might be incorrect in gas phase con-
ditions. The reason is that intermolecular interactions in crystalline lattices might favor
conformers, or even tautomers, different from the most stable gas phase structures.[18,
25, 138, 139] It has also been recognized that solute-solvent interaction can favor specific
conformers[140] and tautomers, e.g., zwitterionic amino acids in polar solutions.[141]
Charged molecular systems, e.g., ions of nucleic acid bases, bring additional challenges

as they might favor unexpected tautomers.[142-144]

There are brute force methods based on systematic scanning the potential energy sur-
face (PES). Some of these methods specialize in molecular tautomers[21, 22, 85] and
others in conformers,[24-26] but there is no tool that would deal with tautomers and
conformers on equal footing. In the past, my group developed a tool that performs a
combinatorial /computational search for the most stable tautomers,[21] and the tool was
applied to the anions of nucleic acid bases.[27] More recently, a tool for a combinatori-
al/computational search of the most stable conformers was developed and it was applied
to nucleosides.[25] Here I discuss capabilities of my newly developed Potential Energy
Surface Scanning Tool (PESST) that searches simultaneously for the most stable tau-
tomers and conformers[28] and I demonstrate its usefulness on the neutral and anionic

phenylalanine, see Figure 5.1.
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‘m C — Grey

O —-Red
B N - Blue

D H — White

FIGURE 5.1: Molecular structure of phenylalanine with labelled atoms and rotatable
bonds.

Valence anions of molecular systems are more challenging for structural determination
than their neutral counterparts. They might favour tautomers that would be quite un-
stable for the neutral system. For example, past studies of valence anions of nucleic acid
bases demonstrated that the most stable anionic tautomers result from proton transfer
from a typical proton donor (e.g., NH) to carbon sites, rather than to conventional proton
acceptors involving highly electronegative atoms (O or N).[142-144] The valence anions
observed experimentally were characterized by significant electron vertical detachment
energies (VDE) of 1-3 eV, though computational results demonstrated that these an-
ionic tautomers might be adiabatically unbound by a few kcal/mol with respect to the
most stable conventional neutral tautomers.[27] Apparently, the anionic tautomers are
separated by sufficiently high barriers from these regions of PES where the valence anion
is weakly bound or even unbound. Notice that the six-member ring of phenylalanine
might support unusual tautomers of its valence anion, which would result from proton
transfer from the carboxylic group to the phenyl ring. Identification of these tautomers

and their most stable conformers is the main goal of this project.

Amino acids typically take the canonical HOOC-CHR~NH; form in the gas phase.[145]
However, an excess electron bound by the dipolar potential of a neutral amino acid
can promote intramolecular proton transfer and is responsible for the development of
a zwitterionic minimum, which remains local in the case of the anion of glycine,[146]
but becomes global in the case of the anion of arginine.[147, 148] Further stabilisation

of these anions by water molecules has also been considered.[149, 150] In this report I
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will search for dipole-bound anions of phenylalanine associated with its canonical and

zwitterionic forms.

L-Phenylalanine (Phe) is one of the twenty standard amino acids found in nature. It is
an essential, nonpolar, a-amino acid and is a precursor for another amino acid, tyrosine.
Previous studies on Phe focused on electronic spectra using fluorescence spectroscopy in
a supersonic jet and five conformers of Phe were stabilised in low-temperatures.[151] The
study was extended by Meijer and coworkers,[152] using mid- and far infra-red spectra,
who reported six conformers in the gas phase. Their work showed good agreement be-
tween the experimental spectrum and results computed at the B3LYP /6-311++G(2d,p)
and MP2/6-3114+G(2df,2p) levels of theory, with vibrational frequencies scaled uniformly
by 0.98. Fausto and coworkers[153] reported a matrix-isolation IR spectrum and con-
cluded that entropic effects play a major role in the relative abundance of conformers.
Based on their B3LYP/6-311++G(d,p) results they confirmed that only six structures

contribute to the spectrum of Phe.

Many computational studies addressed the structural preference of Phe. Purushotham
et al[154] used the M052X functional[155] and extended basis sets to characterize the
conformational space and noncovalent interactions in the neutral canonical Phe, as well
as in ions resulting from its protonation and deprotonation. Lin and coworkers[156]
performed a conformational search on neutral Phe at the B3LYP/6-311++G(d,p) level
and characterised the intramolecular hydrogen bonding using the Atoms in Molecules
approach.[157] Lee et al reported relative energies of the six most stable neutrals and
cations of Phe at the BBLYP and MP2 levels of theory with 6-31+G* basis sets.[158]
They paid particular attention to the dependence of vertical ionisation energies on in-
tramolecular hydrogen bonding. The neutral structures were similar to those from Refs.
[154, 156]. Other studies were focused on the cations resulting from protonation of
Phe.[159]

In the current study I used the neutral and anionic Phe to demonstrate how the PESST
tool can be used to identify stable molecular structures. The anions I have considered
here result from the attachment of an excess electron, but not from the deprotonation of
Phe. I considered both valence- and dipole-bound anions. The latter might be supported

by polar canonical or zwitterionic structures of the neutral.

5.3 Description of PESST Program

The purpose of PESST is to construct a library of molecular structures representing

various tautomers and their conformers. PESST was designed having in mind organic
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‘ Read the input and key-file (key-file optional) ‘

Strip off the hydrogen atoms from the molecule and
construct the connectivity matrix for the framework
atoms

l

Compute the number of hydrogen sites per heavy atom
and the total number of available sites on the molecule

|
Do all distributions of hydrogens on all available
sites

l

‘ Set the constraints for generating tautomers ‘

Note: This partis only applicable
to Conformer section of the code

‘ Construct tautomer i ‘(—
l Identify rotatable bonds as
CALL CONFORMER GENERATOR PROGRAM | defined in key-file or search
To generate conformers of tautomer i the current tautomer for
1 rotatable bonds and activate
Save the current tautomer/conformer them
set in the library l
‘ Go to the nixt tautomer * create a library of conformers
I for the current tautomer
| END |

FIGURE 5.2: The working procedure of PESST. The generation of conformers for each
tautomer is marked in red.

molecules with heteroatoms. Thus it assumes that a non-hydrogen atom can form up

to four chemical bonds.

PESST reads an initial molecular structure provided by the user and is capable of
creating quite a complete library of tautomers and conformers using its default settings.
The user, however, would typically like to impose some constraints on the construction
of tautomers, specify rotatable bonds and the magnitude of an angular step, with which
each rotatable bond will be probed. This information is provided by the user in an
optional “key-file”. A library of molecular structures representing acceptable tautomers

and conformers is then created.

Each constructed structure is used as an initial structure for the following geometry
optimization at a level of theory specified by the user (a force field or an electronic
structure model). The pre-screening procedure is automated to a large extent and in-
volves creation of complete input files. The number of computational runs might be
quite significant, therefore I suggest selecting an appropriate level of theory and using
a submission script included in the PESST package.[29] Output files are analysed using
Gaussian Output Tools (GOT) to extract converged geometries, corresponding energies,
dipole moments, etc.[160] The GOT scripts arrange converged structures according to

their increasing energy. One should keep in mind that different initial structures might
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FiGURE 5.3: Connectivity matriz of the phenylalanine molecule after disconnecting

atoms C7 and C8 (zero in bold). The fragment connected to C8, which is to be rotated,
is highlighted in red with the remaining fragment connected to C'7 in blue.
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have converged to the same final structure and the resulting library of pre-screened struc-
tures might be redundant. It can be easily spotted due to the similarity of converged
energies. Thus I recommend inspecting visually the similarly of the stable structures, us-
ing e.g., Molden[161], and eliminating redundant structures. The converged geometries
represent refined molecular structures and the fittest (most stable) structures are typi-
cally further examined using a more advanced theoretical model than the one invoked

at the pre-screening stage.

5.3.1 Analysis of Initial Geometry

The program reads in the total number of atoms N A in the considered molecule followed
by the list of atoms with their Cartesian coordinates. Next it counts the number of

hydrogen atoms (NHA) in the molecule and strips them off. The number of atoms



Chapter 5. Discovery of Most Stable Structures of Neutral and Anionic Phenylalanine
through Automated Scanning of Tautomeric and Conformational Spaces 108

in the remaining framework (NFA) is also determined, as well as distances between
all pairs of atoms. A symmetric connectivity matrix is then constructed based on the
distance matrix and the atomic radii of the atoms adopted by the Cambridge Structural
Databasel5], i.e., each atom is assigned an atomic radius R.o,. The values of Ry (i) are
retrieved from a data file, which can be amended by the user. Two framework atoms

are connected if and only if their separation distance R;; satisfies the criterion:
Rij < Rcov(i) + Rcov(j) +T (5.1)

where T is a tolerance which I set to 0.4 A. The connectivity matrix for Phe is illustrated

in Figure 5.3, with 1’s and 0’s for the connected an unconnected pairs, respectively.

The atom type determines the maximum number of single bonds (NM AX|[i]) the atom
i can form, e.g., 4 for C or N, and this information is retrieved from a data file, which
can be amended by the user. Next, the program counts the number of framework atoms
already connected to each framework atom i(NBOND]Ji]). The maximum number of

hydrogen atoms that can be connected to the atom i is given by:
NHMAX][i|= NMAX|[i] — NBONDJi] (t=1,...,NFA) (5.2)

See Figure 5.4 for an illustration of the NMAX, NBOND, and NHM AX values.

The total number of slots available to the NH A hydrogen atoms is:

NSLOTS = NHMAX|i] (5.3)

2

An upper limit to the total number of created tautomers is given by a binomial coefficient
(N]SVL}?ILXTS) , i.e., the total number of distributions of NH A atoms over NSLOTS. The
binomial coefficient is the rigorous number of created tautomers for molecules in which
any framework atom can bind one hydrogen atom only (NHM AX[i| = 1 for any i).For
molecules in which framework atoms can bind more than one hydrogen atom the total
number of tautomers is significantly reduced, vide infra. The number of tautomers can

be further reduced by imposing constraints specified in the key-file.

5.3.2 Constraining the Number of Tautomers

The key-file is used to provide additional control of the program. Here I will discuss
constraints imposed on the library of tautomers. The keywords are R, for RANGE,
XC for EXCLUDE, NoSI for NO STEREO-ISOMERS. Each keyword is preceded

by the number of framework atoms it applies to (Figure 5.5). The list of atoms and
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INMAX -4 :
Atom #9 NBOND : 3
NHMAX : 1

T1V1
CNl C1 C2 c3 C4 C5 Co C7 C8 Cc9 010 O11 NI12
Max#H: 2 2 2 2 2 1 2 1 1 1 1 3
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FIGURE 5.4: Molecular structure of phenalalanine and a set of sites for hydrogen atoms.

The grey-blue for atoms with NMAX = 4 and NHMAX = 2. The blue and grey

sites are occupied when one and two hydrogen atoms, respectively, are attached. The

NMAX =4, NBOND = 3 cases are labelled in dark and light brown. They are above

and below the molecular framework and only one of them can be occupied for a given

tautomer. The terminal framework atoms have sites labelled in green and they can
accommodate 0-3 hydrogens.

specific constraints follow. For example, if I consider “RANGE” as my input keyword,
then the user should list each atom followed by the minimum and maximum number of
hydrogen atoms that could be attached to this framework atom. For the “EXCLUDE”
keyword, the label of a framework atom (m) is followed by one integer (n) indicating a
number of hydrogen atoms. The program will exclude all tautomers having n hydrogen

atoms attached to the m! framework atom.

Special care is taken of these framework atoms that are already connected to three
others. Such an atom can accommodate one hydrogen atom only, either above or below
the plane spanned by the framework atoms. The user might conclude that occupation of
either of these sites would lead to equivalent chemical structures and then an elimination

of one of them is desirable. This is what the NoSI keyword provides.

An example of the key-file is given in Figure 5.5 and the labelling of atoms of Phe is the
same as in Figure 5.1. The 12" framework atom (nitrogen) is connected to one other
framework atom. By default, it can accommodate 0-3 hydrogen atoms. By using the

R keyword followed by 12 1 3 I accept only those tautomers that have 1-3 hydrogen
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T
2 R > “Range” will be specified for two atoms
4 1 2
12 1 3 =—Foratom 12, the minimum and maximum number
or of hvdrogen atoms is 1 and 3, respectively.
2 XC > “Exclude” will be specified for two atoms
4 0

12 Q - Exclude tautomers with zero hydrogens on atom 12

1 NoSI > “NoStereo-Isomers” will be specified for one atom

6 > label of an atom, for which stereo-isomers are not constructed

S

2 CONF > “Conformers” will be constructed
for two bonds
7 8

] 0 4 > n,,, =4 for the bond 8-9

FIGURE 5.5: llustration of the key-file used to control the program. This file is optional.

atoms attached to atom 12. The same result can be achieved using the XC keyword
followed by 12 0. The NoSI keyword is applied to the 6 atom (C), a framework atom

connected to three other framework atoms.

5.3.3 Determining Sites for Hydrogen Atoms

The procedure of determining positions of hydrogen atoms around a framework atom
i depends on the value of NBONDIJi]. The case of NBONDJi] = 2 is probably the
most common and will be illustrated for C7, which is connected to C6 and C8 (Figure
5.6,a). The C7 site can attach one or two hydrogens and their sites will be labelled
H1 and H2, H3, respectively. A unit vector attached to C7 and parallel to C7-C8 is
defined. Its end defines a point A. Similarly, a unit vector attached to C7 and parallel
to C7-C6 defines a point B. A point C is obtained by bisecting A-B. Lastly, a vector c
is defined by C-C7. When translated to C7 and scaled in length to the sum of atomic
radii of C and H, its end defines H1. In case of two hydrogens attached to C7, the
above procedure is extended further. I labelled the A-B vector as D and 1 translated
it to C7. The site H1 is then rotated by 54.5° about and then by —54.5° to give the
sites H2 and H3, respectively (Figure 5.6,b). Here I used standard equations to rotate
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FIGURE 5.6: Generation of hydrogen sites for an atom connected to two other frame-
work atoms, here C7 connected to C6 and C8. Part (a) demonstrates the construction
of H1. The points A and B are each unit length from atom C'7 along bonds C7-C8 and
C7-C6, respectively. Point C results from the bisection of A-B. Site H1 is calculated
along a line defined by C-C7. The length of C7-H1 is equal to the sum of atomic radii
of carbon and hydrogen. Part (b) demonstrates the construction of H2 and H3; o side
view along the C6-C7-C8 plane is shown with vector going into the page through C7.

a point about a vector,[162] Equations 5.4.

P1, = (a(v® + w?) — u(bv + cw — vz — vy — wz))(1 — cos @) + z cos b

+(—cv + bw — wy + vz)sin (5.4a)
Pl, = (b(u* + w?) — v(au + cw — ux — vy — wz))(1 — cos ) + y cos

+(cu — aw + wr — uz)siné (5.4b)
P1, = (c(u® +v?) — w(au + bv — uz — vy — wz))(1 — cos f) + z cos f

+(=bu + av — vz + uy) sin (5.4c)

Caption to Equation 5.4: There are ten variables z,¥, z, a, b, ¢, u, v, w, and 6, where x,y
and z are the z—, y—, z—coordinates of point to be rotated (point A with unit length from
atom C7 or current atom) about a line passing through atom defined by coordinates
a,b and ¢ with direction (unit vector B) vector u,v and w (where u? + v2 + w? = 1).
Variables a,b and ¢ are simply the x—, y—, z—coordinates of the reference atom (atom

C7) and lastly the angle of rotation 6, in radians.

The site defined by H1 is assigned a blue colour in Figure 5.4, whereas the sites H2 and

H3 are assigned a grey colour. The same procedure is applicable to atoms in the ring
with NBONDJi| = 2.

Next I considered a terminal framework atom, i.e., NBON D[i] = 1, and the procedure

will be illustrated for O11 (Figure 5.7,a). I defined unit vectors E and F along C9-011
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FIGURE 5.7: Generation of hydrogen sites for a terminal framework atom, here O11.
A procedure to define a site for (a) the first hydrogen atom (H4) and (b) the second
and third hydrogen atom (H5 and H6) is illustrated.

and C9-C8, respectively. The cross product of E and F yields a vector é, which is
translated such that it passes through O11. The point C which results from scaling the
bond O11-C9 to the desired OH bond length is rotated by 109° about the translated
vector to give a point H4. The dihedral angle C8-C9-O11-H4 is set to 180° and the
coordinates of H4 are assigned to the first hydrogen atom. In case of two or three
hydrogens attached to the terminal atom, the additional sites H5 and H6 are defined
by rotating H4 by 120° and then by —120° about the vector E (Figure 5.7,b). The

hydrogen sites on a terminal atom were assigned a green colour in Figure 5.4.

The case of NBOND[i] = 3 will be illustrated for C6, which is connected to C7, C4,
and C5 (Figure 5.8). Two sites for hydrogen atoms will be created, H7 and H8. First,
unit vectors are calculated along the three bonds C6-C7, C6-C5 and C6-C4. Next,
an average vector is constructed from three cross products illustrated in Figure 5.8 and
its length is scaled to the desired length of a CH bond yielding H7. The reverse vector
defines H8, which is generated by default, but can be eliminated with the NoSI keyword
applied to C6. The sites H7 and H8 are assigned a brown colour in Figure 5.4.

The hydrogen sites, illustrated in the bottom part of Figure 5.4, can be occupied in many
ways representing various tautomers. The process of creation of tautomers is illustrated

in this Figure using CIN1 and T1V as an example.

5.3.4 Conformers

PESST can create conformers for each tautomer considered. The procedure is an exten-
sion of past approach described in Ref.[25]. Here, rotations of molecular fragments are

performed using Equation 5.4. Firstly, the code identifies rotatable bonds. The bond
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FIGURE 5.8: Generation of hydrogen sites for an atom connected to three other frame-

work atoms, here C6 connected to C4, C5 and C7. Part (a) construction of three unit

vectors along the framework bonds; (b and c) three cross products of unit vectors are

averaged and the resulting vector is scaled in length to the sum of proper atomic radii

to define the H7 site (above the ring). (d) The reverse yields a site on the other side
of the ring (H8).

being checked for rotation is disconnected on the connectivity matrix, the program pro-
ceeds by counting the number of atoms in both fragments and identifies a smaller branch
(a red branch in Figure 5.3). If there is only one atom returned, then the bond is the
terminal bond. If the number of atoms returned is equal to the number of atoms in
the molecule, then the bond is within the ring. If the number of atoms returned is not
equal to one or the total number of atoms, then the bond is rotatable and the smaller
fragment will be rotated, see Figure 5.9, with increments of 360°/n,, where n,, is an

integer defined for each rotatable bond.

The user can control the construction of conformers by specifying the CONF keyword
in the key-file followed by a list of bonds and their n,.,; values, see Figure 5.5. The code
will construct conformers associated with these bonds, while all other conformers will be
ignored. If the CONF keyword is missing the code will activate all rotatable bonds for
each tautomer and the default values of n,,; will be assumed, e.g., n,.. = 2 for X—-OH
bonds, n,.,s = 3 for X-~NHs, and n,,; = 6 for C—C bonds. An upper limit to the total

number of created conformers, nsptqr, i a product of n,, values for all activated bonds:

active bonds

Ntotal = H Nrot,i (55)

i
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FIGURE 5.9: (a) The bond to be rotated is defined by C7C8. The smaller fragment in-
volves atoms connected to C8 (see Figure 5.3). (b) a conformer resulting from rotation
by 120°. (c¢)-(e) are top views along C7C8 for rotations by 0°, 120°, and 240°.

The value of nyytq; increases rapidly with the size of the molecule[25]. Therefore I strongly
recommend the use of CONF keyword and specifying rotatable bonds suitable for the

chemical problem studied.

The code identifies potential clashes that might develop between various parts of the
molecule in the course of systematic rotations. If the distance between any two atoms is
less than the sum of their atomic radii minus 7" from Equation 5.1, then the conformer
is discarded, otherwise stored in the library. The construction of conformers in PESST

is illustrated in Figure 5.10.

5.4 Computational Approach

The libraries involving tautomers and conformers of Phe were generated with PESST.[29]
An overview of PESST is shown in Figure 5.2. It creates conformers for each tautomer
resulting in a double-loop structure of the programme. The pre-screening of initial
structures for the neutral and valence anions of Phe was conducted through geometry
optimizations with the BBLYP exchange-correlation functional[100, 111-113] and stan-
dard Poples basis sets.[163] This selection of methodology for the pre-screening step
was validated and used in previous studies focused on identification of most stable tau-
tomers of small biomolecules such as nucleosides.[142-144] However, these basis sets
and electronic structure model are not sufficient for dipole-bound states.[164] Electronic
structure calculations for dipole-bound anions require basis sets with very diffuse ba-
sis functions.[122, 129] Here I have used Dunnings aug-cc-pVDZ[121](ADZ) basis set
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FI1GURE 5.10: Construction of conformers with PESST.

supplemented with extra 7 s— and 7 p—functions centered on the nitrogen atom. The
exponents of these functions form an even-tempered series initiated from the lowest ex-
ponent in the standard basis set and advance with the geometric progression constant
of 3.271.[165] T will use a label DF for these additional diffuse functions and ADZ+DF
for the combined basis set. Pre-screening for dipole-bound anions was performed at the
Hartree-Fock/ADZ+DF level.

For the neutral Phe I identified only canonical tautomers, the zwitterions did not support
local minima. The conformational search was performed by activating dihedral angles
X, a, 8,y and A illustrated in Figure 5.1. The n,, values were n, = 2,n, = 12,ng =
12,7, = 3 and lastly A was probed at 0° and 90°. PESST created 1728 initial structures
which were fully optimised at the B3LYP/6-311G* level and the resulting optimised
structures converged into 45 local minima. The three most stable conformers were then
subjected to further MP2/ADZ+DF reoptimization and frequency calculations followed
by single-point coupled cluster calculations with single, double and non-iterative triple
excitations (CCSD(T)) on the MP2 optimised geometry.[166]

In the case of valence anions I engaged PESST to construct a library of tautomers and
conformers. The constraints set on the program are shown in Table 5.1. It created 50

tautomers that were subjected to the B3LYP/6-31G* conformational search based on
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Constraints keyword Atoms No. Number of hydrogens

NoSI 6,8 N/A
8
XC 9,10 1

Minimum Maximum

1 0 2

R 2.4 1 2
3,5 0 1

7 2 2

TABLE 5.1: The constraints set when generating valence anions of Phe

all rotatable bonds and the default settings for n,,’s. The most stable tautomers/con-
formers within the energy range of 5 kcal/mol were reoptimised and frequencies were
determined at the MP2/ADZ level. Three families of valence anions have been identi-
fied. The single point CCSD(T)/ADZ calculations have been performed for the most

stable conformer from each family.

Search for the most stable dipole-bound (DB) anionic conformers was performed for
the canonical (CDB) and zwitterionic tautomers (ZDB). The conformational search for
CDB’s was performed with the following values of 1, : 1y, = 2,1, = 6,73 = 6,1, = 3
and A was probed at 0° and 90°. These constraints resulted in 432 initial structures.
The conformational search for ZDB’s was performed with ng = 6 and probing v at 0°
and 90°, and « at 0° and 90° and v at 0° and 60°. These constraints led to 48 initial
structures. The most stable structures (three CDB’s and two ZDB’s) were subjected to
the MP2/ADZ+DF optimizations and frequency calculations and vertical and adiabatic
electron binding energies were determined at the CCSD(T)/ADZ+DF level.

To summarize, my final results are based on CCSD(T) energies determined at the opti-
mal MP2 geometries. The basis set is ADZ for valence anions and ADZ+DF for neutrals
and dipole-bound anions. The zero-point vibrational corrections and thermal contribu-
tions to energy and entropy are determined in the rigid rotor — harmonic oscillator
approximation, assuming 7' = 298 K and p = 1 atm, based on the MP2 geometries and
harmonic frequencies. The calculations were performed using the Gaussian 09 suite of
programs.[75] The singly-occupied molecular orbitals of the anions of Phe were visual-
ized using the Visual Molecular Dynamics[167] (VMD) package and the orbital contour
values were determined with the OpenCubMan[168] package. These contour values were

obtained for 80% of the orbital electron density.
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FIGURE 5.11: Relative energies and dipole moments of Phe calculated at the B3LYP/6-
311G* level of theory. The energy of CN1 is set to zero.

5.5 Results

5.5.1 Neutral Phenylalanine

The conformers of canonical neutral (CN) tautomer were labelled CNm (1 < m < 45),
with ordering based on the B3LYP/6-311G* electronic energies of fully optimized struc-
tures. Their relative energies and dipole moments are illustrated in Figure 5.11. The
MP2/ADZ+DF optimized structures and relative energies of the three most stable con-
formers are shown in Figure 5.12 (see Figures A.2 for a more complete set of conformers).
At the MP2 and CCSD(T) levels of theory, the relative energies of CN1-CN3 span ca.
2 kcal mol™!'. Thus determination of the most stable conformer becomes a compu-
tationally demanding task. My most accurate CCSD(T) electronic energies corrected
for harmonic, zero-point, MP2 vibrational terms indicate that CIN3 is less stable than
CN1 by only 0.19 kcal /mol, and it becomes the most stable conformer in terms of Gibbs
free energy. The results presented in Figure 5.12 demonstrate that entropic effects con-
tribute to the relative stability of the most stable conformers, in agreement with earlier

observations.[153]

There is an important structural difference between CN3 and the two remaining con-
formers CN1 and CN2, which leads to a unique feature in the IR spectrum of CN3
(Figure 5.13). The CN1 and CN2 conformers support a hydrogen bond between the
OH site of the carboxylic group and the NHy site, with the (O)H- - - N distances of 1.862
and 1.903 A, respectively, but the OH site in the CN3 conformer is not engaged in any
hydrogen bond (see Figure 5.12). In consequence, the OH stretching mode is strongly
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0.990
9.1.862

CN1 CN2 CN3
Relative Stability
System MP2 CCSD(T)
u E, E, E,+E" H G
CN1 4.95 0.00 0.00 0.00 0.00 0.00
CN2 5.28 2.02 1.49 1.24 1.42 0.65
CN3 1.16 0.73 0.60 0.19 0.42 -0.14

FIGURE 5.12: The MP2/ADZ+DF structures of the three most stable conformers of
the neutral canonical Phe with distances in and dipole moments in D. The intramolec-
ular hydrogen bonds marked with dashed lines with the colour of the proton acceptor
atom. The relative stability (kcal/mol) determined at the MP2 and CCSD(T) lev-
els (Eel,Eg“’,H, and G for electronic energy, zero-point vibrational correction, en-
thalpy, and Gibbs free energy, respectively). The CCSD(T) energies determined at the
optimal MP2 geometries. The zero-point and thermal corrections determined at the
MP2/ADZ+DF level.

red shifted in the CN1 and CIN2 conformers, as illustrated by the MP2 harmonic fre-
quency of 3406 and 3463 cm™', respectively, but its frequency is much higher in the
CN3 conformer, o = 3727cm~! (Figure 5.13). The OH stretching mode of the car-
boxylic group routinely carries the largest IR intensity and the simulated IR spectra
in the 2500-4000 cm ™! region are presented in Figure 5.13. The most intense IR peak
for the CIN1 and CN2 conformers, i.e., the OH stretching mode, has a lower frequency
than the symmetric and asymmetric stretching NH modes. On the other hand, the most
intense IR peak in CIN3, again the OH stretching mode, has the largest frequency. I be-
lieve this difference between CIN3 and the pair CN1 and CN2 will help to discriminate
contributions from different conformers to the IR spectra of gas phase Phe recorded in

different temperatures.

It was counterintuitive for me to find out that the conformer without the intramolecular
(O)H: - - N hydrogen bond, i.e., CN3, might be the most stable. One reason might be
that formation of this hydrogen bond in CIN1 and CIN2 is associated with intramolecular
strain (a destabilizing effect). The results obtained with the MM3 force field[169, 170]
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FIGURE 5.13:
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confirm this hypothesis. The sum of angle bending, torsional and bond stretching terms

is more attractive in CN3 than in CN1 by 2.8 kcal/mol.

The stability of tautomers and conformers in polar environments is strongly dependent
on the molecular dipole moment. Moreover, molecules with dipole moments exceeding
1.625 D can bind an excess electron.[129] The dipole moments of 45 neutral conformers
of Phe, characterised at the B3LYP/6-311G* level, lie in a wide range from 1.1 to 5.4 D
(Figure 5.11). The five conformers of Phe with the largest dipole moments (in excess of
5 D) follow the order CN2 >CN26 >CN22 >CN44 >CN1. These results suggest
that the CN2 and CN1 will be more stabilized in polar environments (or by a dipole-
bound electron) than the CN3 conformer, which is characterized by a dipole moment
of 1.16 D only.

5.5.2 Valence Anions of Phenylalanine

I did not identify any bound valence anion when considering the canonical tautomer
of Phe. The result was not surprising as bound valence anionic states are not known
for either glycine or toluene, which might be considered as building blocks of Phe.[171]
Using the PESST tool I explored non-canonical tautomers and their conformers. In the
course of this search I identified three families of valence anions, which involve proton
transfer from COOH to the phenyl ring. The first family, T1V (tautomer No. 1, valence
anion) involves proton transfer to either C4 or C5. The second, T2V, involves proton
transfer to C1, and the third, T3V, to C2 or C3.

The most stable conformers for each family, i.e., T1V1, T2V 1, T3V1, are characterized
in Figure 5.14 (see Figures A.3 and A.4 for a more complete set of conformers). The VDE
values for these valence anions exceed 3.2 eV at the projected MP2 and CCSD(T) levels.
The excess electron is described by a 7* orbital localized primarily on the protonated
phenyl ring (Figure 5.15). One protic H(N) is involved in a hydrogen bond with COO™
and the second H(N) “solvates” electron density on the phenyl ring (Figure 5.2 and
Figure 5.15).

The TnV1 structures (n = 1 — 3) do not make much “chemical sense” for the neutral
Phe, which is reflected in dipole moments exceeding 15 D and large values of VDE
for these valence anions. However, the instability of these anions with respect to the
most stable canonical neutral, CN1, is surprisingly small. For T1V1, it drops from
4.35 kcal/mol in terms of the CCSD/ADZ electronic energy to 2.17 kcal/mol in terms
of electronic energy corrected for zero point vibrations, and further to 1.67 kcal/mol
in terms of Gibbs free energy. This instability is comparable with error bars of my

theoretical model, CCSD(T)/ADZ plus zero-point and thermal corrections.[172] I believe
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T1V1 T2V1 T3V1
Mo VDE Relative Stability w.r.z CN1
Svstem | MP2 MP2 CCSD(T) PMP2 CCSD(T)
E, E, E,‘E’® H G
TIVl 1513 333 325 8.63 433 217 241 167
T2V]1 17.05 3.30 3.22 12.07 7.53 5.28 5.65 4.22
T3Vl 1820 352 3.50 11.98 7.64 537 566 4.64

FIGURE 5.14: The most stable conformers for three families of valence anions of Phe.
The dipole moment of neutral Phe at the optimal anionic geometry, pineutral, 0 D; the
electron vertical detachment energy (VDE) in eV; the relative stability of anions with
respect to CN1 in kcal/mol. The anionic structures (with distances in A) optimized at
the MP2/ADZ level of theory. The remaining quantities the same as in Figure 5.12.

that valence anions of Phe can be formed in experimental conditions similar to those

used in the past to identify valence anions of nucleic acid bases (see Appendix A).[27]

5.5.3 Dipole-Bound Anions of Phenylalanine

The three most stable conformers of dipole-bound anions of Phe based on the canonical
tautomer are characterized in Figure 5.16. They are labelled CDB1, CDB2, and
CDB10 as they are associated with the neutral canonical conformers CN1, CN2, and
CN10. These neutrals are characterized by MP2 dipole moments of 4.95, 5.28, and 4.54
D, respectively. Recall that the dipole moment of CN3 is only 1.16 D, which is too small
to support a dipole-bound state. The molecular frameworks distort only slightly upon
binding an excess electron and the dipole moment of the neutral increases by 0.05, 0.06,
and 0.19 D, upon these geometrical distortions (Figures 5.12 and 5.16). The geometrical
distortions can be viewed as nascent zwitterionization, because the (O)H---N distance

shortens by 0.02 A, and the OH distance elongates by 0.002 A.

The excess electron binding energies are in the 30 — 65 meV range and the verti-

cal attachment and detachment energies barely differ (Figure 5.16), which is common
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FIGURE 5.15: Highest occupied molecular orbital of the dipole- and valence-bound an-
ions of phenylalanine generated with contour values determined with OpenCubMan pro-
gramme 57 (80% of the orbital electron density).

for dipole-bound anions.[129] Despite their small values, these electron binding ener-
gies are measurable in anion photoelectron spectroscopy and Rydberg electron transfer
experiments.[137] Based on the E.; + E3% stability of CDB1 with respect to CN1, I
conclude that the gas phase neutral Phe is characterized by an adiabatic electron affinity
of 53 meV. Notice lack of correlation between the electron vertical binding energies and
the values of dipole moment of the neutral, with CDB2 having apparently a too small
electron binding energy for its dipole moment. The reason is the relative orientation
of its dipole and the phenyl ring. The excess electron in typical dipole-bound anions
is localized in the region where the electrostatic potential produced by the dipole of
the neutral is the most attractive. The electron still fulfils the Pauli exclusion principle

and the anionic singly occupied molecular orbital (SOMO) remains orthogonal to the
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CDB1 CDB2 CDB10
Mrerar | VAE VDE Relative Stability w.zr CN1
System | Mp2 | MP2 | MP2 | CCSD(T) | MP2 CCSD(T)
E, | Bs EqE® H G
CDB1 500 2037 2361 5272 -052 -116 -123 -122  -165
CDB2 5.34 11.48 1236 33.16 1.74 0.76 0.48 0.07  -0.59
CDBI0 473 2305 3118 6443 438 296 263 275 163

FIGURE 5.16: The three most stable conformers of dipole-bound anions of Phe based

on the canonical tautomer. The dipole moment of neutral Phe at the optimal anionic

geometry, , in D; the electron vertical attachment (VAE) and detachment energy (VDE)

in meV; the relative stability of anions with respect to CN1 in kcal/mol. The anionic

structures (with distances in A) optimized at the MP2/ADZ+DF level of theory. The
remaining quantities the same as in Figure 5.12.

occupied orbitals of the neutral, which requires some nodal surfaces in the regions of
atoms localized close to the positive pole of the dipole. In the case of CDB2 the phenyl
ring happens to be in the region where the dipolar electrostatic potential would favour
localization of the excess electron. The SOMO needs to develop several nodal surfaces
that are preceded by a dent visible in Figure 5.15. The multitude of nodal surfaces
destabilizes the anion, which is reflected in relatively small values of electron vertical

binding energies.

Even though the gas phase neutral Phe does not support zwitterionic minima, local
minima of this type exist on the anionic potential energy surface and two most stable,
ZDB1 and ZDB2, are illustrated in Figure 5.17. ZDB1 might be viewed as a product
of proton transfer from COOH to NHs initiated from CDB1. The dipole moment of
the neutral increases upon this proton transfer by 3.62 D and the ZDB1 minimum is
characterized be a VDE of 0.293 eV. This is a five-fold increase in comparison with
the VDE of CDB1. ZDBI1 is, however, unstable with respect to CNN1 by ca. 19.6
kcal/mol, thus adiabatically more unbound than T1V1. Similarly, ZDB2 results from
proton transfer initiated in either CDB2 or CDB10. In fact, geometrically it resembles
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J J
ZDB1 ZDB2(10)
Hrousas VDE Relative Stability w.r.z CN1
System MP2 | MP2 |[CCSD(T) | PMP2 CCSD(T)
Ey | By EjE" H G
7ZDB1 8.62 14957 29251 24.51 19.50 19.59 2392 2463

ZDB10(2) 8382 24904 39573 29.61 2331 23.10 27.60 27.62

FIGURE 5.17: The two most stable conformers of dipole-bound anions of Phe based on

the zwitterionic tautomer. The dipole moment of neutral Phe at the optimal anionic

geometry, fneutrals 0 D; the electron vertical detachment energy (VDE) in meV; the

relative stability of anions with respect to CN1 in kcal/mol. The anionic structures

(with distances in A) optimized at the MP2/ADZ+DF level of theory. The remaining
quantities the same as in Figure 5.12.

more CDB10 than CDB2 (Figures 5.16 and 5.17). The difference in dipole moments
of the neutral at the ZDB2 and CDB2 geometries is 3.48 D, and the VDE value for
ZDB2 is 0.396 eV. Again, ZDB2 is unstable with respect to CN1 by 23.1 kcal/mol.
Notice a significant contraction of the SOMO orbital, attached to the nitrogen terminus

of the molecular framework, upon proton transfer from COOH to NHy (Figure 5.15).

5.6 Summary and Conclusions

The Potential Energy Surface Scanning Tool (PESST)[28] allows automated scanning
of molecular tautomeric and conformational spaces. Its performance has been tested on
the neutral and anionic phenylalanine (Phe). Molecular ions frequently favour structures
different from those of the neutral species, thus the anions of Phe have been particularly
challenging. The prescreening has been performed with lower level electronic structure
methods (B3LYP exchange-correlation functional for the neutral and valence anions
and Hartree-Fock for dipole-bound anions), while final energies were determined at the
CCSD(T) level with basis sets of aug-cc-pVDZ quality.
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Three conformers of the neutral canonical Phe have been found differing in stability
by less than 1.3 kcal/mol. It was counterintuitive for me to find out that conformers
with and without the intramolecular (O)H---NHg hydrogen bond might be similarly
stable. It has been interpreted as a manifestation of structural strain, which develops
upon formation of the hydrogen bond. I have identified a unique IR signature of the

conformer without the intramolecular hydrogen bond.

I have also identified three tautomeric families of valence anions of Phe resulting from
proton transfer from COOH to the phenyl ring. They are characterized by significant
values of VDE, in a range of 3.2-3.5 eV. At 0 K, the most stable tautomer/conformer of
valence anions is adiabatically unbound with respect to the most stable canonical neutral
by only 2.17 kcal/mol and its stability further improves at elevated temperatures. Based
on past efforts with valence anions of nucleic acid bases[27] I suggested that the valence
anions of Phe identified in this report can be observed experimentally and indeed they
were observed later on and the experimental photoelectron spectrum is shown in Figure

Al

I characterized dipole-bound anions supported by the canonical and zwitterionic tau-
tomers of Phe. These based on the canonical tautomer are relatively weakly bound,
with electron vertical binding energies in a range of 30 — 65 meV. Still, these might be
the lowest anionic states in the system and I predict an adiabatic electron affinity of
53 meV for the most stable conformer of the neutral. The dipole-bound anions remain
vertically bound upon intramolecular proton transfer from COOH to NHsy. Local zwitte-
rionic minima develop for these anions with electron vertical binding energies in a range
of 290-400 meV. These minima are adiabatically unbound with respect to the canonical
neutral by ca. 19-23 kcal/mol. I observed that the phenyl ring of Phe can interfere with
the SOMO orbital of its dipole-bound anion and thus reduce stability of the anion.



Chapter 6

Adiabatically Bound Valence
Anion of Parent Tyrosine: A
Remarkable Stability and

Unusual Structure

6.1 Abstract

The parent anions of tyrosine (doublets) and anions resulting from deprotonation of
tyrosine (singlets) were studied in a joint computational and anion photoelectron spec-
troscopy effort. I searched for the most stable structures using a combinatorial-computational
approach. Extended libraries of tautomers and conformers were constructed and the
most stable structures were identified in the course of a multi-stage selection process.
The most stable valence anions of tyrosine are adiabatically bound with respect to the
most stable canonical neutral by ca. 0.6 eV and are characterized by electron vertical
detachment energy of ca. 3.8 eV. These anionic tautomers result from a double proton
transfer from the carboxylic and hydroxyl groups to the ring, with transferred protons
occupying the neighbouring ortho and meta positions with respect to the amino acid
residue. I also identified a few other families of anionic tautomers and characterized
their relative stability and values of VDE. Two families, which might be kinetically easy

to form, have VDE values matching positions of distinct peaks in the PES spectrum.
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6.2 Introduction

The amino acids such as L-Phenylalanine, L-Tyrosine are important intermediates in
biochemical processes.[173—-175] These are two of the 21 standard amino acids found
in nature. They are the building blocks of proteins and play major role in molecular
physiology.[176, 177] L-Phenylalanine is a precursor to L-Tyrosine, which in turn, is a
precursor to a neurotransmitter, dopamine. I have recently studied L-Phenylalanine in
detail[29] and also others.[154] Here I turn attention to L-Tyrosine (Tyr) (Fig. 6.1),
which plays an important role in protein redox processes.[178, 179] It acts as an inter-
mediate in an electron transfer process by promoting signals from the surface of the cell
to the nucleus.[174, 178, 179] The excess charge might induce structural changes in Tyr.

The structural modifications might explain the mechanism of signal transmission.

Valence anions of molecular systems are more challenging for structural determination
than their neutral counterparts. They might favour tautomers that would be quite un-
stable for the neutral system. For example, past studies of valence anions of nucleic acid
bases demonstrated that the most stable anionic tautomers result from proton trans-
fer from a typical proton donor (e.g., NH) to carbon sites, rather than to conventional
proton acceptors involving highly electronegative atoms (O or N).[27, 29, 142-144] The
valence anions observed experimentally were not necessarily adiabatically bound with
respect to the most stable neutral, though they displayed significant electron vertical
detachment energies (VDE) of 1-3 eV. Apparently, the anionic tautomers are separated
by sufficiently high barriers from these regions of potential energy surface where the
valence anion is weakly bound or even unbound. Notice that the six-member ring of Tyr
might support unusual tautomers of its valence anion, which would result from proton

transfer from the carboxylic and/or hydroxyl groups to the phenol ring.

I reported a proton transfer from the carboxylic group to the phenyl ring for the most
stable tautomers of valence anions of L-Phenylalanine in chapter 5.[29] These valence
anions were vertically strongly bound, with VDEs in a range of 3.2-3.5 eV. Even though
the most stable conformer of these valence anions remained adiabatically unbound with
respect to the canonical neutral by ca. 2 kcal/mol at the CCSD(T)/aug-cc-pVDZ level
of theory, these valence anionic states have recently been observed experimentally.[180]
Tyr is more challenging than L-Phenylalanine for exploration of possible tautomers due
to the presence of the hydroxyl group, a potential proton donor site. A comprehensive
exploration of its structural space requires an advanced tool for enumeration of possible
tautomers and conformers. I have recently developed this advanced tool, Potential
Energy Surface Scanning Tool (PESST) described in chapter 5,[181] and I will use it in

the course of this project.
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Physiochemical properties of Tyr have been probed in mass spectrometry[182, 183], FT-
IR spectroscopy,[178] ion-beam scattering,[184] electron spray ionisation,[182] and elec-
tron paramagnetic resonance spectroscopy[185, 186] studies. The computational studies
addressed the conformational preference of the neutral, radical cation, and deprotonated
species[182, 187]. The latter anions differ from the main target of my study, radical an-
ions of complete (parent) Tyr. The neutral and deprotonated species were studied in
the combined anion photoelectron spectroscopy and computational study.[182] The main
and striking observation was that the gas phase sample of deprotonated species was rep-
resented by a 70:30% mixture of phenoxide and carboxylate species, though carboxylate
anions were dominant in solutions. Thus it is easier to deprotonate gas phase Tyr on
the hydroxyl than carboxylic site. This finding will have bearing on my study of valence
radical anions of complete Tyr. The dynamics of collisions of deprotonated Tyr with
Os[atAg] was studied in Ref. 184.

In this study, I will search for the most stable tautomers and conformers of the neutral
and anionic Tyr. My computational efforts will start from systematic constructions of
molecular libraries[29] and the most stable structures will be determined using state-
of-the-art electronic structure methods. The parallel anion photoelectron spectroscopy
measurements will verify correctness of my predictions for molecular anions and will be

described in details in the Appendix B.

6.3 Computational Methodology

The most stable structures of the neutral and anionic tyrosine were identified using a
combinatorial-computational approach [22] and a versatile tool for creation of molecular
conformers and tautomers, PESST.[29] I considered several tautomers of Tyr and some
representative structures are illustrated in Fig. 6.1. I found that the canonical tautomer
is the most stable for the neutral Tyr, but it does not support vertically bound valence
anions. Thus it is labelled N from now on. The tautomer D results from a double
proton transfer to the ring. One proton comes from the carboxylic group, another from
the hydroxyl group and I considered the carbon atoms 2, 3, 5, and 6 as potential binding
sites for these protons. Another tautomer, labelled DYV, results from a double proton
transfer from the same proton donor sites, but one of the protons is attached to the
nitrogen, another to the phenyl ring. There are two families for single proton transfer
to the ring: SH results from proton transfer from the hydroxyl group and SC' from the
carboxylic group. For the two latter families the carbon atoms 2 and 3 are considered

as potential binding sites.
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FIGURE 6.1: Tautomers of Tyr considered in this study. Rotatable bonds B1 — B6
considered when generating conformers of neutral or anionic Tyr.

Nyrot value
Tautomer Bl B2 B3 B4 B5 B6
N 2 0&90° 6 6 2 3
Dkl ~ 4 6 6 - 3
DN,k’ - 4 6 6 B B
SHF ~ 4 6 6 2 3
SCk 2 4 6 6 — 3

TABLE 6.1: The n,o values for bonds Bl — B6 of the N, D¥! DNk SHF and SC*
systems considered in this report.

The rotational bonds activated when searching for the most stable conformers are la-
belled B1 — B6 in Fig. 6.1. I created libraries of conformers by rotating the Bn bonds
with increments 360°/n,.;, where n,q is an integer defined for each rotatable bond Bn.
The detailed information about the active rotatable bonds and the n,.; values is sum-
marized in Table 6.1. These procedures led to 864 initials structures for N, 432 for D,
144 for DV, and 864 for SH and SC.

With the active B2 rotatable bond, the carbon site 2 is equivalent to 6 and 3 to 5.
When dealing with D—type structures I considered protons occupying the following k.l
positions: 2,3 or 2,5 or 2,6 or 3,5. These structures will be labelled D** and various
conformers of these tautomers will be labelled Dﬁ{l, with the stability decreasing as m
increases. Similarly, DN* denotes a specific member of the DV family: it is the m-th
most stable conformer of the tautomer resulting from one proton transferred to nitrogen
and another to the k’th carbon atom of the phenyl ring. Finally, S C’,,’% and S Hff1 denotes
the m!* most stable conformer of the tautomer resulting from a single proton transfer
to the k" carbon atom in the phenyl ring from the carboxylic and hydroxyl group,
respectively. The m!" conformer of the anion resulting from deprotonation of Tyr at the

hydroxyl and carboxylic site will be labelled DPH and DPS | respectively.
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The initial structures created by PESST were pre-screened by performing full geome-
try optimisations using Becke, three-parameter, Lee-Yang-Parr (B3LYP)functional[100,
111-113] with Pople’s type 6-314++G**[163] basis set. The lowest energy structures from
each tautomer that spanned an energy range of 5 kcal/mol were re-optimised at B3LYP
and MP2 levels using Dunning’s ADZ[115, 121] basis set, followed by frequency calcula-
tions. Finally, single point CCSD(T)[188]/ADZ energy calculations were carried out at
the MP2 optimised geometries for the three most stable conformers of each tautomer. To
summarize, my most accurate energies of the neutral and anionic systems are based on
the CCSD(T) electronic energies and zero-point vibrational energies determined at the
MP2 level, both obtained with the ADZ basis set. The electronic structure calculations
reported in this study were performed using the Gaussian 09[75] suite of programmes.
The orbitals occupied by an excess electron were generated with the Molden[161] pro-
gramme using a contour value of 0.5 au. The GaussView[189] package was used to draw

molecular structures.

6.4 Computational Results

The most stable conformers of the neutral Tyr and their relative stabilities are illus-
trated in Fig. 6.2. My search failed to identify locally stable conventional zwitterionic
structures, with the carboxylic proton transferred to the NHy group. All geometry op-
timizations initiated from initial zwitterionic structures collapsed to the canonical N
tautomer. The N1 — —N3 conformers span a narrow energy range of 1.6 kcal/mol and
the relative stabilities calculated at the CCSD and CCSD(T) levels differ by less than
0.21 kcal/mol (see the supporting information). All three conformers support a reason-
ably short OH---N intramolecular hydrogen bond. N2 differs from N1 by rotation of
the hydroxyl group only, but I illustrate it here to emphasize a significant increase of
the dipole moment from 3.7 to 6.2 D. This makes the N2 conformer suitable to support
a dipole-bound state[191]. The most stable conformers I identified agree with the most
stable conformers reported in Refs. 182, 187.

An overview of stability of various tautomers of tyrosine in the valence anionic state
is illustrated in Fig. 6.3. These relative B3LYP/ADZ electronic energies are reported
with respect to the most stable neutral conformer, N1. The results should be viewed
with a grain of salt, because the stability of valence anions is frequently overestimated
at the B3LYP level of theory.[29] Still, they suggest that the valence anions of Tyr might
be adiabatically bound provided at least one proton is transferred to the phenyl ring.
They also justify my selection of D?3, SH3, D3® SC?, and D3 for further, more

accurate, considerations and discarding the D*% and SH? families. The D™ family



Chapter 6. Adiabatically Bound Valence Anion of Parent Tyrosine: A Remarkable
Stability and Unusual Structure 131

9..1.859 9..1.862

@ 9
1 2
N1 0.00 N2 0.31 N3 1.6
L=3.68 L= 6.20 W= 498

FIGURE 6.2: Structures and relative stability (in kcal/mol) of low-lying conformers of
neutral Tyr. The intra-molecular hydrogen bond parameters are in A. Dipole moments
in Debyes.

is not reported because the anionic structures collapsed to the SH? structures. The
viability of double proton transfer involving the carboxylic and hydroxy groups of Tyr
was already suggested by the results of Ref. 182. My results demonstrate that the double
proton transfer to the phenyl ring carbons 2 and 3 creates the most stable molecular

framework for the valence anion of Tyr.

From now on, the presented stabilities of valence anions will be based on electronic
energies determined at the CCSD(T) level and molecular geometries and zero-point
vibrational corrections determined at the MP2 level; all results obtained with the ADZ
basis set. The energies of the anions are reported with respect to the energy of the

neutral N1, thus they are equivalent to adiabatic electron affinities.

The three most stable conformers from the D?? family are illustrated in Fig. 6.4. The
stability of D%’s is approximately 0.56 eV, thus much larger than the uncertainty of my
theoretical model. I concluded that these three (and nine other D?3 conformers reported
in the supporting information) are most probably adiabatically bound with respect to
N1. The two protons transferred to the phenyl ring interact with lone electron pairs of
oxygens from the carboxylate group. The NHy group is also involved in hydrogen bond-
ing with the carboxylate group. The phenyl ring is strongly buckled at the protonated
carbons. In D%’g, the (1,2,3,4) dihedral angle is 49.0° and very similar values were found
for the analogous dihedral angles in DS’S and Dg’g. The molecular orbitals occupied by
the unpaired electron are illustrated in the bottom part of Fig 6.4. The electron density
is localized on the side of the ring opposite to the transferred protons. The bonding

pattern is analogous in all three conformers: a bonding interaction between C1 and the
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FIGURE 6.3: The most stable conformers of the families of valence anions of tyrosine
considered in this study. The relative energies (in kcal/mol) with respect to the most
stable canonical neutral N1, were calculated at BSLYP/ADZ level.

next carbon followed by an antibonding interaction. The electron vertical detachment

energies are significant, all in the 3.76 — 3.80 eV range.

The three most stable conformers from the D3 family are illustrated in Fig. 6.5. Their
stability with respect to N1 is still substantial, ca. -0.1 — -0.2 eV. The NHy group
remains involved in hydrogen bonding with the carboxylate group. The electron density
of unpaired electron is localized on C2 and C6, but not on C1 and C4. The electron

vertical detachment energies are significant, all in the 3.65 — 3.90 eV range.

The two most stable conformers from the D3 family are illustrated in Fig. 6.6. They
are unstable with respect to N1 by ca. 0.3 — 0.4 eV. I report their characteristics
despite their instability because formation of these doubly-proton-transferred anions is
kinetically the most straightforward: the carboxylic proton transfers to nitrogen and
the hydroxyl proton transfers to C3. The electron density is localized on the side of
the ring opposite to the transferred proton. The bonding pattern is analogous in both
conformers: a bonding interaction between C4 and the next carbon followed by an
antibonding interaction. The electron vertical detachment energies are much smaller
than for the D> and D3° families, ca. 1.6 — 1.7 eV.
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FIGURE 6.4: Three most stable conformers of D%3 family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE are in eV.

D3> D3 D33

1 2 3
AEA : 0.17 0.16 0.10
VDE: 3.90 3.65 3.67

FIGURE 6.5: Three most stable conformers of D>° family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE are in eV.
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FIGURE 6.6: Two most stable conformers of DN family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE are in eV.

The three most stable conformers from the SH?3 family are illustrated in Fig. 6.7.
Their stability with respect to N1 is still substantial, ca. -0.08 — -0.10 eV. SH} and
SH; are very similar, they differ by rotation of the phenyl ring by 180° around the B2
bond. The OH from the carboxylic group forms a relatively short hydrogen bond with
the lone electron pair of nitrogen. In SH;’, however, the same OH interacts with the
excess electron density localized on the ring, while the NHy groups acts as a symmetric
double proton donor interacting with the CO proton acceptor site. The electron density
is localized on the side of the ring opposite to the transferred proton. The bonding
pattern is analogous in three conformers: a bonding interaction between C4 and the
next carbon followed by an antibonding interaction. The electron vertical detachment

energies are even smaller than in the D3 family, ca. 1.0-1.2 eV.

The three most stable conformers from the SC? family are illustrated in Fig. 6.8. They
are unstable with respect to N1 by ca. 0.06 — 0.11 eV. I also report their characteristics
despite their instability because formation of these singly-proton-transferred anions is
also kinetically straightforward: the carboxylic proton transfers to the neighbouring
C2. The NH proton donor and the protonated carbon from the phenyl ring interact
with the carboxylate group. The excess electron density is delocalized over the whole
phenyl ring, still favouring the side opposite to the transferred proton. The bonding
pattern is analogous in all conformers: a bonding interaction between C1 and the next
carbon followed by a series of antibonding interactions. The electron vertical detachment

energies are substantial, all in the 3.3-3.5 eV range.
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FIGURE 6.7: Three most stable conformers of SH® family. AEA with respect to the
most stable N1. The geometrical parameters are in A, AEA and VDE are in eV.

SC; SC3 SC
AEA :-0.06 -0.09 0.1
VDE : 3.34(3.43) (3.46) (3.26)

FIGURE 6.8: Three most stable conformers of SC? family. AEA with respect to the
most stable N1. The geometrical parameter are in A, AEA and VDE are in eV.
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The interpretation of PES spectra reported in Sec. 6.5 required elementary information
about deprotonated tyrosine, DP. The results of my B3LYP and MP2 calculations
were consistent with the earlier results of Tian et al.[182] I did not find any more stable
conformer than they have done. The range of MP2 VDE’s from the three most stable
DPC and DPH conformers was 3.9 — 5.5 and 2.8 — 3.1 eV, respectively. My detailed

results on the conformers of DP® and DPH are available in the supporting information.

6.5 Anion Photoelectron Spectroscopy Results

The PES spectra of the tyrosine parent anion in figure 6.9 was recorded with 4.86 eV
photons and laser ablation pulses of different power are presented by my experimental
collaborators. The detail experimental procedure can be found in Appendix B. The
spectrum involves broad and overlapping peaks, which are labelled A — D. The intensity
of B at a EBE of ca. 2.8 eV was sensitive to the power of laser ablation pulses. I expect
that this peak is associated with the deprotonated Tyr (DP), rather than the tyrosine
parent anion. The samples of Tyr used by my collaborators involve naturally occurring
isotopes, thus the anionic beam with the molecular mass of CgH1;NO3 might contain up
to 9% of DP, i.e., CoH;oNOj , assuming that one 12¢ is replaced with '3C. The position
of peak B coincides with my values of VDE for the DPH family, 2.8 — 3.1 eV. Also the
authors of Ref. 182 reported a peak with EBE between 2.6 and 3.0 €V in their study on
DP. Apparently, the efficiency of formation of DP in our source of anions is sensitive to
the laser ablation power. This allowed me to discriminate B from other peaks associated

with the tyrosine parent anion.

Next, I focus my attention on other features in the PES spectrum from Fig. 6.9. Its
onset at ca. 1.3 eV is larger than the AEA value of 0.56 eV reported by me. It indicates
that the 0-0 transition has a negligibly small intensity in the PES spectrum. I associate
peak A at ca. 1.8 eV with the D3 family. This family is kinetically easily accessible
and the calculated VDE values of 1.6-1.7 ¢V match the position of peak A. I associate
peak C at ca. 3.3 eV with the SC? family. This family is also kinetically easily accessible
and the calculated VDE values of 3.3-3.5 eV match the position of peak C. Finally, I
associate a broad peak D at 3.9 eV with the D>3 and D3® families. The calculated
VDE values of 3.7-3.9 eV match the position of this broad peak.

The PES spectrum of DP recorded with 3.49 eV photons is presented in Fig. 6.10. I
associate peak B at 2.82 eV with the DPH family (the calculated VDE’s in the 2.8-3.1
eV range). I believe that the same peak contaminates the PES spectrum of tyrosine
parent anion in Fig. 6.9. I am unable to provide a convincing interpretation of the A

peak at 1.56 eV. Per analogy with B in Fig. 6.9, it may be associated with CgHgNO;,
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FIGURE 6.9: Photoelectron spectra of Tyr~ recorded with 4.86 eV and laser ablation

pulses of different power. The procedure for obtaining the spectra is outline in appendix
B.

assuming that one '2C is replaced with C. So far I have failed to identify a molecular
anion of this composition with a VDE of 1.56 eV. It should be pointed out that the 3.49
eV photons used in my collaborators’ experiments are unable to unravel a high EBE
part of the spectrum for DP. My calculated VDE values for the DPC family are in the
3.9 — 5.5 eV range. In fact, the PES spectrum of DP reported in Ref. 182 with 4.66 eV
photons has a peak between 3.4 and 4.0 eV, thus consistent with my predictions for the
DPC family. Further experimental and computational work is needed to understand

the origin of peak A in Fig. 6.10.

6.6 Summary and conclusions

Structural modifications of tyrosine upon attachment of an excess electron and forma-
tion a valence anionic state were the main focus of this study. My electronic structure
calculations were paralleled by an anion photoelectron spectroscopy study of the tyro-

sine parent anion and deprotonated tyrosine. I searched for the most stable neutral



Chapter 6. Adiabatically Bound Valence Anion of Parent Tyrosine: A Remarkable
Stability and Unusual Structure 138

B.282¢e}y
Deprotonated Tyrosine

A:1.56eV

Photoelectron Intensity

EBE (eV)

FIGURE 6.10: Photoelectron spectrum of deprotonated Tyr recorded with 3.49 eV pho-
tons.

and anionic structures of tyrosine using a combinatorial-computational approach.[22]
Extended libraries of tautomers and conformers of tyrosine were constructed using the
potential energy surface scanning tool[29] and the most stable structures were identified
in the course of a multi-stage selection process. Based on past efforts with nucleic acid
bases[27] and phenylalanine[29] I considered anionic tautomers resulting from proton
transfer to the phenyl ring. Both single and double proton transfer tautomerizations

were considered involving the carboxylic and hydroxyl proton donors.

My results provide evidence that the most stable valence anions of tyrosine are adia-
batically bound with respect to the most stable canonical neutral by ca. 0.6 eV and
are characterized by electron vertical detachment energy of ca. 3.8 eV. These anionic
tautomers result from a double proton transfer from the carboxylic and hydroxyl groups
to the ring, with transferred protons occupying the neighbouring ortho and meta posi-
tions with respect to the amino acid residue. I identified a few other families of anionic
tautomers and characterized their relative stability and values of VDE. Two families,
which might be kinetically easy to form, have VDE values matching positions of distinct

peaks in the PES spectrum.
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The PES spectrum of the parent anion of tyrosine was contaminated with a peak asso-
ciated with deprotonated tyrosine. Some molecules of deprotonated tyrosine are present
in the anionic beam of the properly mass-selected parent anion due to the natural abun-
dance of the 3C isotope. Other peaks in the PES spectrum were assigned to different
families of valence anions identified in the course of my computational search. The
measured PES spectrum of deprotonated tyrosine has two distinct features at 1.56 and
2.82 eV. The latter was interpreted in terms of anions resulting from deprotonation of
the hydroxyl group. The former has not been interpreted yet and my ongoing search is
focused on anions that might be confused with deprotonated tyrosine in consequence of

mass leaks (13C vs 120).



Chapter 7

Intramolecular Proton Transfer in
Acetoacetic Acid Induced by a 7*

Excess Electron

7.1 abstract

Acetoacetic acid (AA), equipped with neighbouring carboxylic and keto groups, is a
promising system for studies of intramolecular proton transfer. The results of my com-
putational search for the most stable tautomers and conformers of the neutral and
anionic AA allowed to guide and interpret the parallel anion photoelectron and electron
energy-loss spectroscopy measurements. I identified several conformers of the canonical
neutral AA within a narrow energy range of 1 kcal/mol. The conformer with the in-
tramolecular hydrogen bond, and thus susceptible to intramolecular carboxylic-to-keto
proton transfer, proved to be the third most stable and the most polar, with a dipole
moment of 5.4 D. The polar neutral conformer supports a dipole-bound anion with an
electron vertical detachment energy of 57 meV. The valence anions of AA all exist in
the enol form. The distinct global minimum is more stable than other minima by more
than 12 kcal/mol. It is supported by a short intramolecular hydrogen bond between the
enol and carboxylate groups. The valence anion is characterized by a significant electron
vertical detachment energy of 2.38 eV, but a modest adiabatic electron affinity of 0.33
eV. The inherent instability of AA with respect to acetone and COs is suppressed in the
valence anionic state. The valence anion was identified in photoelectron spectroscopy
experiments and the measured electron vertical detachment energy of 2.30 eV is very
good agreement with my computational predictions. I conclude that binding an excess

electron in a 7* valence orbital changes localization of the proton in AA. The results of
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electron energy-loss spectroscopy demonstrate that AA is able to quasithermalize elec-
trons with energies in the 1-2 eV range. Its efficiency is, however, lower than the that
of the dimer of formic acid. My computational results allow rationalizing these experi-
mental findings in terms of the co-existence of various conformers of AA. Only one, and
not the most stable, conformer is prearranged for intramolecular proton transfer and
thus quasithermalization of electrons. All other low-lying conformers undergo electron

autodetachment with or without vibrational excitations.

7.2 Introduction

The phenomenon of proton transfer is coupled with electronic structure of molecules in-
volved. In particular, an excess electron can drive redistribution of protons.[192] Proton
motion coupled with electron transfer has been identified long ago as the basic mech-
anism of bioenergetic conversion.[193] Recent experimental and theoretical research on
electron-driven processes has been primarily driven by two factors: (i) damage of DNA
and RNA by low-energy electrons[194] and (ii) the potential of electron beam lithography

to fabricate the next generation of micro- and nano-electromechanical devices.[195]

Recent experimental gas phase studies on electron-induced proton transfer in fragments
of DNA and proteins[148, 192] have been hampered by low vapor pressure of these
molecules. This motivated me to indentify model systems in which analogous funda-
mental chemical physics processes take place, but which display a larger vapor pressure
than typical biomolecules. When dealing with intermolecular proton transfer induced
by a 7" excess electron I suggested that the dimer of formic acid may serve as a model
system.[196] It displays many similarities with intermolecular proton transfer in anionic
complexes of nucleic acid bases with weak acids.[196] Similarly, a hydrogen bonded com-
plex of ammonia and hydrogen chloride may serve as a model system for intermolecular

proton transfer induced by a o excess electron.[197]

The electron-induced proton transfer in formic acid dimer was invoked to interpret dif-
ferences in the results of electron energy loss spectroscopy experiments on the monomer
and dimer of formic acid.[198] A peak of very low energy electrons was found to be much
stronger in the dimer than in the monomer. The dramatic increase in the efficiency of
the dimer to quasithermalise electrons arriving in the 1-2 eV energy range was inter-
preted in terms of intermolecular proton transfer that quenches the fast autodetachment
channel. It was concluded that the phenomenon of electron-driven proton transfer can

be ubiquitous and it may be responsible for rapid slowing down of excess electrons.
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The anion of formic acid dimer has recently been experimentally characterized using
Ar-tagged vibrational predissociation and electron autodetachment spectroscopies.[199]
These results confirmed that excess electron attachment occurs with barrier-free transfer
of one of the protons across the H-bonded bridge. The study corroborated that the
anion of formic acid dimer composes of a largely intact formate anion attached to the

dihydroxymethyl radical through a symmetrical, double O-H bonded bridge.

Much less information is available on intramolecular proton transfer induced by excess
electron and the results are available primarily for low-vapour pressure molecules, e.g.,
nucleotides.[200] For example, the anion photoelectron spectrum of 2’-deoxyadenosine-
5’-monophosphate[200] has been interpreted through intramolecular proton transfer from
a hydroxyl group of the phosphate to the N3 position of the adenine.[201] Fundamental
studies of intramolecular proton transfer induced by an excess electron would benefit
from model systems with well defined intramolecular hydrogen bonds and vapour pres-

sures significantly larger than those in biomolecules.

Here I present computational and experimental results on the neutral and anionic ace-
toacetic acid (AA), see Fig. 7.1. Upon formation of proper conformers, the neighbour-
ing carboxylic and keto group can engage in intramolecular hydrogen bond providing
a bridge for intramolecular proton transfer. AA is the simplest beta-keto acid and is
thermodynamically unstable with respect to decomposition to acetone and COy. How-
ever, the experimental half-file of 140 minutes has been reported for a water solution
of AA at 37 °C.[202] Thus the molecule can be probed experimentally provided care
is taken to operate at low temperatures. Some computational information is available
on the ketonic decarboxylation of AA[203-205]. Huang et al.[203] reported a two step
process of unimolecular decarboxylation with barriers of 25.7 and 55.9 kcal/mol at the
MP2/6-31G* level of theory.

My computational study is focused on the tautomers and conformers of the neutral and
anionic AA. The anion photoelectron spectroscopy measurements allow probing bound
anionic states of AA and verify computational predictions. The electron energy loss
spectroscopy measurements allow probing the anionic resonance state of this molecule.
Based on past efforts with the dimer of formic acid[198], particular attention is paid to

the possibility of quasithermalisation of electrons arriving in the 1-2 eV energy range,
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7.3 Computational Methods

The tautomers and conformers of neutral and anionic AA were explored using my in-
house tool, PESST[29]. Only two tautomers were considered, the canonical keto tau-
tomer and a zwitterionic enol tautomer resulting from proton transfer from O2 to O1,
both shown in Fig. 7.1. The keto tautomer supports a dipole-bound anionic state. The
enol tautomer supports a strongly bound valence anion in addition to the dipole bound
anion. Henceforth I will use DB and VB to refer to the dipole- and valence-bound
anions, respectively. The conformational space of keto was explored through systematic

rotations around bonds «, 3, v, and 7, see Fig. 7.1, while € replaces a for enol.

When probing the conformational space of keto, the bond « was rotated with a step size
of 180°. The bonds 8 and v were rotated with a step size of 60° each whereas n was
fixed at 0° and 60°. All combinations of these rotatable bonds «, 5,7, and 71 resulted
in 144 initial structures for screening purposes. When probing the conformational space
of enol, v and € were rotated with a step-size of 60° and 180°, respectively, and S was

kept fixed at 0° and 90° and 7 fixed at 0° and 60° yielding 42 initial structures.

Electronic structure calculations for dipole-bound anions require basis sets with very
diffuse basis functions. In this study, I used the standard Dunning’s ADZ[115, 121] basis
set supplemented with extra diffuse basis functions centred on the carbon of (-CHs). The
exponents a,, of these basis functions were determined through: a,, = %, n=12...,
initiated from the lowest exponent o of the s-, p- or d-functions in the standard ADZ
basis set, and advanced with ¢ = 3.2.[165] I limited the extra diffuse set to 5 s-, 5 p-, and 2
d-functions based on the values of the LCAO coefficients of the singly occupied molecular
orbital in the dipole-bound state calculated at the geometry of the neutral.[122; 129]
This procedure led to the lowest exponents of 1.3256 x 10~ *au, 1.1421 x 10~ *au and
1.4437 x 10~2au for the s-, p- and d-symmetries, respectively. The dipole moment of
the neutral increases upon the intra-molecular proton transfer from O2 to O1, thus the

above set of additional diffuse functions should be sufficient for all geometries considered.

The initial structures of the neutral and valence anions of acetoacetic acid were pre-
screened at the density functional level of theory with the BSLYP exchange-correlation
functional.[100, 111-113] All minima were re-optimised at the coupled-cluster singles
and doubles[206] (CCSD) level of theory; harmonic frequencies were calculated at the
same level. The minimum energy structures contained within an energy range of 10
kcal/mol were subjected to single-point coupled-cluster calculations with single, double
and non-iterative triple excitations[188] (CCSD(T)). Thus my most accurate energies

of the neutral and anionic systems are based on the CCSD(T) electronic energies and
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VB anion

F1cURE 7.1: Molecular structures of AA considered in this study. The principal ge-

ometrical parameters (in A) were characterized at CCSD/ADZ + DF level of theory.

Bonds a, 3,7,n and € were rotated for conformational searches. The change A in the
01-C2-C1-H5 dihedral angle (blue) from the N1 to VB geometry is in ° (deg).
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FIGURE 7.2: The unimolecular decomposition path of AA characterised at the CCS-
D/ADZ level of theory. The bond H1 — O1 was scanned and the transition states T'S(a)
and TS(b) illustrate the unimolecular decomposition path.

zero-point vibrational energies determined at the CCSD level, both obtained with the
ADZ+DF basis set.

I identified several low-lying conformers of the neutral keto AA and the energy barriers
separating them. The search for transition states was performed in two stages. First,
I constructed the energy profiles (MP2 or B3LYP) for rotations around « or /3 by per-
forming partial geometry optimizations for several fixed values of the selected dihedral
angle. The geometries associated with maxima on these profiles were used as starting
geometries for transition state searches using the Berny algorithm.[207-209] I also con-
sidered the decomposition of neutral AA into CO9 and 2-hydroxy-propelyne (the latter
further transforms to acetone, see Fig. 7.2). Again, initially I constructed energy profiles
for the relevant proton transfer reactions followed by transition state searches using the
Berny algorithm.[207-209]

The N1 conformer of neutral AA (see Fig. 7.3) was the most promising candidate for
supporting a dipole-bound anionic state: (i) it is the most stable neutral conformer in
terms of electronic energy, (ii) its dipole moment of 5.4 D exceeds dipole moments of
other low-energy conformers by 1.8 D. Thus my discussion of the dipole-bound anionic
state is limited to this conformer, though I also considered evolution of this anionic state

along the proton transfer coordinate.

The vertical excess electron binding energies were calculated it two ways. In “indirect”
approaches, the energy of the anion was subtracted from the energy of the neutral and
the procedure was executed at the SCF, MP2, CCSD, and CCSD(T) levels of theory.
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FIGURE 7.3: The low-lying neutral conformers of AA with the interconnecting bar-

riers separating them. The relative energies (in kcal/mol) were obtained at the

CCSD(T)/ADZ level of theory and corrected for MP2/ADZ zero-point vibration ener-
gies; the dipole moments p are in Debyes.
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The vertical excess electron binding energy can be also calculated “directly”. Here I
used the Electron Propagator Theory (EPT) (with P3 propagator)[210] applicable to
both electron detachment and attachment processes in which the frozen-orbitals, single-
determinant picture of Koopmans’ theorem (KT)[211] is valid. One can calculate the
vertical excess electron binding energy as either Electron Affinity (EA) of the neutral or
Ionization Potential (IP) of the anion. I will use EPT to refer to third-order electron

binding energies.

In order to illustrate the evolution of the DB and VB, anionic states as a function of
intramolecular proton transfer, I constructed A —1 intermediate structures. By using the
same set of geometric variables (i (inter-atomic distances, angles and dihedral angles,

k=1,...,3N —6), I defined the set of intermediate structures as:

B =g +mé m=1...A—-1 (7.1a)

I ni
5 = w (7.1b)

where ﬁf: and 3¢ are the values of the k" variable for the final (VB) and initial (DB)

structure, respectively.

The energy of the anion M~ at a geometry G can be written as;
Ey-(G) = En(Gu) + AEN(G) — EBE(G), (7.2)
where Ej;(Gar) is the energy of the neutral M at its optimal geometry Gy,
AEM(G) = Eu(G) — Em(Gum) (7.3)

represents an increase of the energy of the neutral M associated with its geometrical
deformation from Gjs to G, and EBE(G) is the vertical electron binding energy at the
geometry G:

EBE(G) = Ey(G) — Ey-(G). (7.4)

The values of EBE are positive for vertically bound anionic states and negative for
resonances. The electron vertical attachment energy (VAE) is equivalent to EBE (G ).
The electron vertical detachment energy (VDE) is equivalent to EBE(Gy,-) and the

electronic part of the adiabatic electron affinity is defined as:

AEA = En(Gu) — Ey-(Guy-), (7.5)
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where G- is the optimal geometry on the anion of M. Notice that
AEA = —-AEN(Gy-)+ EBE(Gy-) = —-AEN(Gy-) + VDE. (7.6)

Further extensions of this notation are needed for AA, which supports a valence and
dipole-bound anions. In this study I will characterize three characteristic molecular
structures. In addition to Gjps I will consider G M, and G M, which are the lowest
energy structures for the dipole- and valence-bound anions of M, respectively. The labels
of VAE, VDE and AEA will be supplemented with a subscript dbs or V' B to discriminate
between the two anionic states. I will also consider the quantity:

AFEyB dps = EM—b (GM— ) - EM— (GM

dbs VB VB VB

)s (7.7)

which is the vertical excitation energy from the valence to the dipole-bound anion at the
optimal geometry of the My, 5. This quantity might be important in future experiments

on the anion of acetoacetic acid.

All electronic structure calculations reported in this study were completed with the
Gaussian 2009 package[75]. The orbitals occupied by an excess electron were gener-
ated with the Visual Molecular Dynamics[167] package and the contour values used in
the plots were calculated with the OpenCubeMan|[212] tool using a fraction of electron
(F.) density equal to 0.6. The GaussView[189] package was used to draw molecular

structures.

Experimental procedure to obtain experimental photoelectron spectrum is discussed in

appendix C.

7.4 Computational Results

7.4.1 Neutral AA

My results indicate that the neutral AA supports minima for the keto tautomer only
(Fig. 7.3). My attempts to identify an enol minimum energy structure with H1 bound
to O1 failed: the H1 proton either transferred back to O2 or the molecule broke into
2-hydroxyl-propelyne and COq (Fig. 7.2). Notice that the proton-transferred structure,
with the H1 proton bound to O1, is the global minimum for the anion of AA (the bottom
part of Fig. 7.1).

The low-lying minimum energy structures of the canonical neutral (N1 — N7) and

transition states that separate the minima (TS1 — TS7) are illustrated in Fig. 7.3
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FIGURE 7.4: Energy profile connecting neutral structures of AA. The energies (in kcal /-
mol) were calculated at the CCSD(T)/ADZ level using the CCSD/ADZ geometries.

and a simplified landscape of the potential energy surface is illustrated in Fig. 7.4.
The stationary points exist in two enantiomeric forms. One could anticipate the N1
conformer to be uniquely stable due to the intramolecular O2H1- - - O1 hydrogen bond,
but the relative energies listed in Fig. 7.3 indicate that N1 is not necessarily the most
stable conformer. There are at least five neutral conformers within a narrow energy
range of 1 kcal/mol. N1 is unique not so much in its stability but in the energy barrier
(TS1 at 9.2 kcal/mol) that separates it from N5 and the remaining conformers. This
barrier can be associated with breaking of the intramolecular hydrogen bond. The
barriers separating the conformers N2 — N7 are much smaller and do not exceed 1.1
kcal /mol.

There are at least two factors that oppose the stabilizing effect of the intramolecular
hydrogen bond in N1. First, N1 is the most polar conformer, with a dipole moment
exceeding 5.4 D. The remaining conformers have dipole moments smaller by more than
1.8 D. High polarity typically increases electronic energy of a neutral molecule by rais-
ing the energy of the highest occupied orbital. Second, formation of the O2H1.--O1
hydrogen bond is associated with intramolecular strain. The results obtained with the
Amber[221] force field confirm this hypothesis. The sum of the angle bending, torsional
and bond stretching terms is larger in N1 than in e.g., N5, by ca. 2.8 kcal/mol, an
energy term comparable with the stabilizing effect of the hydrogen bond.

The neutral AA is unstable with respect to the decomposition to acetone and CO4 (Fig.
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F1GURE 7.5: Dissociation energy profile of neutral AA. The relative energies were
computed at CCSD(T)/ADZ level of theory using CCSD/ADZ optimal geometries.

7.5). The products are stable with respect to the reactant by 5.7 kcal/mol in terms of
electronic energies corrected for zero-point vibrations. The entropic effects will further
enhance the stability of products. Here I considered only unimolecular decomposition
channels. The first step of decomposition is associated with intramolecular proton trans-
fer and leads to COq plus 2-hydroxyl-propylene. The barrier height (TS(a) in Figures
7.2 and 7.5) is 27.8 kcal/mol and is comparable with the previous MP2 value of 25.7
kcal/mol.[203]. The unimolecular transformation of 2-hydroxyl-propylene to acetone en-
counters a high barrier of 57.1 kcal/mol (the past MP2 result was 55.9 kcal/mol[203]).
The decomposition of AA in the liquid phase is not limited to unimolecular channels
and is expected to proceed with lower barriers. The thermodynamic instability of AA

is consistent with experimental findings.[202]

7.4.2 Anionic AA

Neutral molecules with dipole moments exceeding 1.625 D can bind an excess electron.[191]
N1 is the most promising conformer to host a dipole-bound anionic state in view of its
competitive stability and dominant polarity (4 = 5.4 D). In addition to the dipole-bound

state, AA can support a valence anion.

An overview of anionic states of AA is presented in Figure 7.6 using a set of geometries
defined by Eq. 7.1. This series of geometries connects the dipole-bound minimum based

on the N1 structure of the neutral with the minimum of the valence-bound anion. The
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FIGURE 7.6: Energy profile depicting the neutral, dipole-bound and valence anionic po-
tential energy surfaces of AA. The energies (meV) computed at the CCSD(T)/ADZ+DF
level.

potential energy curve of the neutral is repulsive upon transferring the proton from
02 to O1. The dipole moment of the neutral increases upon proton transfer from 5.4
D at the minimum of the neutral to 10.0 D at the minimum of the valence anion.
Thus the dipole-bound anion remains bound upon proton transfer. The valence anion is
unbound at the minimum energy structure of the neutral; it can be probed as a resonance
state with a finite lifetime in electron energy loss experiments (see Section 7.5.2). The
energy of the resonance quickly decreases upon intramolecular proton transfer, crosses
the potential energy surface of the neutral, and undergoes an avoided crossing with the
dipole-bound anion. With the proton transferred from O2 to O1, the valence anion
supports a minimum characterized by a significant electron vertical detachment energy
of 2383 meV. The valence anion is adiabatically bound with respect to the neutral
by 317 meV (in terms of electronic energies). I re-emphasise that the dipole-bound
anion remains bound at the minimum of the valence-bound anion and the electron
excitation energy from the valence- to dipole-bound state is 2186 meV. The singly-
occupied molecular orbitals in the dipole-bound and valence anions, each at its minimum
energy structure, are illustrated in Figure. 7.9. The former orbital is very diffuse and
localized on the positive pole of the molecular dipole, which proves to be a hydrophobic
group CHs. The latter is a m orbital localized around the C2 atom, with bonding

interactions involving the neighbouring carbon atoms and an antibonding interaction
between C2 and O1.
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FIGURE 7.8: Valence bound

FiGURE 7.9: The orbital occupied by an excess electron in the DB and VB anions
of AA. The plots were generated using VMD with contour values calculated using the
OpenCubeMan package from 60% of electron density of these respective orbitals.

The minimum energy structure of dipole-bound anion differs from the neutral by short-
ening the O1---H1 distance by 0.036 A, increasing the O1-H1-O2 angle by 1.6° and
an elongation of the O2.--H1 distance by 0.003 A, see Figure 7.1. Overall it is a small
step towards proton transfer, a nascent zwitterionization. The dipole moment of the
neutral increases by 0.16 D upon these geometrical distortions, a typical increase for

dipole-bound anionic states.

The vertical electron binding energies for the dipole-bound anionic state, obtained with
indirect and direct methods, are reported in Table 7.1 for the minimum energy geometries
of N1, and dipole- and valence-bound anions. The “indirect” electron binding energies
are reported at the SCF and correlated levels of theory. The SCF contribution represents
only 46-65% of the CCSD(T) results, illustrating the role of electron correlation effects in
dipole-bound anionic states. The differences between the CCSD and CCSD(T) results do



Chapter 7. Intramolecular Proton Transfer in Acetoacetic Acid Induced by a m* Excess

Electron 153
Method EBE
Gu Gy Gug,
SCF 24.06 26.89 127.68
. MP2 32.81 36.31 217.72
Indirect

CCSD 52.34  56.59 196.85
CCSD(T) 5219 56,55 197.04

. KT 21.59 24.33 113.30
Direct EA b by 43.63 4746  245.07
. KT 26.32  29.78 135.79
Direct IP o 4527 5045 247.84

TABLE 7.1: Vertical electron binding energies (meV) of the dipole-bound anionic state
at the Gy, GMd_b. and the GM\TB geometries using the CCSD/ADZ+DF optimal ge-

ometries.

AEA (electronic) ‘ AE,; ‘ AEA
HF MP2 CCSD CCSD(T) CCSD CCSD(T)

DB  8.60 38.88  54.15 54.56 2.63 57.19
VB -182.80 286.26 289.55 317.02 17.27 334.29

TABLE 7.2: Adiabatic electron affinities (meV) of the DB and VB anions calculated at
different levels of theory with the CCSD optimal geometries. All calculations with the
ADZ+DF basis set.

not exceed 0.2 meV suggesting methodological saturation of my results. The electron
binding energies obtained in “direct” approaches start from the Koopmans’ theorem
estimations, thus they neglect orbital relaxation and electron correlation effects. The
differences between the KT and SCF “indirect” results are small indicating that orbital
relaxation effects are relatively small for the dipole-bound anionic state. The EPT
results are in good agreement with the “indirect” CCSD(T) results, further confirming
the reliability of electron binding energies for this anionic state. Various estimations of
adiabatic electron affinity for this anionic state are reported in Table 7.2. The CCSD(T)
electronic energy result of 54.56 meV is methodologically converged and the zero-point
vibrational correction further stabilizes the anion by 2.63 meV. This dipole-bound anion
is amenable to experimental investigations using Rydberg electron transfer methods|[222].
Probing this anionic state in anion photoelectron spectroscopy experiments[223] might
be more problematic due to the possibility of collapsing to the global minimum of valence
anion (Fig. 7.6). Finally, the decomposition of electronic component of AEA into the
AFEp(Gy-) and VDE terms (Eq. 7.6, Table 7.3), illustrates a very small geometrical
distortion of the molecular framework upon the excess electron attachment and the

dominant role of VDE.
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6-311G* | ADZ + DF
e +E0 i e T Eq it e By g
VBI1 0.00 0.00 0.00 0.00 0.00 0.00
VB2 14.87 14.56 13.56 13.50 12.65 12.56
VB3 16.73 16.36 15.33 15.14 15.84 15.68

TABLE 7.4: The Relative Electronic Energies (kcal/mol) of valence anions of acetoacetic
acid calculated at different levels of theory.

-AEy(Gy-) VDE  AEA

DB -1.99 56.55 54.56
VB -2065.69 2382.71 317.02

TABLE 7.3: The electronic component (CCSD(T)/ADZ+DF) of AEA (meV) decom-
posed into the AEy (G y-) term and VDE.

In contrast to the neutral AA, which supports several low-lying minimum energy struc-
tures, the valence anion of AA supports one distinct global minimum illustrated in the
bottom of Fig. 7.1. The other local minima were less stable by more than 12 kcal/mol,
and are characterized in table 7.4 and figure 7.13. The H1 proton is bound to O1 and
the O1HI- - - O2 hydrogen bond is very short, R(H102)=1.583 A, in the global minimum
structure of valence anion. The intramolecular hydrogen bond is more linear than in the
neutral or dipole-bound anion by 6-8°. When compared with the N1 neutral, there is
a significant elongation of the C201 distance by 0.146 A and a shortening of C402 by
0.064 A, consistent with a redistribution of double bonds upon tautomerization. Finally,

the CHj group is rotated by ca. 58° in comparison with N1.
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FIGURE 7.13: The principal geometrical parameters (the C1-C2-C3-C4 dihedral angle
in ©) and the relative energies (in kcal/mol) of the structures considered in this study,
with respect to N1 structure, characterized at MP2/ADZ + DF level of theory.

The values of electron VDE obtained using “indirect” methods (including SCF) and “di-
rect” EPT span a reasonably narrow range of 2300-2600 meV (Table 7.5). The KT(EA)
value is only 713 meV while the KT(IP) value is 4200 meV, demonstrating that orbital
relaxation effects are critically important for this anionic state. Electron correlation ef-
fects, on the other hand, do not contribute much to the VDE value. The anion should be
readily formed in common experimental sources, because its adiabatic electron affinity
is modest but positive, 334 meV after inclusion of the zero-point vibrational correction
(Table 7.2). The value of electronic contribution to AEA can be analysed in terms of
Eq. 7.6 (Table 7.3). The proton transfer from O2 to O1 is accompanied by a significant
increase of the energy of the neutral (AEy, (G M\;B) = 2066 meV'). This energy increase
is, however, outweighed by the VDE of 2383 meV. The modest electronic contribution to
AEA of 317 meV results from cancellation of the AEy/(G M\;B) and VDE terms. Thus
the situation is different than in the dipole-bound anion, for which the AE)y, (G M@s)
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Method VDE

SCF 92400.48

diveet | MP2 9347.34
e CCSD 2482.36
CCSD(T) 2382.71

. KT 713.43
Direct EA b 2304.34
. KT 4200.09
Direct IP b 2602.50

TABLE 7.5: The values of VDE (meV) for the valence anion of AA.

term was small in comparison with the VDE value. The anion of AA supports more
than one bound electronic state at the geometry G My The electronic excitation energy
from the valence to dipole-bound state is 2186 meV. In future experiments, one might

want to probe the molecular dynamics of AA™ upon this electronic excitation.

Contrary to my experience with the neutral AA (Figures 7.2 and 7.5), I did not witness
any propensity of the valence anion of AA to unimolecular decomposition. The decom-
position products COq plus acetone are thermodynamically less stable than AA™, and
the AEA of COg is negative[224]. Acetone, with a dipole moment of 2.91 D, supports
only a very weakly bound state (AEA | 2 meV).[225] Unless other decomposition chan-
nels prove to be thermodynamically favourable, I suggest that AA can be stabilized with
respect to the spontaneous decomposition[202] through formation of the valence anion.
Whether such an anion can exist in condense phases will be considered in my future

studies.

7.5 Experimental results

7.5.1 Photoelectron spectroscopy results for AA~ and (AA),

Parent anions of AA were prepared by my collaborators using two rather different source
environments. Figure 7.14 presents a representative mass spectrum of the anions pro-
duced.

The photoelectron spectrum of the AA parent anion measured on the continuous pho-
toelectron spectrometer is presented in Figure 7.15. This spectrum consists of a broad,
featureless band with an onset at EBE ~1.2 ¢V and an intensity maximum at EBE 2.04
eV. This latter quantity corresponds to the VDE of the AA parent anion. The calculated
adiabatic electron affinity of 0.33 €V is much smaller than the onset indicating that the
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FIGURE 7.14: Mass spectrum of anions observed in these experiments.
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F1GURE 7.15: Photoelectron spectrum of the AA parent anion recorded with 2.54 eV
photons on the continuous photoelectron spectrometer.

0-0 transition has a very small intensity. The calculated VDE of 2.38 eV is larger by
0.34 €V than the measured intensity maximum. The source of this discrepancy will be

analysed further on.

The photoelectron spectrum of the AA parent anion measured on the pulsed photoelec-

tron spectrometer is presented in Figure 7.16. This spectrum also consists of a broad,
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FIGURE 7.16: Photoelectron spectrum of the AA parent anion recorded with 3.49 eV
photons on the pulsed photoelectron apparatus.

featureless band with an onset at EBE 1.2 eV but with an intensity maximum at EBE
2.30 eV. This latter quantity again corresponds to the VDE of the AA parent anion.

This value of VDE is in excellent agreement with my calculated value of 2.38 eV.

For the most part the two photoelectron spectra are the same, indicating that both
source environments produced the same AA parent anion species. The main difference
lies in the slightly different VDE values obtained on different apparatus. The difference
between the two measured VDE values is no doubt due to the electron transmission
function roll-off inherent for low kinetic energy (high EBE) electrons. This effect would
come into play more strongly for a lower versus a higher photon energy, since a lower
photon energy puts more of the spectrum in the low EKE region of the spectrum. On
the continuous apparatus, whose photon energy was limited to 2.54 eV /photon, this
had the effect of cutting into the still rising, photoelectron intensity at the top of the
peak, making its intensity maximum appear to occur at a slightly lower EBE value. By
contrast, the pulsed apparatus, which utilized a photon energy of 3.49 eV /photon, was
not significantly affected in this way. Therefore, I believe that the better value for the
VDE of the AA parent anion is 2.3 eV, as predicted by theory.

My collaborators also measured the photoelectron spectrum of the parent dimer anion
of AA, and it is presented in Figure 7.17. This spectrum also exhibits a single broad
band, and it has a similar width to that of the monomeric AA anion. Interestingly, its

VDE value, at 1.7 eV, is considerably lower than that of the monomer, indicating that
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FIGURE 7.17: Photoelectron spectrum of the AA dimer (parent) anion recorded with
3.49 eV photons on the pulsed photoelectron apparatus.

the additional AA molecule is not simply solvating the AA anion, i.e., it is not a simple

anion-molecule complex.

7.5.2 Electron energy loss spectroscopy results for AA

Figure 7.18 shows an electron energy-loss spectrum recorded by varying the incident
electron energy and collecting slow scattered electrons with residual energies of 25 meV
(bottom), 50 meV (middle), and 1.8 eV (top). The spectrum is plotted as a function of
the energy loss — the elastically scattered electrons appear on the left; electrons leaving
with smaller than incident energies on the right. The numerous peaks in the left part
of the plots are associated with excitations of specific vibrational levels of the neutral
target. For the residual energies of 25 and 50 meV, notice a peak of very low energy
electrons. The observation where electrons leave nearly all of their energy in the internal
modes of a polyatomic target without exciting any specific vibrational modes was made
already in the formic acid monomer.[226]. Here, however, the relative intensity of this
peak, when compared with the peaks associated with excitations of specific vibrational
modes, is significantly larger than in the formic acid monomer, but significantly smaller
than in the formic acid dimer. The existence of this peak indicates that this system is

capable to quasithermalise electrons arriving in the 1-2 eV energy range.

The appearance of this peak can be explained in terms of the results of quantum chemical

calculations reported in Sec. 7.4.2. The initial resonant state of the anion formed
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FIGURE 7.18: Cross sections for the excitation of specific vibrational modes (red and
blue) and electron loss energy spectra (magenta) as a function of the incident electron
energy.

by a vertical electron attachment is stabilised by a rapid proton transfer (Figure 7.6),
thus quenching the fast autodetachment channel, which would otherwise dominate the
scattering and lead to elastic scattering and selective excitation of vibrational levels.
The system may either lose a slow electron at the crossing of the anionic and neutral
surfaces or proceed toward the minimum of the valence anion (see blue arrows in Figure
7.6). The anion has enough vibrational energy to statistically return back to the crossing
point, where a detachment of a slow electron may occur again. This mechanism thus
represents a source of slow electrons and is capable of rationalizing the experimental
observation reported in Figure 7.18. The proton transfer is particularly efficient in
competing with the very fast electron autodetachment, because it proceeds without any

activation barrier (Figure 7.6) and because the low mass causes protons to move rapidly.

The relative intensity of the peak associated with low-energy electrons is clearly smaller
than in the formic acid dimer but larger than in the formic acid monomer. I will interpret
these findings in terms of my computational results for the neutral AA reported in
Section 7.4.1. Among several low-lying conformers only N1 supports the intramolecular
hydrogen bond. This conformer is prearranged for the intramolecular proton transfer
from O2 to O1 upon formation of the valence resonance state (Figure 7.3). All other
low-lying neutral conformers undergo primarily elastic collisions with excess electrons
or inelastic collisions with excitations of specific vibrational modes, but the lifetime of

the valence anionic resonance is too short to allow for intramolecular proton transfer



Chapter 7. Intramolecular Proton Transfer in Acetoacetic Acid Induced by a m* Excess
Electron 161

that quenches the autodetachment channel and leads to ejection of very slow electrons.
The quasithermalisation of excess electrons was more efficient in the formic acid dimer
than in AA, because the global minium of the former is supported by a system of cyclic
hydrogen bonds prearranged for intermolecular proton transfer and other minima, not
prearranged for intermolecular proton transfer, are much less stable than the global
mimimum, thus not populated in the beam of neutral dimers crossed with electrons. On
the other hand, the presence the N1 conformer in the beam of neutral AA explains why
the peak associated with low energy electrons is more intense in AA than in the formic
acid monomer.[198, 226]

7.6 Summary

I performed search for the most stable tautomers and conformers of the neutral and
anionic acetoacetic acid using a potential energy surface scanning tool (PESST).[29] I
identified several conformers of the canonical neutral within a narrow energy range of 1
kcal/mol. The conformer with the intramolecular hydrogen bond, and thus susceptible
to intramolecular carboxylic-to-keto proton transfer, proved to be the third most stable
and the most polar, with a dipole moment of 5.4 D. This polar conformer is separated
from other conformers by a relatively high barrier exceeding 9 kcal/mol. The barriers
separating other conformers are much smaller and do not exceed 1.1 kcal/mol. The
neutral acetoacetic acid was found unstable by 5.7 kcal/mol with respect to acetone and
COa.

The polar neutral conformer supports a dipole-bound anion with an electron vertical
detachment energy of 57 meV. The dipole-bound anion remains bound upon the in-
tramolecular carboxylic-to-keto proton transfer but its energy increases steadily and I

failed to identify a minimum for the zwitterionic enol structure.

The valence anions of acetoacetic acid all exist in the enol form. The distinct global
minimum is more stable than other minima by more than 12 kcal/mol. It is supported
by a short (H---O distance of 1.58 A) intramolecular hydrogen bond between the enol
and carboxylate groups. I conclude that binding an excess electron on a 7* valence
orbital changes localization of the proton in acetoacetic acid. The valence anion is
characterized by a significant electron vertical detachment energy of 2383 meV, but a
modest adiabatic electron affinity of 334 meV. The electronic excitation energy from the
valence to dipole-bound state is 2186 meV. Thus the dynamics of the anion excited to
the repulsive wall of the dipole-bound state can be explored in future experiments. The
valence anion of acetoacetic acid is stable, in terms of electronic energies corrected for

zero-point vibrations, with respect to acetone and the anion of COs.
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Parent anions of acetoacetic acid were successfully prepared using two different source
environments. The photoelectron spectra obtained on the continuous and pulsed photo-
electron spectrometers were obtained with 2.54 and 3.49 eV photons, respectively. The
PES spectra consist of a broad, featureless band with an onset at electron binding en-
ergy of ca. 1.2 eV. The intensity maxima on the continuous and pulsed photoelectron
spectrometers differ by 0.26 eV (2.04 vs. 2.30 eV). Only the latter is in good agreement
with my computed VDE of 2.38 eV. The difference between the two measured VDE
values is due to the electron transmission function roll-off inherent to low kinetic energy
electrons. The calculated adiabatic electron affinity of 0.33 eV is much smaller that the
onset of the spectra indicating that the 0-0 transition has a very small intensity. The
reported spectra do not provide evidence for the dipole-bound anion. The photoelectron
spectrum of the parent dimer anion of acetoacetic acid shows a vertical detachment en-
ergy at 1.7 eV, thus considerably lower than that of the monomer, indicating that the

additional monomer is not simply solvating the monomeric anion.

The electron energy-loss spectrum of acetoacetic acid shows a peak of low energy elec-
trons. The relative intensity of this peak, in comparison with the peaks associated with
excitations of specific vibrational levels of the neutral target, is significantly larger than
for the formic acid monomer,[198, 226] but significantly smaller than in the formic acid
dimer.[198] My computational results allow to rationalize why the quasithermalization
of electrons is less efficient in acetoacetic acid than in the formic acid dimer. Among
several low-lying conformers of the neutral molecule only the high-dipole conformer is
prearranged for intramolecular proton transfer and quasithermalization of electrons. All
other low-lying conformers scatter electrons with or without vibrational excitations, but
the lifetimes of valence anion resonances are too short to allow for intramolecular proton
transfer that quenches the autodetachment channel and leads to ejection of very slow

electrons.

In the future, I will study the strength of coupling between the dipole- and valence-bound
anionic states in the avoided crossing region (Fig. 7.6). I will also explore the chemical
nature of parent anions of: dimer acetoacetic acid, ethyl acetoacetate, and dehydrated
acetoacetic acid. All these species were observed in the anion mass spectrum (Fig. 7.14).

Finally, I will consider stability of the valence anion of AA in condense phases.



Chapter 8

Intermolecular Interactions
between Molecules in Various

Conformational States: the
Dimer of Oxalic Acid

8.1 Abstract

I considered stability of dimers formed by molecules that can exist in different con-
formational states. I have developed a protocol that allows the dissection of the total
stabilisation energy into one-body conformational and deformational components and
the two-body interaction energy term. Interplay between these components determines
the overall stability of the dimer. The protocol has been tested on the dimers of oxalic
acid. The global minimum energy structure I identified is stabilised by two inter- and
four intramolecular hydrogen bonds, while the most stable structure identified in previ-
ous studies is supported by two inter- and three intramolecular hydrogen bonds. The
latter structure proves to be less stable by 25 meV than the former. The global minimum
stability results from a balancing act between a moderately attractive two-body interac-
tion energy and small repulsive one-body terms. I have analysed zero-point vibrational
corrections to the stability of various conformers of oxalic acid and their dimers. I have
found that minimum energy structures with the most stabilising sets of hydrogen bonds
have the largest zero-point vibrational energy, contrary to a naive anticipation based on

red shifts of OH stretching modes involved in hydrogen bonds.

163



Chapter 8. Intermolecular Interactions between Molecules in Various Conformational
States: the Dimer of Ozalic Acid 164

8.2 Introduction

Numerous computational studies have been devoted to the relative stability of molecular
conformers of isolated molecules.[25, 29] Here I will consider the relative stability of
X,,Y;, complexes formed by the m!™ conformer of X and the n'* conformer of Y. The
stability of the X,,,Y,, complex results from an interplay between one-body terms (the
monomer energies) and the two-body interaction energy term. The goal of this report
is to formulate a computational protocol for the analysis of the relative stability of the

XY, complexes.

The protocol will be illustrated on dimers formed by oxalic acid (OA). The monomer of
OA can exist in various conformational and tautomeric forms, [227-231] with the most
stable forms A and B illustrated in Fig. 8.1. Many groups have found A to be more
stable than B,[227-231] due to a more favourable system of intramolecular hydrogen
bonds. Here I consider the dimer of OA. Many dimer structures are possible resulting
from pairing miscellaneous conformers of OA through various sets of intermolecular
hydrogen bonds.[228] Blair and Thakkar have recently studied 69 local minima on the
potential energy surfaces of (OA),.[228] Their extensive search was carried out using
a multi-stage search-and-screen method described in Ref. 232, with their final spin-
component-scaled MP2 energies extrapolated to the basis set limit. Their findings were
that combinations of the A and B monomers are very favourable; 6 of the 19 lowest-
energy dimers were of this type.[228] Their most stable structure, labelled AB in the

middle of Fig. 8.2, has two intermolecular and three intramolecular hydrogen bonds.

0.974

FIGURE 8.1: The principal geometrical parameters (in A) of the A, B, and C con-
formers of the oxalic acid determined at the MP2/aug-cc-pVDZ level.

I agree with Blair and Thakkar that cyclic (double) hydrogen bonded structures are
the main suspects for the global minimum of (OA),. Notice that each monomer can
engage a proton donor and a proton acceptor site from either the same or neighbouring

carboxylic group(s). The BB dimer (Fig. 8.2 bottom) exemplifies the first case; it
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BB dimer

FIGURE 8.2: The principal geometrical parameters (in A) of the oxalic acid dimers
AA, AB, and BB determined at the MP2/aug-cc-pVDZ level.

resembles the well known structural motif of the formic acid dimer.[196, 199] The second
case is exemplified by the AA dimer! (Fig. 8.2, top); it illustrates a unique ability of
this dicarboxylic acid to engage in cyclic hydrogen bonds. Finally, the AB dimer (Fig.
8.2, middle), identified as the global minimum in Ref.228, represents a hybrid case.

In this report I will formulate a computational protocol for the analysis of stability
of binary complexes formed by the monomers that can exist in various conformational
states. I will analyse three dimers of OA: AA, AB, and BB (Fig. 8.2). The overall
stability will be discussed in terms of the relative stability of monomeric conformers,
the energetic penalty for deformation of these conformers to the geometry of the dimer,
and the two-body interaction energy between the deformed conformers. This analysis

unravels that the minimum on the potential energy surface associated with the AA

Notice that my AA structure is different from the AA structure presented in Fig. 8.2 of Ref.228.
My AA structure has two intermolecular hydrogen bonds, but the structure from Ref. 228 has one
intermolecular hydrogen bond.
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dimer is deeper by 25 meV than the minimum associated with the AB dimer. The
inclusion of harmonic zero-point vibrations does not change the ordering, the A A dimer
is the most stable form of (OA)y I identified.

8.3 Methods

I considered binary complexes formed by the molecules X and Y that can exist in various
forms: X can exist as Xy, X1, X3,..., and Y can exist as Yp,Y1,Ys,..., see Fig. 8.3. 1
assume that the stability decreases in each sequence, thus Xy and Y, are the most stable
forms of X and Y, respectively. In this report I will have in mind various conformers
of X and Y, but the approach is also applicable to the tautomers of X and Y. The
discussion presented here is limited to these geometries G of the X +Y system that can
be viewed as X interacting with Y, i.e., reactive parts of the potential energy surface
are not considered. Then, for any geometry G, it makes sense to identify the X,, that
resembles most the X monomer of the geometry G, i.e., X(G). In the majority of cases,
this identification is straightforward, in dubious cases one can use measures of similarity
between X (G) and various X,,’s.> An analogous procedure allows for identifying the Y;,
that resembles most Y (G) . (The monomers identified in Fig. 8.3 are X; and Y3). This
procedure allowed me to consider the X ---Y complex at the geometry G as a deformed
X, interacting with a deformed Y;, and to label this system as X,,,Y,,(G) (X 1Y2(Gx,v,)

in Fig. 8.3).

The total energy of X,,Y,,(G) can be represented as:
Ex,.v,(G) = Ex,(Gx,) + By, (Gy,) + E¥2y, (G), (8.1)

where Ex,(Gx,) and Ey,(Gy,) are the energies of the most stable forms of X and Y at
their respective optimal geometries and Ej’fibyn (@) is the stabilisation energy calculated
as:

E3% (G) = EX (G) + B (G) + ER 4 (G). (8.2)

Eg; (G) (Z = X,Y) is the one-body (1b) terms related to the monomer Z:
Eg; (G) = EZn (G) - EZO (Gzo)7 (83)

where Eyz (G) is the energy of Z at the geometry G. Eg;(G) is the energy penalty
for distorting the monomer Z from the global minimum Gz, to the geometry G. The

one-body term E%l; (G) can be further split into a term that describes a conformational

20One can superimpose two molecular structures to minimise the RMSD value. The remaining value
of RMSD is a measure of dissimilarity between the two structures
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FiGURE 8.3: Illustration of the components of the stabilisation energy in the X;Y5
complex. Left: one-body conformational components; Center: one-body deformation
components; Right: two-body interaction term.

or tautomeric change from 0 to n, and the deformation of the Z,, structure from Gz, to

G (from now on I will focus discussion on the conformers of X and Y):

EY(G) = Ey " + B (G), (8.4)
with the conformation Eg;:f:”f and deformation Egi_def (G) penalties defined, respec-
tively, as:

Elb—conf —E e E, (G

Zon = E2,(Gz,) = Ez,(Gz), (8.5)

Ey~"N(G) = Bz,(G) - Ez,(Gz,), (8.6)

and illustrated in the left and middle parts of Fig. 8.3. Eg(bmyn(G) is the two-body (2b)

interaction energy calculated as:
ER v, (G) = Ex,.v,(G) - Ex,,(G) — Ey,(Q), (8.7)

and illustrated in the right part of Fig. 8.3. The total energy of the dimer is referenced
with respect to the energies of the most stable structures of X and Y, i.e., Xg and Yp,

see Eq. 8.1. Thus ngibyn(G) is a measure of stability of the complex at the geometry
G.



Chapter 8. Intermolecular Interactions between Molecules in Various Conformational
States: the Dimer of Ozalic Acid 168

The next, practical step is to determine the values of E%ian(G) as accurately as pos-

sible. When solving the electronic Schrodinger equation one faces the challenges of
electron correlation and incompleteness of one-electron basis sets. The dimer energies
are contaminated with the so called basis set superposition error, which has to be dealt
with when determining the equilibrium geometries and frequencies and the values of
E}?myn(G).[2337235]

The approach I adopt here to obtain accurate electronic energies was developed in
the group of Hobza.[236] The geometries of the isolated conformers A and B of the
OA monomer and the counterpoise-corrected geometries[235] of the AA, BB, and AB
dimers were optimised at the MP2 level of theory[132] using the aug-cc-pVDZ[121] basis
set. In my first approach, the single point energies of the monomers and the counterpoise-
corrected dimers were extrapolated to the complete basis set (CBS) limit at the SCF
and MP2 levels of theory using the aug-cc-pVNZ[121] basis sets (N = D, T and @ and
stands for 2, 3 and 4, respectively). The stabilisation energies and their components
were obtained from the extrapolated energies of the monomers and dimers. In my sec-
ond approach, the stabilisation energies were calculated at the SCF and MP2 levels for
the same sequence of basis sets. Next, these stabilisation energies were extrapolated to
the basis set limit. Formally, the stabilisation energies obtained in these two approaches
should be the same and the numerical discrepancy might be viewed as a measure of

uncertainty in the SCF and MP2 stabilisation energies.

At the SCF level I followed an exponential functional form proposed by Halkier et al.[237]
and adapted for a three-point extrapolation by Bachorz et al.:[125]

o) En_2EN — E12\7—1
EHF — — .
En_2—2ENy_1+ EN

(8.8)
The MP2 correlation energy
Ecorr—mp2 = Eypo — Egr (8.9)

was extrapolated to the CBS limit using a N2 functional form proposed by Helgaker
et al.[123] and adapted for a two-point extrapolation by Bachorz et al.:[125]

o _ En_1(N—-1)>—EyN?
Ecorr - (N _ 1)3 _ N3

(8.10)

Higher-order electron correlation effects were estimated by performing single-point cal-
culations for the monomers and the counterpoise-corrected dimers at the CCSD(T) level

of theory[238] using the aug-cc-pVDZ basis set. These corrections were split into the
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CCSD contribution from single and double excitations

AFEccsp = Eccsp — Evp2 (8.11)

and the CCSD(T) contribution from triple excitations

AEr = Eccsp(r) — Ecosp- (8.12)

These two terms were added to the sum of the CBS SCF and MP2-correlation terms
to obtain my final electronic energies. Harmonic frequencies and zero-point vibrational
corrections were obtained at the MP2 level using the aug-cc-pVDZ basis set; for the

dimers the counterpoise-corrected surface was used.[235]
The counterpoise-corrected dimer energy, ESY (G), is defined as:[233-235]

ESY = Exy(G|| X +Y) — BSSEx(G) — BSSEy (G). (8.13)

I have dropped the m and n subscripts for the monomers, || X + Y') denotes the dimer
centered basis set,[239] and BSSEx(G) and BSSEy (G) denote basis set superposition
errors for X and Y, respectively, at the geometry G:

BSSE)((G> :Ex(G”X—i-Y) —Ex(GHX), (8.14)
(8.15)

and analogously for BSSEy (G). Here | X) denotes the monomer basis set centered on
X.

The counterpoise-corrected two-body interaction energy is calculated as:
Eg(b;oP = BV (G) — Ex(G||X) — By (G||Y), (8.16)

which is equivalent to the interaction energy obtained from the Jansen-Ros-Boys-Bernardi

counterpoise procedure: [233, 234]

EX2F = Exy (G X +Y) — Ex(G|X +Y) — Ey (G| X +Y). (8.17)

8.4 Results

My results based on the CBS extrapolated E%, and ESS .,/ py energies of the monomers
and dimers with the CCSD(T) correction are summarised in Table 8.1. In terms of

electronic energies, the AA dimer is more stable than the AB and BB dimers by 25
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AA AB BB

E, 0.0 | 0.0 | 0.0 |123.7 ] 123.7 | 123.7

By (@) 36.7 | 36.7 | 65.4 | 19.4 | 40.2 | 40.2

EP (@) 36.7 | 36.7 | 65.4 | 143.1 | 163.9 | 163.9

EY “491.6 “601.8 6919

Esoh, -418.2 -393.3 -364.1

AES® 314 35.1 38.2

B¢, + AEZ® | -386.8 -358.2 -325.9

TABLE 8.1: The total stabilisation energy and its components for the AA, AB, and
BB dimers. The corrections from zero-point vibrations are included in the bottom
rows. The energies are in meV

and 54 meV, respectively. The BB and AB dimers are characterised by more attractive
2-body terms (more negative than that for AA by 200 and 110 meV, respectively), but
these favourable 2-body interactions are unable to compensate for the less favourable
1-body terms. The AA dimer remains more stable than AB and BB by 29 and 61
meV when zero-point vibrational corrections are included. The above results based on
extrapolation of the monomer and dimer energies (Method 1) differ by less than 1.7
meV from the stabilisation energies extrapolated the SCF and MP2 limits (Method 2),
see Table D.12 in appendix D.

The structure of E};:gmf is summarised in Table 8.2. It is dominated by the HF

component and further enhanced by the correlation MP2 component, with the AEccsp

and A FEr components being one order of magnitude smaller and of opposite signs. The

complete value of Eif:fgonf , 123.7 meV, is significant. It is larger than the differences

in stabilisation energy between the AA, AB, and BB complexes. Eilb_jgmf might be

interpreted as the energy needed to break the intramolecular hydrogen bond in A.

ExS5
E%. 95.6
ES(?T‘T‘—MP2 31.7
AEccsp -7.8
AET 4.2
ETotal 123.7
AEg® -6.9

Erota + AES®  116.8

TABLE 8.2: The structure of the EX:%’”’C component. All energies are in meV.

The structure of Eilb(;d%f terms for all three complexes is illustrated in Table 8.3. This
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1b—def
le(n*%
AQAA AQAB BQAB B@BB

E¥r 19.1 50.9 20.5 50.1

ES . vip2 17.2 13.7 -3.0 -12.2

AEccsp 2.0 -1.0 2.3 4.3

AEr 2.4 1.8 -0.4 -2.0

Etotal 36.7 65.4 19.4 40.2

1b—def

TABLE 8.3: The structure of the £/’ " components. All energies are in meV.

2b 2b 2b
lz;xzx }21X13 15&3I3

E¥rn -358.3 -457.0 -525.8
E.  _ypy -132.4 -1394 -156.5
AFEccsp 25.6 24.0 24.4

AFEr -26.5 -29.5  -339
Erotal -491.6 -601.9 -691.8

TABLE 8.4: The structure of two-body interaction energy in the AA, AB, and BB
dimers. All energies are in meV.

repulsive component of the stabilisation energy is dominated by the HF term. The MP2
component is dominant among the correlation contributions. It is repulsive for the A
monomer in the AA and AB complexes and attractive for the B monomer in the AB
and BB complexes. It is comparable in magnitude to the HF term for the A A complex,
but smaller in absolute value in the remaining complexes. The correlation contributions
AFEccsp and AEp are smaller than the MP2 contribution. For all three complexes
notice a sign alteration along the corr-MP2, CCSD, and T series. The total values of
E}L‘b;rdfgf terms are comparable in magnitude to the differences in stabilisation energy

between the AA, AB, and BB complexes.

The structure of two-body interaction terms is illustrated in Table 8.4. The total values
are expected to be attractive, because I am dealing with minimum energy structures of
the dimer. The HF term is dominant for each dimer followed by a substantial corr-MP2
term (ca. 30% of the HF term). The AEccsp and AEp components are one order
of magnitude smaller than the HF and corr-MP2 components and they cancel out to a
large extent. The two-body interaction term is the most attractive in the BB dimer,
which is reflected in the shortest OH...O distance (1.750 A) and the most significant
elongation of the OH proton donor bond (0.020 A) (see Figs. 8.1 and 8.2). The same
geometric parameters reflect that this interaction is the weakest in AA (see Figs. 8.1
and 8.2). Still, we remember that the AA dimer is the global minimum for the (OA)
complex (Table 8.1).
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System Mode Frequency (cm™!)

A Symmetric TAH 3635
Asymmetric TAH 3639

B TIAH 3662
NoH 3727

C Symmetric NoH 3736
Asymmetric NoH 3736
Symmetric TAH & IEH 3566

AA Asymmetric IAH & IEH 3572
Asymmetric TAH 3588
Symmetric IAH 3591

IAH & IEH(A) 3449

IEH(B) 3520

AB TAH(A) 3573
TAH(B) 3673
Symmetric TEH 3275

BB Asymmetric IEH 3356
Symmetric TAH 3680
Asymmetric TAH 3681

TABLE 8.5: Harmonic MP2/aug-cc-pVDZ frequencies of the O-H stretching modes in
OA and (OA)s. TAH - intramolecular hydrogen bond, IEH — intermolecular hydrogen
bond, and NoH — no hydrogen bond

In the bottom lines of Tables 8.1 and 8.2 I illustrate the effect of correction for zero-point
vibrations to the stabilisation energy and Eill:%onf , respectively. When dealing with
intra- or intermolecular hydrogen bonds it is natural to pay attention to the proton donor
stretching modes, in my case OH’s in the OH. .. O configuration, which are expected to

be redshifted in comparison with the OH stretches not involved in hydrogen bonds.

The frequencies of the OH stretching modes in the A, B, and C monomers and the A A,
AB and BB dimers are presented in Table 8.5. Looking at the monomers, the highest
and lowest frequencies are observed for the C and A monomers, respectively, reflecting
the engagement of both OH’s in intramolecular hydrogen bonds in A, but none in C
(see Fig. 8.1). Not surprisingly, the B monomer has one OH stretch similar to these in
A and another similar to those in B. Based on the frequencies of the OH stretches alone
one would expect a higher zero-point energy in B than in A, but the result presented
in the bottom rows of Table 8.2 indicates otherwise. I verified that modes other than
OH stretches typically blueshift when progressing from C through B to A (see Table
8.6). The same intramolecular hydrogen bonds that are responsible for the softening of
OH stretches rigidify molecular structures with respect to the bending and puckering
motions. The total zero-point vibrational correction decreases from A through B to C
(bottom rows of Table 8.2, Table 8.6).



Chapter 8. Intermolecular Interactions between Molecules in Various Conformational

States: the Dimer of Ozalic Acid 173
Red shifts (cm™)
I T T T T 1
0 100 200 300 400 500
o -400
2 _
= =450 + AA

1
LN
(e
-
[an]
-

L

Y

1
o)
n
[an)
-]
L

Two - body term
1
(o)
:.
C.
]

1
-]
e)
-
a)
(-
|

FI1GURE 8.4: Correlation between the two-body interaction energy terms and the red

shifts of the O—H’s involved in intermolecular hydrogen bonds. Red squares for the red

shifts of individual modes and blue diamonds for average values for each dimer. The
results obtained at the MP2/aug-cc-pVDZ level.

Next I considered the AA, AB and BB dimers, each stabilised by two intermolecular
hydrogen bonds (Figure 8.2). The frequencies of the OH’s involved in intermolecular
hydrogen bonds are redshifted with respect to the monomers, with the largest effects in
the BB dimer (370 and 450 cm™!) and the smallest in the AA dimer (65 and 71 cm™1!).
The average values of these shifts correlate well with the values of E%’myn, see Fig. 8.4.
The OH stretches not involved in the intermolecular hydrogen bonds are redshifted for
A in AA and AB (by 40 — 60 cm™1!), and blueshifted for B in AB and BB (by 10
~ 20 em~!). The opposite pattern for the A and B monomers might be related to
the opposite pattern of correlation contributions to the one-body deformation terms
reported in Table 8.3. Based on the frequencies of OH stretches alone one would expect
a higher zero-point energy in AA than in AB or BB (Tables 8.5 and 8.6), but the results
presented in Table 1 indicate otherwise. I verified that intramonomer modes other than
OH stretches typically blueshift with the enhancement of Eg(men’ i.e., from A A through
AB to BB (Table 8.6). In addition, soft intermolecular modes become stiffer as Eg(men
increases (Table 8.6). The same intermolecular hydrogen bonds that are responsible
for the overall softening of the OH stretches rigidify dimer structures with respect to
other intramolecular and intermolecular distortions. The total zero-point vibrational
correction increases from A A through AB to BB (Tables 8.1 and 8.6).
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System Contribution Value (meV)

A O-H stretches 451.0
Other modes 885.7

Total Eg® 1336.7

B O-H stretches 458.1
Other modes 871.8

Total EY® 1329.9

C O-H stretches 463.2
Other modes 860.3

Total EY® 1323.5

O-H stretches 887.6

AA Other intramolecular modes 1791.7
Intermolecular modes 25.6

Total EY® 2704.9

O-H stretches 881.4

AB Other intramolecular modes 1799.0
Intermolecular modes 28.3

Total Egib 2708.7

O-H stretches 867.5

BB Other intramolecular modes 1812.8
Intermolecular modes 31.4

Total Eg 2711.7

TABLE 8.6: Contributions from O-H stretches, other intramolecular modes, and in-
termolecular modes to the zero-point vibrational energy in OA and (OA),. All results
obtained at the MP2/aug-cc-pVDZ level.

8.5 Summary

I discussed the case of dimers formed by molecules that can exist in different conforma-
tional states. I have developed a protocol that allows dissecting the total stabilisation
energy into one-body conformational and deformational components and the two-body
interaction energy term. Interplay between these components determines the overall
stability of the dimer. The stabilisation SCF and MP2 energies were extrapolated to
the basis set limit using a series of aug-cc-pVINZ basis sets (N = D — Q). In the
first approach, the stabilisation energies and their components were obtained from the
extrapolated monomer and dimer energies. In the second approach, the stabilisation
energies were calculated at the SCF and MP2 levels for the same sequence of basis sets.
Next, these stabilisation eneriges were extrapolated to the basis set limit. Higher-order
electron correlation effects were calculated at the CCSD(T) level of theory using the

aug-cc-pVDZ basis set. All dimer energies were counterpoise-corrected.

The protocol has been tested on the dimers of oxalic acid. The monomer can exist

in various conformational forms and a variety of intermolecular hydrogen bonds is also
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possible.[228] I studied two dimers, AB and BB, discussed earlier by Blair and Thakkar
and a new dimer, A A, that I suspected to be the global minimum (see Fig. 8.2). T have
demonstrated that the A A dimer is more stable than the AB and BB dimers by 25 and
54 meV, respectively. The stabilisation energies obtained through the two extrapolation
schemes differed by less than 1.7 meV. The AA dimer is stabilised by two inter- and
four intramolecular hydrogen bonds, while the most stable dimer identified by Blair and
Thakkar, AB, is supported by two inter- and three intramolecular hydrogen bonds. The
BB and AB dimers are characterised by more attractive two-body interaction energies
than A A, but these favourable two-body interactions are unable to compensate for the
less favourable one-body interactions. I concluded that that overall global stability of
A A results from a balancing act between the moderately attractive two-body interaction

energy and small repulsive one-body terms.

I have demonstrated that understanding of zero-point vibrational corrections to the
stability of various conformers of oxalic acid and their dimers cannot be limited to
the contributions from the OH stretching modes that can become strongly redshifted
if engaged in hydrogen bonds. The same hydrogen bonds rigidify molecular structures
with respect to bending, puckering, and intermolecular distortions. When contributions
from all vibrational modes are included, the oxalic acid monomer or dimer with the
most stabilising sets of hydrogen bonds have the largest zero-point vibrational energy,
contrary to the naive anticipation based on red shifts of OH stretching modes involved

in hydrogen bonds.



Chapter 9

Intrinsic Electrophilicity of Oxalic
Acid Monomer Is Enhanced in
the Dimer and Trimer by

Intermolecular Proton Transfer

9.1 Abstract

My computational results together with experimental results from my experimental col-
laborators demonstrate an unusual electrophilicity of oxalic acid (OA), the simplest
dicarboxylic acid. The monomer is characterized by an electron vertical detachment
energy (VDE) and adiabatic electron affinity of 1.10 and 0.72 eV, respectively. The elec-
trophilicity results primarily from the bonding carbon-carbon interaction in the SOMO
orbital of the anion, but it is further enhanced by intramolecular hydrogen bonds. The
well-resolved structure in the photoelectron spectrum is reproduced theoretically, based
on Franck-Condon factors for the vibronic anion—neutral transitions. The excess elec-
tron binding energies in the dimer and trimer of OA become very significant due to
intermolecular proton transfer, with the corresponding VDE values of approximately
3.3 and 4.6 eV. I have postulated a mechanism of excess electron mobility along molec-

ular linear chains supported by cyclic hydrogen bonds.

176
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9.2 Introduction

Stable, closed-shell organic molecules with heteroatoms, such as monocarboxylic acids
(formic, acetic), nucleic acid bases and amino acids, usually do not support bound
valence anionic states in the neighbourhood of the optimal geometry of the neutral
species.[171] These molecules still support metastable (resonant) anionic states, with
finite lifetimes and energies higher than the energy of the neutral,[198, 240, 241] but
they are not able to bind an excess electron in a valence orbital. The electrophilicity
of these molecules is typically enhanced upon specific geometric distortions, including
tautomerizations.[27, 224] In consequence, valence anionic states are frequently char-
acterised by positive values of electron vertical detachment energy (VDE), while adi-
abatic electron affinities (AEA) of the corresponding neutrals might remain negative
(CO2[224]), approach zero (canonical uracil[125]), or settle at positive values (uncon-
ventional tautomers of G[144, 242] and A,[243] nucleotides[200, 244]). Here I report a
significant electrophilicity of the oxalic acid (OA) monomer. It is the simplest dicar-
boxylic acid, see Figure 9.1, which might be viewed as a product of condensation of two
formic acid (FA) molecules (with the release of Hg). Let me reemphasize that the FA

monomer does not support a bound valence anionic state.
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FiGURE 9.1: Conformers and tautomers of the oxalic acid monomer. The naming
scheme for atoms shown for 1. The structures 3 and 2 were labelled in Ref.[195] as A
and B, and I will use their notation when discussing the dimer of OA.

The neutral OA molecule can exist in three conformational forms (structures 1-3 in
Figure 9.1), it also has a local minimum for a “rare tautomer” (structure 4). These
minimum energy structures differ in the extent of intramolecular hydrogen bonding; this
phenomenon attracted attention of many experimental[245-250] and computational[228—
231, 251-253] groups. Indeed, the gas phase structure of the neutral OA monomer has
been studied by electron diffraction,[245] infrared and Raman spectroscopy,[245, 246]
matrix-isolation,[247-249] UV absorption,[250] microwave spectroscopy,[254] and theo-
retically at various levels of theory.[228-231, 251-253] Here I report a photoelectron
spectrum (PES) of the OA monomer anion, which unravels a significant electrophilicity
of the neutral: the main features extend from 0.5 to 2.5 eV (Figure 9.2). My computa-

tional results provide an interpretation of this well-resolved photoelectron spectrum.
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FIGURE 9.2: Photoelectron spectrum of recorded with 2.54 eV photons (black). Com-

puted spectrum based on the CCSD(T)/ATZ electronic energies and CCSD/ATZ ge-
ometries and hessians (red).

It has been demonstrated in the past that electrophilicity of hydrogen bonded dimers
can be enhanced by intermolecular proton transfer.[255, 256] Again, formic acid serves
as a handy example.[196, 199] Its dimer undergoes intermolecular proton transfer and
supports a valence anion with a VDE of 2.35 eV, but an AEA close to zero (JAEA| < 20
meV) and the structure that resembles the formate anion engaged in a symmetrical
double hydrogen-bonded bridge with the dihydroxymethyl radical. I suspected that a
similar mode of stabilisation of valence anion will take place in the dimer of OA, but I
expected an even greater value of VDE and a positive value of AEA. The PES spectra of
(OA); and (OA); reported here demonstrate a significant increase of the VDE values
in comparison with OA~. The computational results for (OA); confirm intermolecular

proton transfer and the positive values of AEA.

9.3 Computational Details

The minimum energy structures and harmonic frequencies for 1-5 of OA and OA™ were
determined at the CCSD level of theory[188] and single-point energies were determined at
the CCSD(T) level.[188] These calculations were performed with the ADZ[121] basis set.

For the most stable neutral and anionic structure 3, the calculations were repeated with
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the aug-cc-pVTZ[121] (ATZ) basis set. For the neutral and anionic (OA),, the minimum
energy structures and harmonic frequencies were determined at the MP2 level of theory
and single-point energies were determined at the CCSD(T) level. All calculations for
the dimer were performed with the ADZ basis set. The electronic structure calculations
have been carried out with the Gaussian 09[75] and Molpro[257, 258] codes. Molecular
structures and orbitals were plotted with the GMolden program.[161]

The Franck-Condon (FC) factors, i.e., the squares of overlap integrals between vibra-
tional wave functions, were calculated for the anionic and neutral OA in harmonic ap-
proximation with molecular structures and Hessians determined at the CCSD/ATZ level.
Both geometrical equilibrium parameters as well as curvatures are affected by excess elec-
tron attachment and the resulting FC factors may contribute to vibrational structure
in the photoelectron spectrum. The polyatomic FC factors were calculated using the
recursion relations of Doktorov.[259, 260] The simulations were performed for different
temperatures of the anionic beam (25 K < T' < 300 K). The energy of 0-0 transition
was determined from the CCSD(T)/ATZ electronic energies and the CCSD/ATZ zero-
point harmonic frequencies. The intensity for the 0-0 transition was normalized to 1 and
all other intensities were scaled accordingly. The calculated FC factors were convoluted
with Lorentzian line shapes (full width at half maximum = 218 cm™!) and the simulated

spectrum is presented in Figure 9.2.

9.4 Electron Attachment to the Monomer of Oxalic Acid

The landscape of potential energy surface for neutral and anionic OA is summarized in
Figure 9.5. The conformer 3 is stabilized by two intramolecular hydrogen bonds, thus
the stability decreases along the series 3—2—1, see also Ref.[251] The structures of the
minima and transitions states TS1-TS3 for the neutral and anion are detailed in Figures
9.3-9.4 and the geometrical coordinates in Tables E.1-E.2 in appendix E. The CCSD(T)
barriers determined at the CCSD transition states separating neutral conformers are
large enough (0.602 eV for 3—2 and 0.519 eV for 2—1) to support a few vibrational
states for 2 and 1. The “rare tautomer” 4, which might be viewed as a product of
intramolecular proton transfer, is a local minimum on the potential energy surface of
the neutral, but it is less table than 3 by 1.010 €V and the barrier for 4—3 is only 0.020
eV.

The OA monomer supports a bound valence anionic state: all anionic minima (1-3, and
5) are more stable than the most stable neutral 3 by a few tenths of an eV (Figure 9.5).
3 is the most stable anionic conformer (Figure 9.5). The barriers separating conformers

1-3 are smaller for the valence anion than for the neutral. The tautomer 4 is strongly
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FIGURE 9.3: The CCSD/ADZ structures for the neutral and anion of ozalic acid. The

geometrical parameters (in ) for the neutral and anion in black and blue, respectively.
All structures are minima but the anionic 4, which is a transition state.
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FIGURE 9.4: The CCSD/ADZ structures of the neutral and anionic transition states
TS1-TS3 of oxalic acid. The geometrical parameters are in A, °.
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FIGURE 9.5: Fnergetics of stationary points (minima and transition states) on the
potential energy surface of the neutral and anionic monomer of oxalic acid, where the
zero of energy is set to the energy of the neutral 3.

stabilized by the excess electron attachment. The molecular framework for the anion
lowers symmetry from Cy, (structure 4, with an imaginary frequency for a b1 mode) to
Cs (structure 5) and the CCSD(T) barrier for 5—3 becomes 0.325 eV, thus one order
of magnitude larger than the barrier 4—3 for the neutral. I concluded that the anion 5

might be sufficiently long-lived to be observed in experimental conditions.

Which factors contribute to the stability of valence anions of the OA monomer? The
singly occupied molecular orbital (SOMO) is of © symmetry (Figure 9.6). The SOMO
is characterised by a bonding C-C interaction and antibonding C-O interactions, which
is clearly illustrated for the Cyj, structures 3 and 1. A similar pattern holds for 4 and
5, though the carbon atoms are not equivalent due to lower symmetries. I believe that
the unique electrophilicity of OA results primarily from the proximity of the carboxylic

groups, which allows for the bonding C-C interaction in the SOMO.

There are also secondary factors that contribute to the stability of valence anions of
OA. The CCSD(T) values of VDE (Fig. 9.7a) increase from 1 to 3 demonstrating that
intramolecular hydrogen bonding stabilises the anion. An even greater increase of VDE
is brought by intramolecular proton transfer as the value of VDE increases by 0.605 eV
from 3 to 4. Finally, a buckling of the molecular framework further increases the value

of VDE (4-35) by 0.591 eV.
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4 5

FIGURE 9.6: The SOMO of anionic OA structures plotted with a contour value of 0.1
au.

The buckling of molecular frameworks upon binding an excess electron on a 7* orbital is
a common phenomenon in valence anions of nucleic acid bases.[27] In the case of the most
stable valence anion of OA, 3, the framework remains unbuckled and the Cy;, symmetry
is maintained. Notice, however, that the buckling mode of bg symmetry is softer by
201.7 cm~! for the anion than for the neutral (Table 9.1). It requires the intramolecular
proton transfer (3—4) to change the sign of curvature of the buckling mode. Upon
intramolecular proton transfer the unpaired electron becomes localized on the C(OH)s
fragment (bottom of Figure 9.6) and the C atom forms an apex of the buckled structure
(Figure 9.1). The stationary point, 4, is a transition state for the valence anion and
the by mode has an imaginary frequency of ~300i cm~!. This mode morphs into an a’

symmetry mode of 5 with a frequency of ~800 cm™?.

The electron binding energies (VDE, AEA) are summarised in Figure 9.7. The AEA
values are corrected for the energies of zero-point vibrations and are reported with
respect to the corresponding neutral (“local” AEA, Figure 9.7b), and the most stable
neutral 3 (“global” AEA, Figure 9.7¢). For each structure, I report significant differences
between the VDE and “local” AEA values, which must be associated with geometric
distortions, such as changes of bond lengths and angles, upon binding an excess electron.
These will be critical for the discussion of the PES spectrum of OA™. Notice that the

“global” AEA values (Figure 9.7¢) remain positive for all structures.

The experimental PES spectrum of OA™ is presented in black in Figure 9.2. It spreads
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FIGURE 9.7: Excess electron binding energies (eV) for the ozxalic acid monomer. The
AFEA values are reported with respect to the corresponding neutral (”Local” AEA), and
with respect to the most stable neutral 3 (7Global” AEA).

from approximately 0.5 to 2.5 eV, with well defined peaks at 0.72, 0.92, 1.10, 1.29, and
1.40 eV. In view of the fact that the anionic minimum 3 is more stable than other
minima by more than 0.2 eV (Figure 9.5), I focused my attention on FC factors for
the structure 3 anion—neutral vibronic transitions, and I assumed that contributions
from other anionic structures, to the experimental PES spectrum, are less probable.
Two observations support this assumption: (i) the position of the highest peak in the
experimental spectrum (1.10 eV) coincides with the calculated value of VDE for 3 of
1.13 eV, and (ii) the position of the first peak in the spectrum at 0.72 eV coincides with
the calculated values of AEA for 3 of 0.70 eV.

The calculated FC factors and signal intensities are presented in Table E.1 of the SI and
the resulting computed spectrum is presented in red in Figure 9.2. The best match with
the experimental spectrum was found for 7" = 100 K. A very good agreement between

the computed and experimental spectra suggests that the experimental anionic beam is
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F 1
Mode Symmetry Nature requency (cm™ ")

Anion Neutral

1 Au C-C Rotation 122.7 190.0
2 Bu C-C-O Bend 269.4 255.0
3 Au Buckling 481.5 403.5
4 Ag C-C Stretch 418.6 411.8
5 Ag C-C-0O Bend 572.7 603.5
6 Bu C-C-0O Bend 683.3 612.6
7 Bg C-O(H) Rotation  686.5 615.9
8 Au C-O(H) Rotation  691.2 633.3
9 Bg Buckling 855.5 653.8
10 Ag C-C Stretch 848.1 836.3
11 Bu C-O(H) Stretch ~ 1233.5 1082.5
12 Ag C-O-H Bend 1262.1 1278.5
13 Bu C-O-H Bend 1368.4 1322.6
14 Ag C-O(H) Stretch 1490.3 1424.2
15 Bu C=0 Stretch 1894.8 1628.2
16 Ag C=0 Stretch 1884.5 1780.1
17 Bu O-H Stretch 37374 3732.6
18 Ag O-H Stretch 3733.6 3735.9

TABLE 9.1: Nature of vibrational modes and harmonic frequencies, calculated at the
CCSD/ATZ level for structure 3. The “buckling” mode in bold, the modes contributing
primarily to the vibronic structure reported in Figure 9.2 in blue.

indeed dominated by the most stable anionic structure 3. Notice, however, a nonzero
photoelectron intensity at approximately 2.2-2.3 eV, where the computed spectrum has
no intensity. This weak feature might result from a small fraction of structure 5 in the
anionic beam, with the calculated VDE of 2.26 eV (Fig. 9.7a).

Further analysis of harmonic frequencies (Table 9.1) and geometric parameters (Table
9.2) of the neutral and anion of 3 is needed to understand the origin of vibronic structure
reported in Figure 9.2 and Tabulated figure E.1. The C-C bond contracts and the C-
O bonds elongate upon excess electron attachment. These are significant distortions,
exceeding 0.05 A. In addition, the C-C=0 and C-O-H angles expand and contract,
respectively, by 4-5°. The geometric distortion from the anion to the neutral can be
accomplished by displacements along the fully symmetric modes 10, 12, 14 and 16. All
these are C-O or C-C stretching modes with an exception of 12, which is a C-O-H
bending mode (Table 9.1). The geometric changes are consistent with the nature of
SOMO in the anion, which is bonding in the C-C region and antibonding in the C-O
regions (Figure 9.6). The C-O stretching modes 14 and 16 are strongly red-shifted upon
an excess electron attachment by 66 and 104 cm™!, respectively (Table 9.1). Finally,
perusal of data from Tabfig E.1 confirms that the largest FC factors are associated with

the 0-0 transition at 0.70 eV, and vibrational excitations involving the modes 12, 14 and
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Parameter Neutral Anion

C1-C2 1.538 1.422
C1-01 1.321 1.382
C1=02 1.200 1.253
O1-H1 0.970 0.969
H1.--04 2.118 2.099
C2-C1-O1 113.58 113.94
C2-C1=02 121.20 12541
C1-O1-H1 107.19  102.70

TABLE 9.2: Geometric parameters for the neutral and anionic structure 3 at the CCS-
D/ATZ level.
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FIGURE 9.8: Photoelectron spectrum of (OA); recorded with 4.66 and 6.42 eV photons.

16, which are responsible for the developments of PES peaks at 0.92, 1.10, 1.29, and
1.40 eV.

9.5 Excess Electron Binding Energies in the Dimer and
Trimer of Oxalic Acid

The PES spectra of anionic dimer and trimer of OA are presented in Figures 9.8 and
9.9, respectively. The VDE value for the anionic dimer is 3.3 eV, an increase by 2.2 eV
in comparison with OA~. This value of excess electron binding energy is comparable
with that of F~ (3.40 ¢V) and Br~ (3.36 e¢V), but smaller than for C1~ (3.61 eV).[171]
The VDE value for (OA); is further increased to 4.6 eV.

My computational results for the neutral and anionic dimer of OA are presented in Figure
9.10 and the complete molecular structures in Table E.3-E.4 of appendix E. The oxalic

acid monomer can engage in cyclic hydrogen bonding in more than one way. The proton
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FIGURE 9.9: Photoelectron spectrum of (OA)3 recorded with 6.42 eV photons.

donor and acceptor sites come from either the same or the neighbouring carboxylic
group(s). In addition, each monomer can form various intramolecular hydrogen bonds
(Figure 9.1). These factors lead to a large number of potentially stable (OA )2 structures,
which have recently been studied by Blair and Thakkar.[228] I will follow their notation
and the monomer structures 3 and 2 become A and B, respectively. My three most
stable neutral dimers are illustrated in the top part of Figure 9.10. In addition to
the AB and BB structures,[228] I identified the AA structure, which proves to be the
most stable. One should note, however, that the differences in stability between the
three neutral dimers do not exceed 0.05 eV, therefore I have considered various anionic

structures.

The three most stable anions I identified are illustrated in the bottom part of Figure 9.10.
The anionic structures might be traced back to the three most stable neutral dimers, A A,
AB, and BB. They all undergo intermolecular proton transfer upon the excess electron
attachment reminiscent of a double hydrogen-bonded bridge in the anionic dimer of
FA.[255] There is, however, an important difference between the anionic dimers of FA
and OA. The former is characterized by a slightly negative AEA[255] but the latter is
stable by more than 1.5 eV with respect to the A A neutral dimer. BB- and AB- are
similarly stable (“global” AEA~ 1.65 eV), while AA- is less stable by approximately
0.1 eV. The calculated VDE values for (OA), are in the 3.06-3.32 eV range, thus they
coincide with the maximum of the PES spectrum (Figure 9.8) and are approximately 1
eV greater than the VDE for the anion of FA dimer.[196, 199] The increase of cluster
size from two to three OA monomers increases VDE by 1.3 eV. This increase is larger
than for FA, where the VDE values for anionic trimer and dimer differ by approximately
0.8 eV.[180]
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FIGURE 9.10: Relative stabilities (eV) of the neutral and anionic dimers of OA, along
with ?Global” AEA and VDE values (eV).

9.6 Discussion and Summary

My computational results and photoelectron spectra demonstrate strong electrophilicity
of OA. The monomer is characterized by a VDE of 1.10 eV and AEA of 0.72 eV.
For comparison, the monomer of FA does not support a bound valence anion in the
neighbourhood of the global minimum of the neutral. The unique electrophilicity of
OA results primarily from the proximity of the carboxylic groups, which allows for the
bonding C-C interaction in the SOMO of the anion. The intramolecular hydrogen bonds

also contributes to the overall stability of the anion.

The PES spectrum of OA~ displays a well resolved structure and my computational
results allowed for interpreting this structure in terms of vibronic anion—neutral tran-
sitions involving the most stable anionic and neutral conformers of Cy;, symmetry. The
distinct vibrational structure results from differences in potential energy surfaces of the
neutral and the anion. The C-C bond contracts and the C-O bonds elongates upon
excess electron attachment. In addition, the C-C=0 and C-O-H angles expand and
contract, respectively. The geometric changes are consistent with the nature of SOMO

in the anion, which is bonding in the C-C region and antibonding in the C-O regions.
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FIGURE 9.11: Postulated mechanism of excess electron mobility along a linear chain of

oxalic acid molecules. The arrows illustrate the motion of protons that would facilitate

the excess electron mobility. The unpaired electron is represented by a violet dot and
the excess charge by a red minus.

The geometric distortion from the anion to the neutral can be accomplished by displace-
ments along fully symmetric modes. The largest FC factors are associated with these

vibrational modes and the 0-0 transition.

The experimental VDE for the anionic dimer and trimer of OA is 3.3 and 4.6 eV re-
spectively. The computational results unravel that the neutral dimer is supported by
cyclic hydrogen bonds. There are at least three types of dimers within a narrow energy
range of 0.05 eV. All three structures undergo intermolecular proton transfer upon the
excess electron attachment and are characterized by AEA exceeding 1.5 ¢V and VDE in
the range of 3.1-3.3 eV. The computed values of VDE are in good agreement with the
maximum of the PES peak at 3.3 eV.

A comparison of the VDE values for the (OA), and (FA), systems allows for the
appreciation of intrinsic electrophilicity of OA. The values for (OA), are 3.3 and 4.6 eV
for n = 2,3, respectively, with the corresponding values for (FA), being 2.4, and 3.2
eV.[180]

Due to its dicarboxylic nature, OA can form linear chains supported by a series of
cyclic hydrogen bonds. A model chain of OA molecules is illustrated in Figure 9.11.
Based on my results for small anionic clusters of OA I postulated a mechanism of excess
electron mobility along such a chain. I expect that the mobility of electrons will be
supported by a synchronized motion of protons, as is common in proton-coupled electron

transfer.[261-263] I envisage that protons will shuttle back and forth in the linear chain of
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OA molecules, as dictated by the network of hydrogen bonds. The motion of an unpaired
electron will follow the evolution of the electrophilic binding site, —[C(OH),]". The
propagation step of the postulated mechanism is illustrated in Figure 9.11. In the top
part, the unpaired electron is localized on the monomer 1 and the excess negative charge
on monomer 2 (a deprotonated). Upon the shuttling motion of protons, the monomer 2
becomes the electrophilic binding site promoting transfer of the unpaired electron from
1 to 2, while the excess charge becomes localized on monomer 3. The phenomenon
may be general for molecular chains supported by cyclic hydrogen bonds. The rate of
electron transfer can be determined form the Marcus-Hush theory.[264] The problem is
amenable to surface science experiments involving measurements of conductance[265] of

molecular chains with cyclic hydrogen bonds.



Chapter 10

Suppressing Energy Barriers
between Conformers on
Molecular Potential Energy

Surfaces

10.1 Abstract

Searches for the most stable molecular conformer are frustrated by energy barriers sepa-
rating minima on the potential energy surface (PES). I have suggested that the barriers
might be suppressed by subtracting selected force field terms from the original PES.
The resulting deformed PES can be used in standard molecular dynamics (MD) or
Monte Carlo simulations. The MD trajectories on the original and deformed PESs of
ethanolamine differ markedly. The former gets stuck in a local minimum basin while the
latter moves quickly to the global minimum basin. A concept of generalized simulated

annealing protocols has been formulated.

10.2 Introduction

The conformational space of a molecule is spanned by its internal rotational bonds.[9]
Specific combinations of intramolecular torsional angles give birth to molecular conform-
ers, which are represented by minima on the molecular potential energy surface (PES).
Each conformer has its own (in general different) electronic energy, vibrational energy

levels and rotational constants. According to the Boltzmann distribution, conformers
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with lower energies dominate the overall population, and therefore the molecular proper-
ties measured in experiments. The number of local minima on the molecular PES quickly
increases with molecular size, and the most common optimization algorithms (driven by
calculated forces) typically identify a minimum which is close to the initial structure,
rather than the most stable conformer. It is therefore of ultimate importance to develop

methods and algorithms for determination of the most stable molecular conformers.

I am primarily interested in PESs determined using reliable electronic structure meth-
ods. This is a broad range of methods from semi-empirical models, through density
functional theory (DFT) methods, to Mgller-Plesset and coupled cluster treatments of
electron correlation. These methods are more time consuming than commonly used
force fields,[266] but they offer a broad spectrum of accuracy, with the most advanced
methods taking into account all practically important chemical and physical interactions
and being able to break chemical bonds. The scaling of these methods is, however, quite
steep, e.g. N2 — N* for DFT, N°® for the second-order Mgller-Plesset method, etc.,
where NN is the number of basis functions. The applicability of these reliable methods

in structural predictions hinges on efficient global minimum search algorithms.

Finding the global minimum on a PES is frustrated by barriers that separate local
minima. The most straightforward approaches that ignore barriers, such as scanning
the PES with discrete geometrical increments along all 3N — 6(5) internal degrees of
freedom or systematic searches focused on rotational bonds only,[9, 145, 267] suffer from
combinatorial explosions of required calculations. These brute force methods provide,
however, the most reliable benchmarks for all other, perhaps faster but less reliable,

methods.

The most common methods for finding the most stable molecular structures are finite
temperature Monte Carlo[32] and molecular dynamics (MD)[33] methods as well as ge-
netic algorithms.[35, 267] The molecular dynamics method is of particular relevance
here, and it is implemented in various simulated annealing algorithms.[86] The main
idea is that a simulation initiated from any initial molecular structure and performed
at a sufficiently high temperature (T) for a sufficiently long time has a chance to probe
the basins of the global minimum and other low energy minima. The performance of
the method depends critically on the height of energy barriers separating local minima
and on the overall simulation time.[268, 269] One could think that by increasing the
simulation temperature one would provide enough energy to overcome any existing bar-
rier. Unfortunately, molecules decompose into smaller fragments in the course of high
T simulations when reliable PESs are used.[270, 271] Performing extremely long simu-
lations at a low T is not an attractive option due to significant computational runtimes.

In practice, a compromise is made between the simulation temperature and the overall
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simulation time and various protocols are used that define T as a function of time. Many
valuable results were obtained using simulated annealing algorithms, though the iden-
tified low energy structure might be a local minimum rather than the global minimum.
Again, the failure of the method is associated with the height of an energy barrier which

separates the local minimum from the global minimum.

The past efforts to suppress energy barriers on a PES include the diffusion equation
method (DEM), which transforms the original PES with multiple minima into a new
PES with only one (the global) minimum.[36] Some other methods which deform the orig-
inal potential energy surface in a different way include the distance scaling method,[37]
the shift method,[38] the Gaussian density annealing method,[39, 40] and the so-called
ant-lion strategy of changing the range of the potential.[41] While these methods proved
to be robust for complex systems, they require an analytical expression for the original
PES. Thus, they are not applicable to PESs determined using electronic structure meth-
ods. Another successful approach, the basin-hopping method,[34] in which the PES is
transformed into a collection of interpenetrating staircases, requires a geometrical en-
ergy minimization for each stochastically selected molecular structure. This feature
disfavours the method when combined with PESs determined using electronic structure

methods, though successful applications have been reported.[42, 43]

Here I proposed another method to suppress, or even eliminate, barriers that separate
various conformers on a PES determined by an electronic structure method. The de-
formed potential energy surface is obtained by subtracting selected force field terms
from the original PES. First I will demonstrate that typical conformational barriers re-
sult from the torsional and van der Waals (vdW) force field terms. Next, I will compare
constant temperature molecular dynamics trajectories for ethanolamine on the original
PES (determined at the DFT level of theory), and on the deformed PES with the tor-
sional and vdW terms subtracted. I will demonstrate that the MD trajectory moves
quickly to the global minimum basin on the deformed PES, but it gets stuck in a lo-
cal minimum basin on the original PES. Finally, I will discuss a concept of generalized
simulated annealing protocols, in which both the temperature and potential energy can

change as time progresses.

10.3 Methods

I started from a potential energy function, E.j.., defined by a reliable electronic struc-
ture method. In the current case I used density functional theory with the B3LYP
hybrid exchange-correlation functional[100, 113] and 6-31G* atomic basis sets.[272] The

global and local minima were identified using our Systematic Screening of Conformers
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(SSC) tool.[25] DFT/B3LYP is a relatively fast electronic structure method, but still
prohibitively slow for structural predictions based on long MD trajectories. In parallel to
the electronic structure method I used a potential energy Erp defined by a reliable force

field (FF). The potential energy in a typical FF is given by the following expression:
EFF == Estr + Ebend + Etors + Ecross + Evdw + Ecoul (101)

where FEg, is the bond stretching energy, Fpenq is the bond bending energy, Ej,,s is the
torsional energy for rotations of molecular fragments around bonds, E.,.ss describes cross
terms, e.g., bond-bond angle, and finally F,q, and E,,, are the van der Waals (vdW)
energy and the Coulomb energy, respectively.[90] There are two advantages resulting
from using a FF. First, the time associated with a computation of Erp is negligible
in comparison with the time required to compute E,j... Second, Equation 10.1 offers
a dissection of the total potential energy into distinct components with clear chemical
interpretations. I will use a very popular FF, AMBER,[221] but other FFs might be

used as well.

My approach hinges on an assumption that a priori known terms of Equation 10.1
contribute to the barriers which separate local minima representing various molecular

conformers. I defined a modified, or deformed, PES as
Ep(x) = Eeec(%) = Y _ ¢iBpp(x) (10.2)

in which E); indicates the modified potential energy, Err; is a specific FF' term from
the right hand side of Eq. 10.1, ¢; is a linear coefficient (most typically ¢; = +1.0), and
x represents a molecular geometry. The modified potential energy Ejs is also used to

calculate the modified gradient,

gy (x) = VEN(x), (10.3)

which requires the gradients of Eg. and all Erp;s involved in Equation 10.2. This
gradient will be used to represent forces acting on atoms moving on the modified PES,

as dictated by the conventional MD equations.

The molecular dynamics simulations were performed for ethanolamine, Fig. 1, at 200 K
and 400 K, with a time step of 0.5 fs, for a total of 20000 steps on both the original and
modified PES. The Beeman algorithm[80] was used to predict accelerations, velocities
and coordinates of nuclei. The resulting trajectories were illustrated by the root mean

square deviations (RMSD) of positions of nuclei with respect to a reference structure,
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which might be a local or the global minimum structure:

RMSD() — \/ il () e 0
in which z;(t) represents the ith geometrical coordinate at simulation time ¢, and ; ¢y
represents the i*" geometrical coordinate at the reference structure. The current and
reference structures were aligned to resemble each other using the VMD[167] command
“measure fit”. While advancing a MD trajectory I collected information about the
most stable molecular structures and their complete potential energies. After the MD
trajectory is completed I used the identified structures as initial geometries for standard

geometry optimizations based on calculated forces.

4' Input geometry |—

Force field calculation li" Electronic structure calculation

Update information about the most stable
molecular structure on the original PES

!

| Modified potential energy and its gradient ‘

| Molecular dynamics step |

New geometry

The most stable molecular
structure on the original PES

FiGURE 10.1: A flowchart of the interface between an electronic structure method and
a force field.

All B3LYP calculations were performed with Gaussian 03 (G03).[75] Molecular mechan-
ics calculations were performed either with GO03 or Tinker.[273] I have developed an
interface between G03 and Tinker that allowed propagating MD equations on the orig-
inal and modified PES, see Fig. 10.1. The charge equilibration (QEq) method[74] was
used to assign charges on atoms to account for Coulomb energy in the AMBER FF

calculations performed with G03. Default atomic charges were used in Tinker.

10.4 Results

Ethanolamine has three rotational degrees of freedom and the OH and NHy groups can

form an intramolecular hydrogen bond, which determines two chiral global minima GM1
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FiGure 10.2: Different minima and transition state structures of ethanolamine.
Colour code: grey — carbon, white — hydrogen, red — oxygen, blue — nitrogen.

and GM2 (see Fig. 10.2). In Fig. 10.3 I present a potential energy curve for motion
around the O-C-C-N dihedral angle. The dihedral angle was increased or decreased,
when starting from GM1 and GM2 respectively, with steps of 5°, and partial geometry
optimizations were performed for each fixed value of the angle. Altogether, 72 struc-
tures were considered. This procedure unravelled six new stationary points on the PES
(Figs. 10.2 and 10.3): one pair of chiral local minima (LM1 and LM2) and two pairs
of chiral transition states (TS1 and TS2, TS3 and TS4). Subsequent intrinsic reaction
coordinate[274] calculations were performed for fully optimized transition state struc-
tures. It was confirmed that both TS1 and TS2 connect GM1 and GM2, TS3 connects
LM1 and GM1, and TS4 connects LM2 and GM2. It should be pointed out that there
is also a Cs symmetry stationary point (denoted as SP0) between TS1 and TS2, but it

was abandoned because of two negative curvatures.
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FiGUrE 10.3: Original potential energy curve for ethanolamine as a function of the
O-C-C-N dihedral angle. The energies are determined at the BSLYP and AMBER force
field levels.

Based on the 72 partially optimized geometries, I performed single point AMBER FF
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F1GURE 10.4: The AMBER force field energy and its components as a function of the
O-C-C-N dihedral angle.

calculations. A comparison between the B3LYP and AMBER potential energy curves
is presented in Fig. 10.3 and