A Computational Study of Substituted
2,2’-bithiophene as Building Blocks for

Organic Solar Cells

James Patrick Connell

MSc by Research

University of York
Chemistry

January 2022



Abstract

The ability of 2,2’-bithiophene to act as an electron donor in an organic solar cell can be
influenced through the addition of substituents, the nature of which can result in differing

impacts on the molecule’s excitation energy.

The ground and excited state geometries of trans and cis 2,2-bithiophene were investigated
using the CC2 and ADC(2) ab inito methods. Adiabatic excitation energies were calculated from
these geometries and compared to resonance-enhanced multiphoton ionization spectroscopy
data in the literature, good agreement to which determined the basis set to be used when

performing subsequent calculations on the substituted molecule.

OH, formyl, nitro, nitroso, OC(H)O, OC(CHs)O, phenyl and dimethylamino substituents were
chosen with the aim of influencing the excitation energy through both differing electronic and
steric effects. Substitutions were made singly and doubly in five combinations of position and
number of substituents. Ground and excited state geometries were calculated, and it was found
that the CC2 and ADC(2) methods were unable to yield results for the formyl, nitro and nitroso
substituents due to the multi-reference character of their ground states. The effect of the
substituents on the bond lengths and dihedral angles of the thiophene rings compared to
unsubstituted 2,2’-bithiophene was analysed before adiabatic excitation energies were
calculated and the diethylamino and phenyl substituents found to cause the greatest decrease

in excitation energy, almost regardless of substitution position.

A final series of calculations were performed on unsubstituted, OH and OC(H)O substituted
oligomers of three and four repeat units and the reciprocal of the repeat units against adiabatic
excitation energy plotted in order to extrapolate to the excitation energy of a theoretical
substituted polythiophene of infinite length. The utility of performing this type of extrapolation

with this few repeat units, due to constraints imposed by computational cost, was reviewed.
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1 Chapter 1: Introduction

1.1 Background and Operating Principles of Organic Solar Cells

An organic photovoltaic (OPV) is a solar cell in which the energy from incident light is absorbed
by an organic semiconducting layer, usually a polymer as these will possess the high degree of
conjugation necessary for their HOMO-LUMO band gap to be small enough that visible light is
able to excite an electron from the HOMO to the LUMO. A conjugated organic system consists
of alternating carbon single and double bonds. The double bonds contain a o-bond and a 1t-
bond, and as the m-electrons are much more mobile than the o-electrons they are able to move
from site to site between carbon atoms due to mutual overlap of the m-orbitals, causing the

wavefunctions to delocalise along the entire length of conjugation.!

This absorbing organic semi-conducting layer is sandwiched between two different electrodes,
one of which must be at least semi-transparent.2 When an electron in the absorbing layer is
excited it leaves behind a positive hole and the two are attracted to one another as they possess
opposite charges, forming a quasiparticle known as an exciton. In order for the electron to be
freed up to do work in the external circuit of the OPV the exciton must undergo dissociation. In
an inorganic solar cell this dissociation would typically occur at room temperature, as the high
dielectric constant of the material would mean that the attraction between the electron and
hole, known as the exciton binding energy, E,, is small enough that it can be overcome by

thermal energy at this temperature. 3

Conversely, organic semiconductors have low dielectric constants and therefore larger values of
Eb, meaning that thermal energy alone cannot cause exciton dissociation. To overcome this,
OPVs contain two organic semiconductors with offset HOMO-LUMO band gaps; one known as
the ‘donor’ which will absorb the photon energy and ‘donate’ the resultant excited electron
from it’s LUMO to the LUMO of the ‘acceptor’, leaving behind the hole on the donor. This donor-

acceptor form for the organic layer, known as a heterojunction, originally took the form of a

13



bilayer structure and was proposed by Tang in 1986% before being further developed into a
mixture of two phase-segregated semiconductors by Halls et al in order to overcome the low
exciton diffusion range of the bilayer structure.® This phase segregated mixture is known as a

‘dispersed’ or ‘bulk’ heterojunction.?

Electrode Electrode

Acceptor

Bilayer Solar Cell Bulk-heterojunction Solar Cell

Figure 1.1 Schematic of bilayer vs. bulk heterojunction

Figure 1.1 shows a diagram illustrating the difference between the two different types of

heterojunction.

LUMO

— LUMO

Acceptor

HOMO

HOMO

Figure 1.2 Donor-Acceptor block schematic
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The donor-acceptor process is shown in Figure 1.2. Even after this process the electron and hole
will still be attracted to each other but as the distance between them increases the attraction
decreases until it can eventually be overcome by thermal energy and dissociation occurs. The
electron and hole then diffuse to the relevant electrodes through interfacial layers, where they

are then collected and do work in the external circuit of the cell to produce a current.

Fullerenes® are very efficient electron acceptors and many OPV electron acceptors are fullerene
derivatives such as PCBM-60! and Bis-PCBM’, however non-fullerene acceptors are also being
investigated as new and more efficient alternative® °. Some donors include MEH-PPV!°, PEOPT
and PEDOT™. An important consideration when selecting the electron donor for an OPV is that
if the energy of the incident photon exceeds the HOMO-LUMO band gap then this excess energy
is typically lost as heat in a process known as thermalization, which is a significant loss
mechanism in all solar cells, and especially OPVs.!2 2,2’-bithiophene, the molecule of interest for
this thesis, and its polymeric form serve the roles of the electron donator in the OPV; the
structure of unsubstituted 2,2’-bithiophene is shown in figure 1.2. The atoms are labelled

following the convention that will be used throughout this thesis going forward.

Figure 1.3 Unsubstituted trans-2,2’-bithiophene
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1.2 Computational studies of substituted 2,2’-bithiophene

The addition of substituted groups allows for the tailoring of the properties of electron donors
in OPVs, and the near infinite variability of organic compounds is considered a key advantage on
OPVs.5 Whilst primarily serving to alter the HOMO-LUMO band gap and therefore the ease of
excitation of the donor by incident light, the addition of substituted groups can also serve to
avoid unwanted aggregation by introducing steric hinderance®?, improving backbone planarity

to increases charge carrier transport* > and influencing the solubility of the polymer.1®

Computational chemistry allows for the analysis of many molecular properties including
geometries, HOMO-LUMO band gaps, the appearance of molecular orbitals, vibrational modes
and the verification of a structure as belonging to a transition state, and various types of spectra.
There are two main computational modelling approaches when conducting theoretical
investigations; the first of which involves the use of Density Functional Theory (DFT). DFT uses
functionals of the electron density, which is itself a function of time and space, to determine the
properties of a many-electron system, and time-dependant density function theory (TD-DFT)
can be used in the investigation of excitations. A major advantage of both DFT and TD-DFT is
their high computational efficiency, allowing for the study of larger systems.'” The second type
of approach involves the use of post Hartree-Fock (HF) methods such as n"-Order Moller-Plesset
Perturbation (MPn) theory and Coupled-Cluster (CC) theory, that introduce approximations to
allow the Schrodinger equation for a system involving more than two particles equation to be
solved and the many-body wavefunction obtained, from which information about the properties
of the system being studied can be gained. All computational chemistry calculations require the
use of basis sets; one-particle functions used to build the molecular orbitals that define the space

in which the calculations are solved.

There have been several computational studies on substituted 2,2-bithiophene relating to their
role as donors in organic solar cells, using both post Hartree-Fock ab initio methods and density

functional theory (DFT), many of which are performed on substituted 2,2’-bithiophenes that
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have been simultaneously experimentally synthesised.® 13141820 A wide variety of substituted

13, 21, 22 13, 15

groups have been investigated including ester groups , alkyl groups'® *°, aryl groups?,

13, 14 15, 19, 23

halogens , alkoxy groups , carboxylic acid groups'® and various acceptor groups
including nitrile and nitro groups®®, and amino groups?. Substitutions are usually made at the
C3 and C4 positions, as thiophene typically undergoes linear polymerisation, with linkages

between the C2 and C5’ positions.

Swaroop et al conducted a theoretical investigation into aryl-substituted bithiophene that they
had synthesised.'® Substitutions made at the C4 position and the ground state geometries were
optimised at the M062X/6-31G(d) level, with subsequent frequency calculations to confirm
these optimised structures to the lowest energy conformations. TD-DFT was then used to
optimise the S; excited state geometry at the B3LYP/6-31G(d) level and the vertical emission
energies from S; to So at the B3LYP/6-311+G(d,p) level calculated. A single point TD-DFT
calculation was also performed at the B3LYP/6-311+F(d,p) level to obtain simulated UV-Vis
spectra. Ichiro Imae et al similarly performed ground state DFT optimisations and corresponding
frequency calculations on n-butoxy substituted bithiophene. In this case substitutions were
made doubly at both the C3/C3’ and C4/C4’ positions and calculations were made at the
B3LYP/6-21G(d) level.r® Andicsova-Eckstein et al used computational chemistry to further
investigate three substituted bithiophenes that they had synthesized.’® In each of the three
substituted bithiophenes C(O)OCHs was substituted at the C5 position; CHs and Ci;Has were
substituted at C3 positions in select cases, and Cl at position C5’ in selected cases. Ground state
geometry optimisations were performed at the B3LYP/6-31G(d) level, before TD-DFT
simulations of excitations were performed using the PBEO, B3LYP, CAMB3LYP, TPSSH and M062X
functionals and the 6-31G(d) basis set, with the TPSSH/6-31G(d) level HOMO-LUMO band gap
being presented in the paper. TD-DFT calculations at M062X and CAMB3LYP levels were used to

evaluate the optical absorption spectra.

In addition to using computational chemistry to further investigate and develop on results

obtained from physically conducted experiments, such as the previously mentioned syntheses,
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there have also been purely theoretical studies of substituted bithiophenes. Tzu-Jen Lin and
Shiang-Tai Lin investigated the effect of a range of substituents; methoxy (-OCHs), amino (NH),
cyano (CN), formyl (CHO), nitro (NO2) groups, and methyl and ethyl groups used to represent
conjugated polymers with alkyl side chains, on the torsional potential of bithiophene. * Methyl
and ethyl groups were doubly substituted at the C3,C3’, C3,C4’ and C4,C4’ positions, whilst the
other substituted groups were only singly substituted at the C3 position. Ground state geometry
optimisations were performed at the B3LYP/6-311+G(2df,p) level, followed by a series of single
point energy calculations on these optimised geometries using the B3LYP, wB97x, wB97xd,
MO062X functionals and the MP2 method with the 6-311+G(2df,p) basis set, and CCSD(T), which
provided a high accuracy but also very high computational cost coupled-cluster method?*, with

the cc-pVTZ basis set.

Casanovas et al investigated the structural and electronic effects of substituting carboxylic acid,
again making substitutions at the C4/4’, C3/4’ and C3/3’ positions to model tail-to-tail, tail-to-
head and head-to-head linkages.’® Geometry optimisation calculations, with associated
frequency calculations to characterise as the equilibrium geometries, were performed using the
B3PWO91 functional and the 6-31+G(d,p) basis set. Examination of the change in electronic
properties on extension of the polymer chain was also investigated by performing similar
geometry optimisations on substituted oligothiophenes up to seven rings with different types
of linkages. M. Pomerantz performed multiple investigations on C(O)OCH; and C(O)N(H)CHs
substituted bithiophene in order to investigate the change in planarity on substitution.?" 2

Geometry optimisation calculations were performed and as with the previously mentioned

investigation substitutions were made at the C3/3’, C3/C4’ and C4/4’ positions.

It can be seen that the vast majority of computational investigations on substituted bithiophenes
are conducted using DFT functionals, with only the occasional calculation being performed using
a post-HF method such as MP2. This can likely be attributed to the relatively large size of the
molecule, especially when substituted, and the subsequent high computational cost of

performing calculations that are not DFT. Through the use of the Viking Cluster the opportunity
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to perform these types of calculations has been presented, using methods typically regarded as

having a higher computational cost.

1.3 Computational Studies of Oligothiophenes

There have also been investigations into the excited states of thiophene oligomers; both
substituted and unsubstituted. De Oliveira et al investigated the HOMO-LUMO band gaps of
OMe and NO; substituted oligothiophenes of up to six repeat units in length, where the
substitutions were made at the terminal C3 positions of the chains.?® Geometry optimisations
were performed at the HF/6-31G* level followed by single point calculations using the B3LYP,
BLYP and SVWN functionals all with the 6-31G* basis set, and also at the MP2/6-31G* level.
Della Sala et al studied the excitation spectra of terthiophene and terthiophene-S,S-dioxide; the
ground state geometries were first optimised using the B3LYP functional and the 6-311G** basis
set before a subsequent TD-DFT calculation at the same level was performed to find the first six
excitation energies for each molecule. % Rubio et al conducted a similar study into the excited
states of terthiophene and tetrathiophene. In that study ground state geometries were
optimised using MP2 and the 6-31G* basis set before the geometries of the lowest singlet and
triplet states were optimised using the multireference CASSCF method and the cc-pVDZ basis

set, and the electronic states were computed by CASPT2, another multireference method.?®

Multireference methods become necessary when the system cannot be described well by a
single determinant, as the mean-field approach used by Hartree-Fock can result in important
information being neglected, but are generally avoided outside of these cases due to their high

computational cost. ¥
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1.4 Overview of Thesis

The aim of this thesis is to investigate the effect of the addition of various substituents, chosen
with the aim of providing a range of electronic and steric effects, on to 2,2’-bithiophene both
singly and doubly substituted at different positions on the molecule, on the adiabatic excitation

energy and geometry changes experienced on excitation using ab initio techniques.

Chapter 2 presents the computational methods used throughout this thesis. Chapter 3 describes
the results of ground and excited state geometry optimisation calculations on unsubstituted
trans- and cis- 2,2’-bithiophene. Chapter 4 presents the results of ground and excited state
calculations on substituted trans- and cis-2,2’-bithiophene. Chapter 5 presents the results of
ground and excited state geometry optimisations on unsubstituted and selected substituted
oligomers of thiophene of up to four repeat units and examines an extrapolation to obtain the

excitation energy of theoretical polymers of infinite repeat units.
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2 Chapter 2: Computational Methods

2.1 The Schrédinger Equation

The Schrodinger equation is a partial differential eigenvalue equation, which can be solved to
yield eigenvalues representing observables associated with the Hamiltonian operator, A, and a

set of eigenfunctions, or wavefunctions, ¥, and is shown as equation 2.1.

HY = EY¥ (2.1)
A wavefunction is a probability amplitude, which, when squared, yields the probability of finding
a particle constrained by the potential described by the Hamiltonian, at each point in space. %

For a many-body system, one that contains more that a single particle, the Hamiltonian can be

broken down into kinetic and potential energy terms as shown in equation 2.2.

H=T+V(2.2)
T'is the kinetic energy of the particles and Vis the potential energy of the particle pairs. In terms
of molecules this can be further separated as five terms; a kinetic energy term for the nuclei ( 7»)
and a kinetic energy term for the electrons (7%), and a potential energy term arising from
repulsion between the nuclei (Vaw), a potential energy term arising from attraction between the
nuclei and the electrons ( Vxe), and a potential energy term arising from repulsion between the

electrons (Vee), as shown in equation 2.3; the Hamiltonian of a diatomic molecule.

H = TN+T€+ VNN+VN€+ ‘/66 (23)

For a molecule containing N electrons and M nuclei, equation 2.3 can be rewritten as
M ) M N )
- h +Z I
2 4eyRap 4 ;
A=1 2my =1 pSat, TTE0RB 4 HTeoTia
P

i=1j=i+1

2.4
dmegryj 24

In atomic units this can be simplified as
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Where my is the mass of nucleus 4, Z4is the charge of nucleus A.

2.2 The Born-Oppenheimer Approximation

It is impossible to solve exactly the Schrodinger equation for systems that contain more than
two bodies, such as atoms that contain more than one electron? or any molecules, and as such
approximations need to be introduced. The Born-Oppenheimer approximation allows for the
separation of the motion of the nuclei and the electrons by neglecting the motion of the atomic

nuclei when describing the electrons in the system. 3

The approximation is based on the physical principle that since the mass of an atomic nucleus is
much greater than that of an electron, the nuclei move much slower than the electrons when
responding to stimuli and can be approximated as stationary. This allows for the separation of
the Schrodinger equation into two separate equations: one for the nuclear component,

equation 2.6, and one for the electronic component, equation 2.7.

Hpye (R)Wnuc(R) = Enyc(R)Whuc (R) (2.6)

Hey(r,R)¥e (1, R) = Ee1(R)Wei (1, R) (2.7)
It can be seen that the electronic Schrodinger equation is dependant on the coordinates of both
the nuclei and the electrons, but as it is assumed that the nuclei are stationary, R is a constant,

not a variable.

2.3 Hartree-Fock Theory

Hartree-Fock theory was developed to solve the electronic Schrodinger equation after the Born-
Oppenheimer approximation has been invoked and serves a good starting point for more
elaborate theoretical methods which are better approximations to the electronic Schrodinger

equation. 3!
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fDlxa) = €alxa) (2.8)
Equation 2.8 shows the canonical Hartree-Fock equation, an eigenvalue equation where the one
electron Fock operator, £{7), acts on a spin orbital to give back the orbital energy, €,, multiplied

by that same spin orbital. The Fock orbital is defined as

f(@) = h@) + VHF (2.9)
h(1)is the core Hamiltonian operator and accounts for the kinetic energy of and potential energy

arising from the attraction to the nuclei of the electron, as shown in equation 2.10.

M
h(i) = %V% — ZTZ—A (2.10)

a=1 iA

VHFis the Hartree-Fock potential which accounts for the interaction between the electron and

all other electrons it could possibly interact with, and is defined by equation 2.11.

V@D = D Ja @+ ) K@ (211)

b#a b+*a

The first term, Jap, is the Coulomb operator, which represents the electrostatic potential felt by

electron 1 due to the presence of an electron 2 in spin orbital b.

1
Jw) = [ de 0B — (212
12

The second term, Ka , is the exchange operator.
1
KaoOxa00) = [ [ ds s a0 —] o) (2:13)
12
2.4 Second-Order Mgller-Plesset Perturbation Theory

Mgller-Plesset Perturbation Theory improves on Hartree-Fock by beginning to account for the
electron-correlation effects and is the least costly ab initio method to do so, however it is also
regarded as being much less accurate than the Coupled-Cluster methods that shall be discussed
subsequently in section 2.5. 3 The role that this method shall serve in this thesis is to provide

ground state geometries to be compared to excited state geometries obtained using the ADC(2),
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overviewed in section 2.6, as the ADC(2) is described as ‘MP2 for excited states’ ** and uses the

MP2 ground state wavefunction and energy in it’s calculations.

In perturbation theory the total Hamiltonian His separated into a reference Hamiltonian, H®,

from a reference Schrodinger equation

HOWO® = pOg 5 14)
and a perturbation, V, to give equation 2.15.
H= HO + v (2.15)
Ais a parameter between 0 and 1 that has no dimensions.

Mgller and Plesset suggested to use a HF calculation as the starting point of the perturbation

expansion3? making their zeroth-order wavefunction ‘Péo) an eigenfunction of the Fock operator

shown in equation 2.9.
In perturbation theory the energy and wavefunction are expressed as a sum of various terms
Ey= EX + 2BV + 22EP + BED + - (2.16)

w, = O+ awY + 202 + B+ (2.17)

where the superscript denotes the order of the correction energy. The first electron correction

to HF theory occurs at the second order of perturbation theory (MP2) and is give as

occ. occ. vir. vir. ﬂ' Xi(l)Xj(Z) % (X, (DX, (2) — X, (1)X,(2)]dt,dt,

E\“) — 2.18
mp €q T €p — € — € (2.18)

i j>I a b>a

2.5 Coupled-Cluster Theory

The second-order approximate coupled cluster singles and doubles model (CC2) was developed
to provide an approximation for the more expensive coupled cluster singles and doubles method

(CCSD) at a lower computational cost, and provides an energy that is considered to be of the
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same quality as the MP2 energy.>* The CC2 method can be used for both ground and excited
state calculations, and shall be used to obtain ground and excited state geometries for the

calculation of adiabatic excitation energies in this thesis.

Coupled-cluster theory begins with an exponential ansatz for the CC wavefunction. %

|Wee) = eT|‘D0) (2.19)

|®,) is the HF wavefunction and T'is the cluster operator, which can be expanded as a sum of

cluster operators of different excitation levels as shown in equation 2.20.

where T;is the cluster operator for single excitations, T, is the cluster operator for double

excitations, etc.

The operator e”can be written as

T? T3

eT=1+T+?+§+..-=1+ C1-|— C2+"'+ CN (221)

where operator C; generates single excitations, C> double excitations, etc. After substituting
equation 2.20 into equation 2.21 and gathering the corresponding cluster operators equations

2.22 and 2.23 can be produced.
C; =T (222)

1
C,=T,+ 5Tl2 (2.23)

Equation 2.22 shows that the single excitations are generated only by Ti, and equation 2.23
shows how double excitations can be generated by either T, describing a simultaneous
excitation of two electrons, or T1?describing two independent simultaneous excitations. CCSD is
truncated at the second order, meaning T = T; + T, and CC2 further simplifies on this by

approximating the doubles equations as correct only through the first order. 3*
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2.6 Algebraic Diagrammatic Construction Scheme

The algebraic diagrammatic construction (ADC) scheme is used for the calculation of excited
states and is more suited for the study of large molecules than other ab initio methods, as the
Hermitian nature of the ADC matrix means that it does not have to compute two representations
of the excited state that correspond to different eigenvectors, such as the case is for CC

methods, as both of ADC’s eigenvectors are identical.>

Using a technique known as the intermediate state representation (ISR) expressions can be
obtained for M, a non- diagonal matrix representation of an effective Hamiltonian, and £ a

matrix of effective transition moments.

Beginning with the correlated ground-state wavefunction, ¥, , a correlated excited-state basis
{‘P]O} can be generated by acting on ¥, with a series of excitation operators {C]} which

represent single, double, etc. excitations as shown in equation 2.24

{ehe, etefe e, ..} (2.24)

~

O

——
1l

Using the IS basis M and fcan be expressed as

(M), = (¥,|H - EY'|¥)) (2.26)

At A
CpCq

Fypa = (¥ Wo) (2:27)
where E{)V is the ground state energy. Choosing the nth order Mgller-Plesset ground state as the
starting point, ¥, , when deriving the IS basis results in the nth order ADC(n) scheme for the

excitation energies being obtained. For example, beginning with the MP2 ground-state

wavefunction and energy returns the ADC(2) level excitation energies. 3
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2.7 Basis Sets

A basis set is a set of one-particle functions used to build molecular orbitals when in a quantum
mechanical setting. There are two main types of basis sets, Slater-Type Orbitals (STOs) and

Gaussian-Type Orbitals (GTOs).

STOs have the functional form

XZnlm (T, 0, 90) = NYl,m(ew q))rn—le—fr (2-28)
Nis a normalizing constant, Y, ,,,is a spherical harmonic function and {is a constant that relates

to the effective charge of the nucleus.

GTOs have the cartesian functional form

2
X oty (X, Y, Z) = Nxbylyzlze =S (2.29)

Function Value
o
[8)]
|

0.25

Distance (A)

Figure 2.1 Comparison between Slater-Type Orbital STO and Gaussian-Type Orbital GTO
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207075

Figure 2.1 was constructed using the functional forms GTO = (7) Cemar

and

3
STO = (%) e~ , with values of T = 1.24 and o = 0.4166 being used to model orbitals for

hydrogen. 3¢

Basis sets can be further defined as one of several types based on the number of functions used.
A minimal basis set contains a single basis function, be it an STO or GTO, for each atomic orbital
(AQ) in the atom. For example, a H atom minimal basis set would have one 1s AO represented
by a single basis function, and a C atom minimal basis set would have basis functions for a 1s, a

2s and three 2p AOs, for five in total.

Double-T (DZ) basis sets contain two basis functions for each AO; using the above example a C
atom double-T basis set would contain ten total basis functions. A triple-{ (TZ) basis set contains
three basis functions for each AO, a quadruple-7 (QZ) basis set contains four per AO, continuing

this pattern through 5Z, 6Z, etc.

Basis sets can also be further qualified as split-valence basis sets, which use only one basis
function for each core AO, and a larger basis for the valence AOs. For examples, a C atom split-
valence double-{ basis set would have a total of nine basis functions; one function for the 1s AO

and two functions each for the 2s and three 2p AOs.

The quality of basis sets can be improved through the addition of further functions. Polarization
functions, denoted by * or a letter (d,p) add flexibility to the basis sets which allows for charge
polarization away from atomic distribution to occur. Diffuse functions, denoted by + or ‘aug’,
have a small T exponent, meaning that the electron is held far away from the nucleus, which

allows for weakly bonded electrons to localise further away from the density.

The aug-cc-pVDZ basis set, which contains both diffuse and polarization functions and is of
double-T level, and the cc-pVTZ basis set, of triple-{ level and containing polarization but no
diffuse functions, shall be used in this thesis, and their ability to produce accurate values for the
adiabatic excitation energy of 2,2’-bithiophene will be compared in the subsequent chapter.
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3 Chapter 3

3.1 Introduction

The aim of this chapter is to obtain results for the change in geometry on excitation of
unsubstituted trans- and cis-2,2’-bithiophene, as well as values for the excitation energy of the
first singlet excited state, to serve as a comparison to the results for substituted trans and cis-
2,2’-bithiophene that will be analysed subsequently in Chapter 4, in order to assess the changes
caused to the geometries and the excitation energy by those substituted groups. The results in
this chapter shall also be compared to experimental data in order to assess the accuracy of the

methods and basis sets chosen.

3.2 Computational Methods

Ground and excited state geometry optimisation and frequency calculations were performed
using TURBOMOLE 6.4.3 From this point onwards and in all subsequent chapters 2,2’-
bithiophene shall be abbreviated as ‘BP’. Ground state geometries of trans- and cis-BP were
obtained using MP2384% and CC2*, and the cc-pVTZ* and aug-cc-pVDZ*® basis sets, via the ricc2
module* and using an SMP parallelization scheme. Frequency calculations using the NumForce
tool were performed on the obtained geometries to ensure that these ground-state structures
represented true-minima on the potential energy surface; not transition-state geometries or
saddle points. Excited state geometry optimisations of the first singlet excited state (S:) were
then performed at the CC2* and ADC2% level, again with both the cc-pVTZ and aug-cc-pVDZ
basis sets, using the CC2 and MP2 ground state geometries respectively as inputs. For the
correlation consistent basis sets the -aug prefix indicates the addition of one diffuse basis
function of each function type that is in use for a given atom. Using the elements of the second
period, Li-Ne, as an example, the aug-cc-pVDZ basis set contains 23 basis functions*?, and the cc-

PVTZ basis set contains 30 basis functions. Diffuse functions can become necessary when there
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is the potential for hydrogen bonding or weak intramolecular forces, and as such it is expected
that the calculations performed using the aug-cc-pVDZ basis set will provide the more accurate

results.

The control files produced by these calculations were analysed using the TmoleX 4.1%” graphical
interface in order to view the geometries and molecular orbitals (MOs). Geometries were also

viewed in the form of an .xyz file using Avogadro 1.2.0*® to view the dihedral angles.

3.3 Results and Discussion

3.3.1 Unsubstituted trans-2,2’-bithiophene

Figure 3.1 unsubstituted trans 2,2’-bithiophene

Table 3.1 displays the bond lengths and C2-S-S’-C2’ dihedral angle as obtained from each ground
state and excited state geometry optimisation. The first four rows show the ground state
geometries and the latter four the excited state geometries. The respective equivalent bond
lengths were identical in each thiophene ring and so have only been displayed once in the table.

When the C2-S-S’-C2’ dihedral angle is equal to 180°, the molecule is completely planar.
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Table 3.1: Selected bond lengths and dihedral angle of unsubstituted trans-2,2’-bithiophene

Bond length /A
Method Basis set C2-5-$’-C2’ angle /°
C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
MP2 1.454 1.398 1.421 1.392 1.729 1.741 147.3
Aug-cc-
pVDZ
cc2 1.454 1.398 1.425 1.391 1.736 1.748 148.6
MP2 1.445 1.386 1.41 1.377 1.713 1.727 150.8
cc-pVTZ
cc2 1.437 1.379 1.407 1.373 1.713 1.737 155.2
ADC2 1.384 1.446 1.396 1.418 1.731 1.788 180
Aug-cc-
cc2 pVDZ 1.385 1.445 1.399 1.418 1.737 1.793 180
ADC2 1.367 1.428 1.377 1.4 1.71 1.768 180
cc-pVTZ
CcC2 1.368 1.427 1.38 1.401 1.716 1.773 180

Table 3.2 displays the change in the bond lengths and the C2-S-S’-C2’ dihedral angle shown in
Table 3.1 on excitation by comparing the results of the relative ground and excited state
geometry optimisations to each other. The MP2 ground state geometry is compared to the
ADC(2) excited state geometry, as ADC(2) is seen as the direct equivalent to MP2 for excited

state calculations33.

Table 3.2: Changes in selected bond lengths and dihedral angle of trans 2,2’-bithiophene on excitation

B "
‘ ond length change/A C2-5-5'-C2 angle
Method Basis set change /°
c2-c2' Cc2-c3 C3-C4 C4-c5 C5-S S-C2 &
ADC(2) Aug-cc- -0.07 0.048 -0.025 0.026 0.002 0.047 32.7
cc2 pVvDZ
-0.069 0.047 -0.026 0.027 0.001 0.045 31.4
ADC(2) -0.078 0.042 -0.033 0.023 -0.003 0.041 29.2
cc-pVTZ
cc2
-0.069 0.048 -0.027 0.028 0.003 0.036 24.8
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Figure 3.2 shows the molecular orbitals (MOs) involved in the ground state to S; excitation and
the percentage that this transition contributed to the overall excitation; specifically the
ADC(2)/aug-cc-pVDZ calculation. Complete breakdowns of the contributors to the excitation for

all four calculations levels are included in appendix 7.3 as table 7.1.

HOMO LUMO +2

Figure 3.2 MOs of the ground state to S; excitation of trans 2,2’-bithiophene at the ADC(2)/aug-cc-pVDZ level

The excitation can be assigned as a it to rt* transition. The decrease in the central C2-C2’ bond
length can be attributed to the excitation from anti-bonding in the ground state to bonding
character in the excited state, and the alternating increase, decrease, increase of the C-C bonds
within the thiophene ring to the inversion of bonding and anti-bonding character from the
ground to excited state MOs. Similarly, the S-C2 bond increases in length due to going from
bonding character in the ground state to anti-bonding in the excited state, whilst the S-C5 bond
remains almost unchanged on excitation as there is a node in both the ground and excited state

MO.

3.3.2 Unsubstituted cis-2,2’-bithiophene

Table 3.3 shows the bonds lengths and C2-S-5’-C2’ dihedral angle as obtained from each ground
state and excited state geometry optimisation. In this case, when the C2-S-S’-C2’ dihedral angle
is equal to 0 the molecule is completely planar. As was the case with the trans configuration,

respective equivalent bond lengths were identical in each thiophene ring.
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Table 3.3 Selected bond lengths and dihedral angle of unsubstituted cis-2,2’-bithiophene

Bond length /A
Method Basis set C2-5-$’-C2’ angle /°
C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
MP2 Aug-cc- 1.455 1.398 1.421 1.392 1.728 1.741 405
pVDZ
ce2 1.455 1.397 1.425 1.392 1.735 1.749 403
MP2 1.438 1.379 1.404 1.373 1.706 1.72 335
cc-pVTZ
ce2 1.438 1.379 1.407 1.374 1.712 1.727 329
ADC2 Aug-cc- 1.386 1.445 1.394 1.42 1.727 1.79 0
pVDZ
ce2 1.387 1.444 1.397 1.421 1.733 1.797 0
ADC2 1.368 1.425 1.376 1.404 1.705 1.773 0
cc-pvTZ
ce2 1.37 1.424 1.379 1.405 1.71 1.779 0

Table 3.4 displays the change in the bond lengths and the C2-S-S’-C2’ dihedral angle shown in

Table 3.3 on excitation, using the same comparisons as with the trans configuration.

Table 3.4 Changes in selected bond lengths and dihedral angle of cis 2,2’-bithiophene on excitation

Bond length change/A Vo
Method Basis set cz-i-hsa-:ze ;Tgle
C2-C2' C2-C3 c3-c4 C4-C5 C5-S S-C2 8
ADC(2) Aug-cc- -0.069 0.047 -0.027 0.028 -0.001 0.049 -40.5
cc2 pVvDzZ
-0.068 0.047 -0.028 0.029 -0.002 0.048 -40.3
ADC(2) -0.07 0.046 -0.028 0.031 -0.001 0.053 -33.5
cc-pvTZ
cc2
-0.068 0.045 -0.028 0.031 -0.002 0.052 -32.9

For the calculations performed using the aug-cc-pVDZ basis set the changes in bond lengths on
excitation of cis BP are almost identical to those of trans BP seen in Table 3.2, however there
was a much greater deviation for the calculations performed using the unaugmented cc-pVTZ

basis set, especially with regards to the S-C2 bonds.

Figure 3.3 shows the MOs involved in the ground state to S; excitation for cis BP; specifically
using the results of the ADC(2)/aug-cc-pVDZ calculation. Table 7.2 in appendix 7.3 shows the

complete breakdowns for all four calculation levels.
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91.2%

HOMO LUMO +2

Figure 3.3 MOs of the ground state to S; excitation of cis 2,2’-bithiophene at the ADC(2)/aug-cc-pVDZ level

The bond length changes experienced by cis BP on excitation can be attributed to the same

causes as for trans BP above.

3.3.3 Excitation Energies

Adiabatic excitation energies were calculated for both trans and cis BP using the energies of
corresponding ground and excited state geometries. The results of these calculations are

displayed in Tables 3.5 and 3.6.

Table 3.5 Adiabatic excitation energies of trans 2,2’-bithiophene

Adiabatic excitation energy
Basis Set Method Experimental
1
JeV /cm Jem?
DC(2 .852 1
AUG-cc-pVTZ ADC(2) 3.8526 31073
CcC2 3.8636 31162 31111
DC(2 X 231
cc-pVTZ ADC(2) 4.0059 32310
CC2 4.0315 32516
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Table 3.6 Adiabatic excitation energies of cis 2,2’-bithiophene

Adiabatic excitation energy
Basis Set Method Experimental

1

/ev /cm /et
ADC(2 3.8626 31154

AUG-cc-pVTZ 2)

CC2 3.8694 31209 31203
cc-pVTZ ADC(2) 4.0019 32278
CC2 4.0127 32364

J. Chadwick and B. Kohler used resonance-enhanced multiphoton ionization spectroscopy to
obtain experimental values for the S; excitation of trans and cis BP, finding values of 31,111 cm"
! for trans BP and 31203 cm™ for cis BP.* The calculations performed for this thesis using the
aug-cc-pVDZ basis set are in very good agreement with these values for both trans, 31073 cm™
for ADC2 and 31162 cm for CC2, and cis BP, 31154 cm™ for ADC2 and 31209 cm™ for CC2.
Comparatively, the calculations performed using the unagumented cc-pVTZ basis set have all
overestimated the experimental energy results by ~1000 cm™. As such, only the aug-cc-pVDZ

basis set will be used for calculations on substituted BP and thiophene oligomers in the

subsequent chapters of this thesis.

3.4 Conclusion

Calculations performed on unsubstituted cis and trans BP using both the CC2 and ADC(2)
methods with the aug-cc-pVDZ basis set have produced results for the adiabatic excitation
energy that are in very good agreement with the experimental resonance-enhanced
multiphoton ionization spectroscopy results of Chadwick and Kohler. All subsequent calculations

in this thesis shall therefore be conducted using this basis set.

The CC2 and ADC(2) methods have produced results for the bond lengths that are generally in
good agreement with each other, with the primary differences, although still small, being in the
S-C bond lengths. However, the results for the changes in the bond lengths on excitation are in

very good agreement with each other, differing by only 0.001A for all bonds in both trans and
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cis with the exception of the S-C2 bond of trans, which differs by 0.002A, and as such both

methods shall continue to be used.
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4 Chapter 4

4.1 Introduction

The aim of this chapter is to obtain results for the changes in geometry on excitation, as well as
values for the adiabatic excitation energy, of substituted trans- and cis-2,2’-bithiophene, and to
compare the geometries, change in geometries and excitation energies to the values obtained

in the previous chapter for unsubstituted trans- and cis-2,2’-bithiophene.

4.2 Selection of Substituted Groups and Substitution Positions

The following groups were selected as substituents; OH, formyl, nitro, nitroso, OC(H)O,
OC(CH3)0, phenyl and dimethylamino in the expectation that they would cause a variety of
electronic and steric effects that would alter the excitation energy of the BP by affecting the
conjugation of the molecule. The structures of these groups are shown below in figure 4.1.
Atoms have been labelled according to the convention that will be used in the tables and

discussion in the following section.
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Dimethylamino

Figure 4.1 Structures of the selected substituents using 3 substituted trans-2,2’-bithiophene as an example

The substituents were chosen to provide a range of both electron withdrawing and electron
donating groups, that were also of varying sizes. Dimethylamino groups would be expected to

cause a large decrease in the excitation energy due to being strongly electron donating in nature,
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however the size of the substituent could result in the molecule being bent further away from
the preferred dihedral angle, causing a disruption in the conjugated system and therefore
reducing the magnitude of this decrease. The two different types of acyloxy groups, OC(H)O and
OC(CH3)0, would both be expected to cause a reduction in the excitation energy, however the
increased size of the substituent with the methyl group could cause a reduction in the magnitude
of this decrease. OH groups are strongly donating in addition to being relatively small
substituents, having basically no negative steric impact on the dihedral angle of the molecule,
and so were expected to cause the greatest decrease in the excitation energy. Phenyl groups
are weak electron donators, so their electronic effects could be expected to only cause a slight
decrease in the excitation energy, however their large steric bulk could cause a significant impact
on the dihedral angle of the molecule, especially depending on the position of the substituent,

and so could instead cause a slight increase in the excitation energy.

Nitro groups have strong electron withdrawing effects and so a large increase in the excitation
energy could be expected. Formyl groups have moderate electron withdrawing effects and so
could be expected to cause a similarly moderate increase in the excitation energy. Nitroso
groups are only weakly electron withdrawing, but are also relatively small substituents, and so

could be expected to cause only a small increase in the excitation energy.

Substitutions were made singly at the C3 and C4 positions, and doubly at the C3/C3’, C4/C4’ and
C3/C4’ positions, as illustrated below in figure 4.2, using OH substituted trans-2,2’-bithiophene
as the example. These will be referred to as 3 substituted, 3,3’ substituted, 4’ substituted, 4,4’

substituted and 3,4’ substituted in figures and in text.

39



3,4’ OH 2,2’-bithiophene

Figure 4.2 Diagram of substitution locations

4.3 Computational Methods

As with the calculations performed in Chapter 3 on unsubstituted BP, ground and excited state
geometry optimisations were performing using TURBOMOLE 6.4. Ground state geometries were
obtained at the MP2/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels, and excited state geometries for
the first singlet excited state were obtained at the CC2/aug-cc-pVDZ and ADC(2)/aug-cc-pVDZ
levels, again using the ricc2 module and an SMP parallelization scheme. The results of these

calculations were visualised using the same software as in Chapter 3.
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4.4 Substituted trans 2,2’-bithiophene Results and Discussion

The calculations involving the formyl, nitro and nitroso substituents all produced high values for
the D1 diagnostic, indicating that 2,2’-bithiophene substituted with these groups has
pronounced multi-reference ground state character and therefore MP2 and CC2 were
inadequate to describe the ground state of the system correctly.>® As such these methods cannot
be expected to yield reasonable results for geometries and have been discounted. The excited
state geometry optimisations using these methods also involve performing a ground state

geometry optimisation, meaning that these calculations also cannot be considered accurate.

4.4.1 OH substituted trans-2,2’-bithiophene

Selected bond lengths within the thiophene rings, and the C2-S-S’-C2’ dihedral angle, of the
ground state geometries of OH substituted trans BP, calculated at the MP2/aug-cc-pVDZ and
CC2/aug-cc-pVDZ levels, are shown in tables 4.1 and 4.2. The first row of each table displays the
bond lengths and dihedral angle of the unsubstituted trans BP ground state geometry, obtained

at the respective levels in Chapter 3.

Table 4.1 Selected bond lengths and dihedral angle of the OH substituted BP ground state geometry at the MP2 level

Sub. Bond length /A C2-5-5'-C2’
POS: | (oc2 | c2c3 | c3ca | cacs | css | sc2 | c2c3 | c3car | carcs | cses | sz | €S
1454 | 1398 | 1421 | 1392 | 1.729 | 1741 | 1398 | 1421 | 1.392 | 1729 | 1.741 147.3
3 1454 | 14 | 1421 | 1389 | 1729 | 1741 | 1.398 | 1421 | 1392 | 1.728 | 1.749 128.2
4 1452 | 1395 | 142 | 1391 | 1.733 | 1743 | 1399 | 1421 | 1391 | 173 | 1.742 179.9
33 | 1446 | 1402 | 1418 | 139 | 1726 | 175 | 1402 | 1418 | 139 | 1726 | 1.75 180
44 | 1451 | 1396 | 1419 | 1391 | 1733 | 1743 | 1396 | 1.419 | 1391 | 1733 | 1.743 180
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Table 4.2 Selected bond lengths and dihedral angle of the OH substituted BP ground state geometry at the CC2 level

Bond length /A

Sub. €2-5-5'-C2’
Pos: | o2 | c2c3 | c3ca | cacs | css | sc2 | c2-c3 | c3-ca | cacs | css | sec | 2NEeS

; 1454 | 1398 | 1425 | 1391 | 1.736 | 1748 | 1398 | 1425 | 1391 | 1.736 | 1.748 148.6

3 1453 | 14 | 1425 | 1389 | 1735 | 1749 | 1397 | 1425 | 1391 | 1.735 | 1.757 130.8

4 1452 | 1395 | 1423 | 1391 | 174 | 175 | 1398 | 1.424 | 1391 | 1.736 | 1.749 179.9
33 | 1446 | 1401 | 1423 | 139 | 1734 | 1757 | 1401 | 1423 | 139 | 1.734 | 1.757 180
3,4 | 1451 | 1401 | 1425 | 1388 | 1735 | 1749 | 1393 | 1425 | 1392 | 1.739 | 1.758 1336

There have been no significant changes in any of the bond lengths of the ground state geometry

upon the addition of an OH substituent, regardless of the substitution being made singly to one

thiophene ring or doubly to both rings, and regardless of the location of the substitution. There

have however been more significant changes in the dihedral angles; the dihedral angles of the

4 OH BP, 3,3’ OH BP and 4,4’ OH BP ground state geometries have all increased to become totally

planar. Conversely, the ground state dihedral angle of 3 OH BP has decreased by ~20°, and that

of 3,4 OH BP by 15°, both becoming less planar compared to the unsubstituted ground state

geometry.
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Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the excited state geometries of OH

substituted trans BP at the ADC(2)/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels are shown in tables

4.3 and 4.4. As with the tables concerning the ground state geometries, the first row of each

table includes bond lengths and the dihedral angle of the unsubstituted trans BP excited state

geometry obtained at the respective level.

Table 4.3 Selected bond lengths and dihedral angle of the OH substituted BP excited state geometry at the ADC(2)

level
Sub. Bond length /A C2-5-5"-C2’
o
POs: | acr | c2c3 | caca | cacs | css | sc2 | c2c3 | c3-ca | cancs | css | sz | 2B/
- 1384 | 1446 | 1396 | 1418 | 1731 | 1.788 | 1.446 | 1.396 | 1.418 | 1.731 | 1.788 180
a3 1388 | 1.463 | 1396 | 1411 | 1751 | 1779 | 1.447 | 1396 | 1.412 | 1746 | 1.79 159
ca 1385 | 1.441 | 1.403 | 1407 | 1737 | 1774 | 1431 | 1405 | 1429 | 1726 | 1.831 180
3,03
1393 | 1447 | 14 141 | 1746 | 1.783 | 1.447 | 14 141 | 1746 | 1.783 155.4
ca,ca
138 | 1433 | 1403 | 1419 | 1732 | 18 | 1433 | 1403 | 1419 | 1732 | 18 180

Table 4.4 Selected bond lengths and dihedral angle of the OH substituted BP excited state geometry at the CC2 level

Bond length /A

Sub. C2-5-5'-C2’
POS: | (oc2 | c2c3 | c3ca | cacs | css | sc2 | c2c3 | c3car | carcs | cses | sz | €S
- 1385 | 1445 | 1399 | 1418 | 1.737 | 1793 | 1445 | 1399 | 1.418 | 1737 | 1.793 180
€3 | 13094 | 1458 | 1.405 | 1404 | 1761 | 1778 | 1441 | 1399 | 1.415 | 1749 | 1.802 153.5
C4 | 1387 | 1441 | 1405 | 1408 | 1745 | 1779 | 1429 | 1409 | 1428 | 1728 | 183 180
€383 | 1394 | 1446 | 1404 | 1408 | 175 | 1788 | 1446 | 1.404 | 1408 | 175 | 1788 154.1
G | 139 | 145 | 1405 | 1404 | 1752 | 178 | 1440 | 14 | 1429 | 1742 | 1.825 155.4

In comparison to the ground state geometries there are more noticeable changes in the bond

lengths of the excited state geometries after substitution. Compared to the unsubstituted

excited state, in 3 OH BP the C2-C3 bond has increased by 0.015A and the C5-S bond by ~0.02A,

the S-C2 bond has decreased by ~0.01A and the C5’-S’ has increased by ~0.015A. 4 OH BP has

experienced only one small change in the substituted ring, C4-C5 has decreased by 0.01A, but

has experienced more changes in the unsubstituted ring; C2’-C3’ has decreased by ~0.015A, C3’-
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C4’ and C4’-C5’ have both increased, and C5’-S’ has decreased, by ~0.01A, and C2’-S’ has

increased by ~0.04A.

In 3,3’ OH BP both thiophene rings have experienced the same changes; C4-C5 has decreased
by ~0.01A and C5-S has increased by ~0.015A . In 4,4’ OH BP both thiophene rings also
experience the same changes, with the only noticeable difference from the unsubstituted

excited state being an increase of ~0.15A for C5-S.

Finally, for 3,4" OH BP, C4-C5 has decreased ~0.015A and C5-S has increased by ~0.015A. The
bond lengths in this ring resembles those in one of the C3, C3’ substituted rings. And C4’-C5’

increased by ~0.01A and S-C2 by ~0.03A.

In common with the ground state geometries, there have been more significant changes when
it comes to the dihedral angles. Whilst the 4 OH BP and 4,4’ OH BP excited state geometries
have remained completely planar like that of unsubstituted BP, the dihedral angles of the other

three substituted BPs have all decreased by ~25°.

The changes of the bond lengths and dihedral angle on excitation are displayed in tables 4.5 and
4.6. As was the case with unsubstituted BP in Chapter 3, ground state geometries calculated at

the MP2 level are compared to the excited state geometries obtained at the ADC(2) level.

Table 4.5 Changes in selected bond lengths and dihedral angle of OH substituted BP on excitation at the ADC(2) level

sub Bond length change /A C2-S-§’-C2’
os' angle
pos. C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2 c2'-c3' | €3'-c4' | c4'-cs5' C5'-S' s'-c2' change /°
-0.07 0.048 -0.025 0.026 0.002 0.047 0.048 -0.025 0.026 0.002 0.047 32.7
a3 -0.066 0.063 -0.025 0.022 0.022 0.038 0.049 -0.025 0.02 0.018 0.041 30.8
ca -0.067 0.046 -0.017 0.016 0.004 0.031 0.032 -0.016 0.038 -0.004 0.089 0.1
C3,Cc3’
-0.053 0.045 -0.018 0.02 0.02 0.033 0.045 -0.018 0.02 0.02 0.033 -24.6
c4,cq4
-0.065 0.037 -0.016 0.028 -0.001 0.057 0.037 -0.016 0.028 -0.001 0.057 0
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Table 4.6 Changes in selected bond lengths and dihedral angle of OH substituted BP on excitation at the CC2 level

Sub Bond length change /A C2-5-5’-C2’
os. angle
POS- | c2.c2 | c2-c3 | c3-c4 | cacs | c5s s-c2 | c2'-c3' | c3-c4' | ca-c5' | c5-8' | S-C2' | change/°
) -0.069 | 0.047 | -0.026 | 0027 | 0001 | 0.045 | 0.047 | -0.026 | 0.027 | 0.001 | 0.045 31.4

c3 -0.059 | 0.058 | -0.02 | 0.015 | 0.026 | 0.029 | 0.044 | -0.026 | 0.024 | 0.014 | 0.045 22.7
c4 -0.065 | 0.046 | -0.018 | 0.017 | 0.005 | 0.029 | 0.031 | -0.015 | 0.037 | -0.008 | 0.081 0.1
36" | 0052 | 0045 | -0.019 | 0.018 | 0016 | 0031 | 0.045 | -0019 | 0018 | 0016 | 0.031 -25.9

c3,c4’
-0.061 | 0.049 | -0.02 | 0016 | 0017 | 0.031 | 0.047 | -0.025 | 0.037 | 0.003 | 0.067 21.8

Table 4.7 shows the changes on excitation of the bond lengths of the OH substituents, and the
ground and excited state dihedral angles of the substituent relative to the thiophene ring it is

substituted on to, at the different substitution locations.

Table 4.7 Changes in selected bond lengths and dihedral angles of OH substituents on excitation

Sub Bond length change/A C2-C3-0-H angle /° Bond length change/A C2’-C3’-0’-H’ angle /°
os. Method
pos- c3-0 O-H GS EX Dif c3-0 O-H GS EX Dif
ADC(2) -0.024 0.011 1.7 2.5 0.8
3
cc2 -0.024 0.016 1.1 6 4.9
ADC(2) -0.018 0.004 180 179.1 -0.9 -0.018 0.004 180 179.1 -0.9
3,3
cc2 -0.017 0.006 180 178.8 -1.2 -0.017 0.006 180 178.8 -1.2
Sub Bond length change/A C3-C4-0-H angle /° Bond length change/A C3’-C4’-0’-H’ angle /°
os. Method
pos. C4-0 O-H GS EX Dif c4’-0 O-H GS EX Dif
ADC(2) -0.027 0.003 180 180 0
4
CC2 -0.022 0.003 180 180 0
4.4 ADC(2) -0.014 0.002 180 180 0 -0.014 0.002 180 180 0
Sub Bond length change/A C2-C3-0-H angle /° Bond length change/A C3’-C4’-0’-H’ angle /°
os' Method
pos. C3-0 O-H GS EX Dif c4’-0 O-H GS EX Dif
3,4 cc2 -0.015 0.012 0.9 2.5 1.6 -0.016 0.002 179.6 175.8 -3.8

In each case the C-O bond at the substitution location undergoes a decrease in length on
excitation and the O-H bond remains basically unchanged, except for the case of 3 OH BP where
it experiences an increase in length. In all cases, the dihedral angle used to measure the planarity

of the substituent relative to the thiophene ring it is attached to remains close to completely
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planar; ~0° in the case of 3 OH BP and the C3 substituted OH in 3,4’ OH BP, meaning that the
hydrogen is pointing towards the sulphur of the opposite thiophene ring, and ~180° in all other
examples, meaning that the hydrogen is pointing away from the sulphur of the opposite

thiophene ring.

The MOs of OH substituted trans BP involved in the ground state to S; excitation are shown in
below in figure 4.3. The percentage that this transition contributed to the overall excitation
displayed, for this figure and all subsequent figures detailing MOs in this chapter, is from the
ADC(2)/aug-cc-pVDZ calculation, as this level has the most calculations complete successfully. In
the case where an ADC(2)/aug-cc-pVDZ calculation was not successful, the percentage from the
CC2/aug-cc-pVDZ calculation is displayed instead. Complete breakdowns of the contributors to
the excitations of all substituents and substitution positions are shown in appendix 7.4 as tables

7.3-7.8.
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3 OH 2,2’-bithiophene

84.5%
HOMO LUMO +2
4 OH 2,2’-bithiophene
85%
HOMO
3,3” OH 2,2’-bithiophene
79.2%
HOMO
4,4’ OH 2,2’-bithiophene
88.2%
HOMO
3,4’ OH 2,2’-bithiophene
75.4%

LUMO +2

Figure 4.3 MOs involved in S; excitation of OH substituted trans 2,2’-bithiophene
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The above can all be assigned as 1t to * transitions similarly to unsubstituted trans BP. Adiabatic
excitation energies were calculated using the ground and excited state geometries and are

presented in table 4.8.

Table 4.8 Adiabatic Excitation energies of OH substituted trans 2,2’-bithiophene

Adiabatic excitation energy D|fferenc.e from
. . unsubstituted
Substitution position Method

/eVv /cm-t /eVv /cm-t

3 ADC(2) 3.8750 31254 0.02240 180.63
CC2 3.8977 31437 0.03414 275.39
4 ADC(2) 3.5992 29030 -0.25341 -2043.9
CC2 3.6625 29540 -0.20110 -1622

33 ADC(2) 3.8488 31043 -0.00382 -30.84
CcC2 3.8760 31262 0.01245 100.41
44 ADC(2) 3.5155 28354 -0.33710 2718.9
3,4 CC2 3.7732 30433 -0.09035 -728.70

4,4’ OH BP has experienced the greatest decrease in excitation energy relative to unsubstituted
trans BP, followed closely by 4 OH BP. Both have planar ground state geometries which could
lead to increased conjugation and therefore reduce the excitation energy. 3 OH BP and 3,3’ OH
BP both experienced increases in excitation energy relative to unsubstituted BP (or very minor
decrease), however only the 3 OH BP ground state geometry had a dihedral angle that was less
planar than unsubstituted BP, as the 3,3’ OH BP ground state geometry was totally similarly to
4 OH BP and 4,4’ OH BP. There is no hydrogen bonding between hydroxy H and the S of the

adjacent thiophene ring for 3 OH, as the OH group is angled away from the other thiophene ring.
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4.4.2 OC(H)O Substituted trans-2,2’-bithiophene

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the ground state geometries of

OC(H)O substituted trans BP are shown in tables 4.9 and 4.10.

Table 4.9 Selected bond lengths and dihedral angle of the OC(H)O substituted BP ground state geometry at the MP2

level
Sub. Bond length /A C2-5-5'-C2’
Pos: | 0.2 | c2c3 | c3ca | cacs | css | sc2 | c2-ca | c3-ca | cacs | css | scr | 2/
- 1454 | 1398 | 1.421 | 1392 | 1729 | 1741 | 1398 | 1.421 | 1392 | 1729 | 1.741 1473
a3 145 | 1402 | 1424 | 1388 | 1728 | 174 | 1.402 | 1418 | 1392 | 1727 | 1.747 180
C4 1 1452 | 1398 | 1422 | 1391 | 1724 | 1741 | 1399 | 1421 | 1391 | 1729 | 1.742 180
GG | 1446 | 1398 | 1414 | 1389 | 173 | 1742 | 1398 | 1414 | 1389 | 173 | 1.742 152.1
ca,ca
1452 | 1395 | 1417 | 1388 | 1726 | 1742 | 139 | 1.417 | 1392 | 1.727 | 1.743 1455
34 | 1451 | 1397 | 1416 | 139 | 1729 | 1736 | 1395 | 1416 | 1391 | 1.727 | 1.743 135.7

Table 4.10 Selected bond lengths and dihedral angle of the OC(H)O substituted BP ground state geometry at the CC2

level
Sub. Bond length /A C2-5-5'-C2’
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2ca | c3ca | cacs | csis | scr | 2/
- 1454 | 1398 | 1425 | 1391 | 1.736 | 1.748 | 1398 | 1.425 | 1391 | 1.736 | 1.748 148.6
a3 145 | 1401 | 1428 | 1388 | 1736 | 1.747 | 1.401 | 1.422 | 1391 | 1.735 | 1.754 180
ca 1452 | 1398 | 1426 | 139 | 1731 | 1749 | 1398 | 1.424 | 1391 | 1.736 | 1.749 180
3G | 1445 | 1396 | 1419 | 1388 | 1738 | 1749 | 1396 | 1.419 | 1.388 | 1.738 | 1.749 1515
ca,ca
1452 | 1395 | 1.421 | 1387 | 1733 | 175 | 1395 | 1.421 | 1391 | 1.734 | 1.751 146.6
G | 945 | 1395 | 142 | 139 | 1736 | 1744 | 1394 | 142 | 1391 | 1734 | 1751 136.6

As with OH substituted trans BP there has been no significant changes to the ground state

geometry, in terms of bond lengths, on substitution, regardless of substitution position, but

there have been some more significant changes in the C2-S-S’-C2’ dihedral angle. Both 3 and 4

OC(H)O BP have completely planar ground state geometries, whilst the dihedral angles of 3,3’

and 4,4’ OC(H)O BP have remained largely unchanged relative to the unsubstituted ground state

geometry, only experiencing a change of ~2-3°. The dihedral angle of 3,4 OC(H)O BP has

49




decreased by ~12° to become less planar, an almost identical change to that of the 3,4’ OH BP

ground state.

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the excited state geometries of

OC(H)O substituted trans BP are shown in tables 4.11 and 4.12.

Table 4.11 Selected bond lengths and dihedral angle of the OC(H)O substituted BP excited state geometry at the

ADC(2) level
Sub. Bond length /A C2-5-5'-C2’
Pos: | 0.2 | c2c3 | c3ca | cacs | css | sc2 | c2c3 | c3-ca | cacs | css | scr | 2/
- 1384 | 1.446 | 1396 | 1.418 | 1731 | 1.788 | 1.446 | 139 | 1.418 | 1.731 | 1.788 180
a3 1385 | 1453 | 1396 | 1418 | 1.731 | 1.787 | 1.453 | 139 | 1412 | 1.738 | 1.781 180
C4 11385 | 1441 | 14 | 1422 | 1724 | 1803 | 1444 | 1398 | 1413 | 1.733 | 1.779 180
3,3
1386 | 1453 | 14 | 1408 | 1735 | 1783 | 1453 | 14 | 1408 | 1735 | 1.783 154.2
ca,ca
1385 | 1.438 | 1.402 | 1416 | 1724 | 1786 | 1.439 | 1.407 | 1415 | 1.726 | 1.801 176.9
C3C4 | 1382 | 1454 | 1396 | 1417 | 1728 | 1786 | 1450 | 1391 | 1416 | 1.737 | 1.795 176.8

Table 4.12 Selected bond lengths and dihedral angle of the OC(H)O substituted BP excited state geometry at the CC2

level
Bond length /A
Sub. ond length /. C2-5-5'-C2’
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2ec3 | c3-ca | cacs | css | scr | 2/
- 1385 | 1.445 | 1399 | 1418 | 1.737 | 1793 | 1445 | 1399 | 1418 | 1.737 | 1.793 180
a 1387 | 1451 | 14 | 1417 | 1739 | 1791 | 1451 | 1.399 | 1.413 | 1.743 | 1.788 180
ca 1386 | 1.439 | 1.404 | 1422 | 1728 | 1.807 | 1.444 | 1402 | 1413 | 174 | 1.785 180
3G | 1387 | 145 | 1404 | 1409 | 1743 | 1789 | 145 | 1404 | 1409 | 1.743 | 1.789 153.9
ca,ca
1386 | 1437 | 1405 | 1417 | 173 | 1795 | 1.438 | 1.408 | 1415 | 1.732 | 1.803 176.2
34 | 1386 | 1445 | 1404 | 1411 | 174 | 1783 | 1443 | 1400 | 1416 | 1.733 | 1.811 168.1

There are fewer notable changes in the bond lengths of the excited state geometries than for

OH substituted BP. In 4 OC(H)O BP C5-S and S-C2 have decrease and increased by ~0.01

angstroms respectively, and in 4,4’ OC(H)O BP S’-C2’ in has increased by ~0.01 angstroms. In 3,4’

OC(H)O BP C3’-C4’ increases by ~0.01 angstroms and S’-C2’ by ~0.02 angstroms relative to the

unsubstituted excited state geometry. As with the ground state, the changes in the dihedral

angle are more significant than those of the bond lengths, although not to such a degree as
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when compared to OH substituted BP. The dihedral angles of the 3 and 4 OC(H)O BP excited

state geometries remain unchanged at completely planar, and 4,4 OC(H)O BP has only

experienced a very slight decrease of ~3-4° compared to the unsubstituted excited state

geometry. The dihedral angle of 3,3’ OC(H)O BP has decreased by ~25° and 3,4’ OC(H)O BP by

~10°.

The changes of the bond lengths and dihedral angle on excitation are displayed in tables 4.13

and 4.14.

Table 4.13 Changes in selected bond lengths and dihedral angle of OC(H)O substituted BP on excitation at the ADC(2)

level
Sub. Bond length change /A C2-S-§’-C2’
angle
pos. c2-c2' C2-C3 C3-C4 C4-C5 C5-S S-C2 c2'-c3' | C3'-c4' | c4'-cs' C5'-S' s'-c2' change /°
- -0.07 0.048 -0.025 0.026 0.002 0.047 0.048 -0.025 0.026 0.002 0.047 32.7
c3 -0.065 0.051 -0.028 0.03 0.003 0.047 0.051 -0.022 0.02 0.011 0.034 0
c4 -0.067 0.043 -0.022 0.031 0 0.062 0.045 -0.023 0.022 0.004 0.037 0
C3,C3' -0.06 0.055 -0.014 0.019 0.005 0.041 0.055 -0.014 0.019 0.005 0.041 2.1
ca,cq4 -0.067 0.043 -0.015 0.028 -0.002 0.044 0.043 -0.01 0.023 -0.001 0.058 314
c3,c4 -0.069 0.057 -0.02 0.027 -0.001 0.05 0.055 -0.025 0.025 0.01 0.052 41.1

Table 4.14 Changes in selected bond lengths and dihedral angle of OC(H)O substituted BP on excitation at the CC2

level
Sub. Bond length change /A C2-S-§’-C2’
angle
pos. c2-c2' C2-C3 C3-C4 C4-C5 C5-S S-C2 c2'-c3' | C3'-c4' | c4'-cs' C5'-S' s'-Cc2' change /°
- -0.069 0.047 -0.026 0.027 0.001 0.045 0.047 -0.026 0.027 0.001 0.045 31.4
c3 -0.063 0.05 -0.028 0.029 0.003 0.044 0.05 -0.023 0.022 0.008 0.034 0
c4 -0.066 0.041 -0.022 0.032 -0.003 0.058 0.046 -0.022 0.022 0.004 0.036 0
C3,C3' -0.058 0.054 -0.015 0.021 0.005 0.04 0.054 -0.015 0.021 0.005 0.04 2.4
ca4,c4’ -0.066 0.042 -0.016 0.03 -0.003 0.045 0.043 -0.013 0.024 -0.002 0.052 29.6
c3,c4 -0.064 0.05 -0.016 0.021 0.004 0.039 0.049 -0.011 0.025 -0.001 0.06 31.5
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Table 4.15 shows the changes on excitation of the bond lengths and the dihedral angle of the

OC(H)O substituents at the different substitution locations.

Table 4.15 Changes in selected bond lengths and dihedral angles of OC(H)O substituents on excitation

Sub Bond length change/A C2-C3-01-C6 /° Bond length change/A C2’-C3’-01-C6’ /°
' Method o
pos. ca0 | o1c6 | c6-02 | GS EX Dif | €30 | o1C6' | ) GS EX Dif
ADC(2) | -0.017 | 0.009 | 0.001 | 179.9 | 180 0.1
3
cc2 -0.016 | 001 | 0.002 | 179.9 | 180 0.1
ADC(2) | -0.012 | 0.002 | -0.002 | 78.6 | 171.8 | 93.2 | -0.017 | -0.007 | 0.006 | 78.6 | 171.8 | 93.2
3,3
cc2 -0.016 | -0.006 | 0.007 | 752 | 170.1 | 949 | -0.016 | -0.006 | 0.007 | 75.2 | 170.1 | 94.9
Sub Bond length change/A C3-C4-01-C6 /° Bond length change/A C3'-C4’-01’-C6’ /°
os' Method Co-
pos. Cc4-0 | 01C6 | C6-02 | GS EX Dif c4-0 | 01-c6’ 02 GS EX Dif
ADC(2) | -0.016 | 0.016 | -0.005 | 180 180 0
4
cc2 -0.014 | 0.015 | -0.004 | 180 180 0
ADC(2) | -0.012 | 0.002 | -0.002 | 127.5 | 179.8 | 523 | -0.019 | 0.012 | -0.002 | 62.6 | 156.6 94
4,4
cc2 -0.014 | 0.005 | -0.002 | 129.1 | 180 50.9 | -0.015 | 0.009 | -0.001 | 61.4 149 87.6
Sub Bond length change/A C2-C3-01-C6 /° Bond length change/A C3’-C4’-01’-C6’ /°
os. Method Co-
pos. C3-0 | 01C6 | C6-02 | GS EX Dif c4-0 | 01-c¢’ 02 GS EX Dif
ADC(2) -0.02 0 0.003 | 63.8 | 179.9 | 116.1 | -0.009 | 0.004 | -0.001 | 1133 | 1232 | 9.9
3,4
cc2 -0.014 | -0.003 | 0.002 | 62.2 | 176.2 | 114 | -0.021 | 0.014 | -0.002 | 1145 | 243 | -90.2

In 3 and 4 OC(H)O BP the substituents experienced effectively no change in planarity on

excitation, both remaining totally planar relative to the thiophene ring they are attached to. 3,3,

4,4' and 3,4’ OC(H)O BP however all experience significantly changes in the planarity of the

substituents relative to their respective thiophene rings; in 3,3’ substituted BP the substituents

both begin close to perpendicular relative to their thiophene rings and experience a large

increase in the dihedral angle to become close to completely planar. In 4,4’ and 3,4’ OC(H)O BP

both substituted groups being ~50-60° out of plane from their respective thiophene rings in the

ground state geometry and increase to become close to totally planar on excitation.

The MOs of OC(H)O BP involved in the ground state to S; excitation are shown below in Figure

4.4.
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3 OC(H)O 2,2’-bithiophene

93.7%
HOMO LUMO +2
4 OC(H)O 2,2’-bithiophene
90.8%
HOMO LUMO +1
3,3 OC(H)O 2,2-bithiophene
90.5%
HOMO
4,4’ OC(H)O 2,2’-bithiophene
89.6%
HOMO
3,4” OC(H)O 2,2-bithiophene
92.7%
HOMO LUmMmo

Figure 4.4 MOs involved in S; excitation of OC(H)O substituted trans 2,2’-bithiophene
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As with OH substituted BP all can be assigned as 1t to m* transitions. Note the change in planarity
relative to the thiophene rings of the substituent groups of 3,3’ and 4,4’ OC(H)O BP, and of the

C3 position substituent in 3,4’ OC(H)O BP.

Adiabatic excitation energies were calculated from the ground and excited state geometries and

are shown in table 4.16.

Table 4.16 Adiabatic Excitation energies of OC(H)O substituted trans 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method

/eVv /cm-t JeV /cm-t

ADC(2) 3.8385 30959 -0.01413 -113.97

? cc2 3.8551 31094 -0.00844 -68.07
ADC(2) 3.7249 30043 -0.12768 -1029.8

) cc2 3.7515 30257 -0.11214 -904.45
ADC(2) 3.9451 31819 0.09251 746.13

® cc2 3.9585 31927 0.09488 765.22
ADC(2) 3.6699 29600 -0.18266 -1473.3
44 cc2 3.7058 29889 -0.15782 -1272.9
ADC(2) 3.8719 31229 0.01932 155.83
* cc2 3.8432 30997 -0.02040 -164.51

As with OH substituted BP, 4,4’ and 4 OC(H)O BP experience the greatest decrease in the
excitation energy relative to unsubstituted BP, although unlike OH substituted BP only 4 OC(H)O
BP has a planar ground state, with 4,4’ have a ground state dihedral angle almost identical to
unsubstituted BP. The excitation energy of 3,3’ OC(H)O BP experiences a relatively large
increase, and while it does have a slightly more planar ground state that unsubstituted BP, this
angle does not change significantly on excitation. The excitation energy of 3,3’ OC(H)O BP is

greater than that of unsubstituted BP.

54



4.4.3 OC(CH3)O Substituted trans 2,2’-bithiophene

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the ground state geometries of

OC(H)O substituted trans BP are shown in tables 4.17 and 4.18.

Table 4.17 Selected bond lengths and dihedral angle of the OC(CH;)O substituted BP ground state geometry at the

MP2 level
Sub. Bond length /A C2-5-5"-C2’
Pos: | 0.2 | c2c3 | c3ca | cacs | css | sc2 | c2-ca | c3-ca | cacs | css | scr | 2/
- 1454 | 1398 | 1.421 | 1392 | 1729 | 1741 | 1398 | 1.421 | 1392 | 1729 | 1.741 1473
a3 145 | 1397 | 1416 | 139 | 1731 | 1.737 | 1.398 | 1.421 | 1391 | 1729 | 1.743 140.9
C4 1 1452 | 1398 | 1422 | 1392 | 1724 | 1741 | 1399 | 1421 | 1391 | 173 | 1742 180
3,3
1444 | 1399 | 1414 | 1388 | 173 | 1745 | 1399 | 1.414 | 1388 | 1.73 | 1.745 180
ca,ca
1451 | 139 | 1419 | 1.39 | 1727 | 1743 | 1395 | 1.418 | 1388 | 1.727 | 1.743 147
34 | 1450 | 1397 | 1416 | 1391 | 173 | 1734 | 1393 | 1417 | 1391 | 1.727 | 1.744 1283

Table 4.18 Selected bond lengths and dihedral angle of the OC(CH;)O substituted BP ground state geometry at the

CC2 level
Sub. Bond length /A C2-5-5'-C2’
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2ca | c3ca | cacs | csis | scr | 2/
- 1454 | 1398 | 1425 | 1391 | 1.736 | 1.748 | 1398 | 1.425 | 1391 | 1.736 | 1.748 148.6
a3 1449 | 1396 | 142 | 139 | 1738 | 1744 | 1397 | 1424 | 1391 | 1736 | 1.751 141.8
ca,ca
1451 | 1394 | 1422 | 1388 | 1734 | 1751 | 1395 | 1423 | 139 | 1734 | 1751 148

The bond lengths of the OC(CH3)O substituted BP ground state geometries are almost identical

to their OC(H)O substituted equivalents shown in tables 4.9 and 4.10, and consequently so are

the bond length differences when compared to the unsubstituted ground state geometry. The

dihedral angles are also nearly identical to their OC(H)O substituted equivalents for 4 and 4,4’

OC(CH3)O BP, however whilst the dihedral angle the 3 OC(H)O BP ground state geometry is

completely planar, the dihedral angle of the 3 OC(CH3)O substituted ground state geometry has

only decreased slightly by ~7° compared to that of the unsubstituted ground state, and the

dihedral angle of the 3,3’ OC(CH3)O BP ground state geometry is completely planar compared to

~150° for it's OC(H)O substituted equivalent. The dihedral angle of the 3,4 OC(CHs3)O ground
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state geometry has decreased by ~20° relative to the unsubstituted ground state geometry, a

greater magnitude of decrease that its OC(H)O equivalent.

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the excited state geometries of

OC(CH3)0 substituted trans BP are shown in tables 4.19 and 4.20.

Table 4.19 Selected bond lengths and dihedral angle of the OC(CH;)O substituted BP excited state geometry at the

ADC(2) level
Sub. Bond length /A C2-5-5"-C2’
Pos: | 0.2 | c2c3 | c3ca | cacs | css | sc2 | c2c3 | c3-ca | cacs | css | scr | 2/
- 1384 | 1.446 | 1396 | 1.418 | 1731 | 1.788 | 1.446 | 139 | 1.418 | 1.731 | 1.788 180
a3 1385 | 1454 | 1396 | 1418 | 1.733 | 1.785 | 1.453 | 1395 | 1412 | 1.739 | 1.783 180
C4 1 1385 | 1439 | 1403 | 1424 | 1723 | 1806 | 1.444 | 1399 | 1412 | 1.734 | 1.778 180
G303 | 1388 | 1447 | 1386 | 1.417 | 1732 | 1784 | 1457 | 1396 | 1.403 | 1746 | 1.772 169.7
ca,ca
1385 | 144 | 1398 | 1413 | 1731 | 179 | 1.437 | 1405 | 1422 | 1721 | 18 178.1
G304 | 1383 | 1448 | 1395 | 1409 | 1737 | 1777 | 1443 | 1392 | 1421 | 1.728 | 1.804 163.4

Table 4.20 Selected bond lengths and dihedral angle of the OC(CH;)O substituted BP excited state geometry at the

CC2 level
Bond length /A
Sub. ond length /. €2-5-5'-C2’
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2ec3 | c3-ca | cacs | css | scr | 2/
- 1385 | 1.445 | 1399 | 1418 | 1.737 | 1793 | 1445 | 1399 | 1418 | 1.737 | 1.793 180
a 1387 | 1452 | 1401 | 1416 | 1742 | 1787 | 145 | 1399 | 1.413 | 1744 | 1.79 179.9
ca,ca
1386 | 1439 | 1401 | 1413 | 1738 | 1796 | 1436 | 1.408 | 1423 | 1.727 | 1805 177.6

As was the case concerning the ground state geometries, the bond lengths of the excited state

geometries are almost identical to their respective OC(H)O equivalents, and therefore also the

unsubstituted excited state, save for 3,4” OC(CH3)O BP where C4-C5 and C2-S have both

decreased by ~0.01A and $’-C2’ by ~0.015A relative to the unsubstituted excited state geometry.

In terms of dihedral angles, 3 and 4 OC(CH3)O BP completely planar, as were 3 and 4 OC(H)O BP.

The 4,4’ OC(CHs3)O BP has only experienced a very slight decrease of ~3° compared to the

unsubstituted excited state geometry, almost identical to the OC(H)O substituted equivalent,

whereas 3,3’ and 3,4’ have experienced changes of ~10° and 15°respectively.
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Due to the similarities between the ground and exited state geometries of OC(H)O and OC(CHs)O
substituted BP at each corresponding substitution positions, their bond length changes on
excitation are almost identical. As such the changes in bond lengths and dihedral angles on
excitation of OC(CH3)O substituted BP at the ADC(2)/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels

have been included in appendix 7.4 as tables 7.9 and 7.10 instead of being included here.

The changes on excitation of the bond lengths and dihedral angle of the OC(CHs3)O substituents

at each substitution location are shown in table 4.21.

Table 4.21 Changes in selected bond lengths and dihedral angles of OC(CHs)O substituents on excitation

Sub Bond length change/A C2-C3-01-C6 /° Bond length change/A C2’-C3’-01’-C6’ /°
os. Method oL
pos. C4-0 01-Cé C6-02 GS EX Dif c3’-0 ce’ C6’-02’ GS EX Dif
ADC(2) -0.022 -0.003 0.003 66.1 180 113.9
3
cc2 -0.021 -0.004 0.003 64.6 179.9 115.3
3,3 ADC(2) -0.011 0.01 0 89.9 77.9 -12 -0.028 0.034 0.005 89.9 52.1 -37.8
Sub Bond length change/A C3-C4-01-C6 /° Bond length change/A C3’-C4’-01’-C6’ /°
os. Method o1-
pos. C4-0 01-Cé C6-02 GS EX Dif c4’-0 ce’ Ce6’-02’ GS EX Dif
4 ADC(2) -0.019 0.022 -0.006 180 180 0
ADC(2) -0.005 0.005 -0.001 96.9 94.7 -2.2 -0.02 0.013 -0.004 126.5 179.6 53.1
44
cc2 -0.009 0.012 -0.004 128.5 94.4 -34.1 -0.114 0.006 -0.001 97 179.6 82.6
Sub Bond length change/A C2-C3-01-C6 /° Bond length change/A C3’-C4’-01’-C6’ /°
os' Method o1-
pos. C3-0 01-Cé C6-02 GS EX Dif c4’-0 6’ Ce6’-02’ GS EX Dif
3,4 ADC(2) -0.009 0.012 -0.004 59.7 56.9 -2.8 -0.114 0.006 -0.001 83.7 84.2 0.5

In several cases there have been significant changes on excitation of the planarity of the
substituent groups relative to their thiophene rings. In 3 OC(CHs)O BP the substituent has gone
from being ~25° away from perpendicular to the thiophene ring in the ground state geometry
to completely planar on excitation, with the second oxygen atom oriented away from the
sulphur of the opposite thiophene ring. In 3,3" OC(CHs)O BP both substituents began as
completely perpendicular in the ground state geometry and became more planar on excitation,
although in this case the second oxygen atom was oriented towards the sulphur of the opposite

thiophene ring. There is some discrepancy between the dihedral angles obtain using the
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different methods for the substituents of 4,4 OC(CH3)O BP; for the calculations preformed at
the ADC(2) level one of the substituents begins perpendicular remains so on excitation, whilst
the other begins approximately midway between being perpendicular and planar and becomes
completely planar on excitation. For the calculations performed at the CC2 level these changes
appear to occur to the opposite substituent, with the OC(CH3)O that is perpendicular in the
ground state becoming completely planar in the excited state, and the substituent at the midway

point becoming perpendicular on excitation.

Both 4 and 3,4’ OC(CH3)O BP do not experience significant changes in the dihedral angles of the
substituents on excitation; in 4 OC(CH3)O BP the substituent begins and remains completely
planar relative to the thiophene ring, whilst in 3,4’ OC(CH3)O BP the substituent at position C3
remains approximately midway between planar and perpendicular, and the substituent at

position C4’ remains roughly perpendicular to the thiophene ring.

The MOs of OC(CHs)O substituted BP that are involved in the ground state to S; excitation are

shown below in Figure 4.5.
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3 OC(CH;)O 2,2"-bithiophene

91.4%
HOMO
4 OC(CH;3)O 2,2’-bithiophene
90.1%
HOMO LUMO +2
3,3 OC(CH;)O 2,2’-bithiophene
65.8%
HOMO LUMO +3
4,4’ OC(CH;)O 2,2’-bithiophene
89.7%
HOMO LUMO
3,4’ OC(CH;)O 2,2"-bithiophene
76.9%

Figure 4.5 MOs involved in S; excitation of OC(CH3)O substituted trans 2,2’-bithiophene

59



Again, all can be assigned as 1 to n* transitions. Note the change in dihedral angle relative to
the thiophene ring of the substituent of 3 OC(CH3)O BP to completely planar on excitation, and

the nearly perpendicular angle of one substituent in 4,4’ OC(CHs)O BP and the C4 position

substituent in 3,4’ OC(CHs)O BP.

The ground and excited state geometries were used to calculate adiabatic exciation energies

which are tabulated below in table 4.22.

Table 4.22 Adiabatic Excitation energies of OC(CH3)O substituted trans 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method

/eVv /cm-t JeVv /cm-t

5 ADC(2) 3.9322 31715 0.07957 641.81

cc2 3.9541 31892 0.09051 730.00
4 ADC(2) 3.6998 29841 -0.15279 12323

33 ADC(2) 3.9131 31561 0.06046 487.61
“ ADC(2) 3.6868 29736 -0.16583 -1337.5
cc2 3.7122 29941 -0.15140 12211

34 ADC(2) 3.8551 31093 0.00249 20.04

As was the case for OH and OC(H)O substituent BP 4 and 4,4’ substituted have experienced the
greatest decreases in excitation energy relative to unsubstituted BP, with the values obtained
having magnitudes roughly comparable to OC(H)O substituted BP. All other substitution
locations have experienced an increase in the adiabatic excitation energy compared to

unsubstituted BP, with 3 OC(CH3)O BP experiencing the greatest increase.
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4.4.4 Phenyl Substituted trans-2,2’-bithiophene

Tables 4.23 and 4.24 display selected bond lengths within the thiophene rings and the C2-S-S’-

C2’ dihedral angle of the ground state geometries of phenyl substituted trans BP.

Table 4.23 Selected bond lengths and dihedral angle of the phenyl substituted BP ground state geometry at the MP2

level
Sub. Bond length /A C2-5-5'-C2’
o
Pos: | 22 | c2c3 | c3ca | cacs | css | sc2 | c2oca | c3-ca | cacs' | csts | scr | 2/
- 1454 | 1398 | 1.421 | 1392 | 1729 | 1741 | 1398 | 1421 | 1392 | 1729 | 1.741 1473
a3 1456 | 1.405 | 1.426 | 1.391 | 1729 | 1.738 | 1399 | 1.421 | 1393 | 1.727 | 1.74 127.1
C4 | 1452 | 1397 | 1426 | 1398 | 1726 | 1.742 | 1399 | 1421 | 1392 | 1.729 | 1741 1493
303" | 1457 | 1406 | 1427 | 1391 | 1728 | 1735 | 1406 | 1427 | 1391 | 1.728 | 1.735 115.7
ca,ca
1451 | 1398 | 1.426 | 1.398 | 1726 | 1742 | 1398 | 1.426 | 1398 | 1.726 | 1.742 151.1
c3,c4’
1456 | 1.406 | 1426 | 1.391 | 1729 | 1738 | 1397 | 1426 | 14 | 1723 | 174 126

Table 4.24 Selected bond lengths and dihedral angle of the phenyl substituted BP ground state geometry at the CC2

level
Bond length /A

Sub. ond length /. €2-5-5'-C2’
o
Pos: | pcr | c2c3 | caca | cacs | css | sc2 | cc3 | c3-ca | cacs | css | sz | 28/
- 1454 | 1398 | 1.425 | 1391 | 1736 | 1.748 | 1398 | 1.425 | 1391 | 1.736 | 1.748 1486
a3 1456 | 1.404 | 143 | 139 | 1735 | 1746 | 1398 | 1.425 | 1393 | 1.734 | 1.748 127.2
¢ 1452 | 139 | 143 | 1397 | 1733 | 1749 | 1398 | 1.425 | 1391 | 1.736 | 1.749 150.9
3G | 1457 | 1405 | 1431 | 1391 | 1735 | 1744 | 1405 | 1431 | 1391 | 1.735 | 1.744 115.7

ca,ca
1451 | 1397 | 143 | 1398 | 1738 | 175 | 1397 | 143 | 1398 | 1.734 | 175 152.9

c3,c4
1455 | 1.404 | 143 | 139 | 1736 | 1746 | 1396 | 1.43 | 1399 | 1.731 | 1.749 126.2

As with previous substituted groups there are few differences between the bond lengths of the

unsubstituted and substituted ground state geometries. Whilst the bond lengths of the ground

state have not varied greatly with regards to the substitution position, this is the first time in

which several of the different substitution locations have produced identical bond lengths; the

bond lengths of the substituted ring of 4 phenyl BP are identical to either ring of 4,4’ phenyl BP,

and the position C3 substituted thiophene ring in 3,4’ phenyl BP has bond lengths identical to
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the substituted ring of 3 phenyl BP, which are both also almost identical to either ring of 3,3’

phenyl BP. Again, as with other substituted groups there are more significant differences

between the dihedral angles at different substitution positions. Both 3 and 3,4’ phenyl BP have

decreased by ~20° compared to the unsubstituted ground state geometry dihedral angle, and

3,3’ phenyl BP has decreased even further by ~30° all becoming less planar. This is to be

expected as the steric hindrance caused by having the large phenyl rings substituted at a position

close to the central C-C bond is likely to twist the molecule out of the plane. The 4 and 4,4’

phenyl BP ground state geometries have dihedral angles slightly more planar, ~2-4°, than the

unsubstituted ground state geometry.

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the excited state geometries of

phenyl substituted trans BP are shown in tables 4.25 and 4.26.

Table 4.25 Selected bond lengths and dihedral angle of the phenyl substituted BP excited state geometry at the

ADC(2) level
Sub. Bond length /A C2-5-5'-C2
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2-ca | c3ca | cacs | css | scr | e/
- 1384 | 1446 | 1396 | 1418 | 1731 | 1.788 | 1.446 | 1396 | 1418 | 1.731 | 1.788 180
a3 1392 | 1465 | 1423 | 139 | 1751 | 1769 | 1434 | 1396 | 142 | 1715 | 1.806 155.7
¢4 1388 | 1435 | 1409 | 1434 | 1719 | 1804 | 1443 | 14 | 1411 | 1737 | 1777 180
€303 | 139 | 1459 | 141 | 1403 | 1731 | 1788 | 1459 | 141 | 1.403 | 1731 | 1.788 148.2
ca,ca
1387 | 1439 | 1407 | 1426 | 1727 | 1792 | 1439 | 1407 | 1426 | 1727 | 1.792 179.2
3,4
1393 | 1461 | 1425 | 1388 | 1.751 | 1.769 | 1.427 | 1409 | 1429 | 171 | 1816 155.3

Table 4.26 Selected bond lengths and dihedral angle of the phenyl substituted BP excited state geometry at the CC2

level
Sub. Bond length /A C2-5-5'-C2’
Pos: | 2.2 | c2c3 | c3ca | cacs | css | sc2 | c2oca | c3-ca | cavcs' | css | scr | 2/
- 1385 | 1445 | 1399 | 1418 | 1737 | 1793 | 1.445 | 1399 | 1418 | 1.737 | 1.793 180
a3 1393 | 1463 | 1428 | 1388 | 1759 | 1.773 | 1431 | 14 | 1421 | 1721 | 1818 156
¢4 1389 | 1433 | 1413 | 1435 | 1724 | 1.811 | 1.441 | 1404 | 141 | 1744 | 1.783 180
€303 | 1301 | 1457 | 1414 | 1403 | 1739 | 1796 | 1457 | 1414 | 1.403 | 1739 | 1.79 148.4
ca,ca
1389 | 1437 | 1411 | 1426 | 1733 | 1798 | 1437 | 1411 | 1426 | 1.733 | 1.798 178.9
c3,c4
1395 | 1458 | 1431 | 1387 | 176 | 1774 | 1424 | 1413 | 143 | 1715 | 1.828 155.8
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Phenyl substituted BP has provided the first examples in this thesis so far in which there have
been noticeable deviations from the unsubstituted excited state geometry in terms of bond
lengths; in 3 phenyl BP C2-C3 increased by ~0.02A and the C3-C4 and C4-C5 bonds increased and
decreased respectively by ~0.03A. C5-S and C2-S have also increased and decreased respectively
by ~0.02A. The unsubstituted thiophene ring has also experienced changes relative to its
counterpart in the unsubstituted ground state geometry; C2’-C3’ decreased by ~0.01A, C5'-S’
decreased by ~0.015A and C2’-S’ decreased by ~0.025A. 3,3’ phenyl BP has undergone the same
pattern of changes as the substituted ring in 3 phenyl BP when considering the C-C bonds within
the thiophene ring, but with a lesser magnitudes of change, however both of its S-C bonds have

remained very similar to those in the unsubstituted excited state geometry.

In 4 phenyl BP, C2-C3 and C3-C4 have decreased and increased by ~0.01A respectively relative
to the unsubstituted excited state, and C4-C5 has increased by ~0.015A, in contrast to the
decrease this bond experienced in 3 and 3,3’ phenyl BP. Bonds C5-S and C2-S have decreased
and increased by ~0.015 respectively, again following the inverse of the pattern of changes
experienced in 3 and 3,3’ phenyl BP. In the unsubstituted ring C2’-S’ has decreased by ~0.01A.
As with 3 and 3,3’ phenyl BP, 4,4’ phenyl BP has followed the same pattern of changes as 4

phenyl BP but with smaller magnitudes of change.

In 3,4 phenyl BP the C3 substituted thiophene ring has experienced the same changes,
compared to the unsubstituted excited state geometry, as the substituted ring in 3 phenyl BP,
whilst the C4 substituted ring has also experienced fairly significant changes compared to the
unsubstituted excited state geometry; C2’-C3’ decreased by ~0.02A, C3’-C4’ increased by
~0.015A, C4’-C5’ increased by ~0.01A, C5’-S’ decreased by ~0.02A and C2’-S’ increased by

~0.035A.

The dihedral angles of 4 and 4,4’ phenyl BP are completely planar, similarly to the unsubstituted

excited state geometry, whilst both 3 and 3,4’ phenyl BP decreased by ~25°. Again, as was the
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case with the ground state geometry, 3,3’ phenyl BP experienced the greatest decrease in the

dihedral angle compared to the unsubstituted geometry, deceasing by ~30°.

The changes of the bond lengths and dihedral angle on excitation of phenyl substituted BP are

displayed in tables 4.27 and 4.28.

Table 4.27 Changes in selected bond lengths and dihedral angle of phenyl substituted BP on excitation at the ADC(2)
level

Sub. Bond length change /A C2-5-5’-C2’
angle

POS- | c2.c2' | c2.c3 | c3-c4 | cacs | c5s | sc2 | c2c3 | c3-ca' | ca-c5' | C5-5' | s-C2' | change/°
- 007 | 0048 | 0025 | 0026 | 0.002 | 0047 | 0.048 | -0.025 | 0.026 | 0.002 | 0.047 32.7
€ | 0064 | 006 | -0.003 | 0001 | 0.022 | 0031 | 0035 | -0.025 | 0.027 | -0.012 | 0.066 28.6
4 | 0064 | 0038 | -0017 | 0036 | -0.007 | 0062 | 0044 | -0.021 | 0.019 | 0.008 | 0.036 30.7
GG | 0067 | 0053 | 0017 | 0012 | 0003 | 0053 | 0053 | -0.017 | 0.012 | 0.003 | 0053 32.5
C4C4 | 0064 | 0041 | 0019 | 0028 | 0.001 | 005 | 0041 | -0.019 | 0028 | 0001 | 0.05 28.1
G | 0063 | 0055 | -0.001 | -0003 | 0022 | 0031 | 003 | 0017 | 0029 | -0013 | 0.076 293

Table 4.28 Changes in selected bond lengths and dihedral angle of phenyl substituted BP on excitation at the CC2
level

sub Bond length change /A C2-S-§’-C2’
os' angle

POS- | ca.c2' | c2c3 | c3ca | cacs | css | sc2 | c2-c3' | c3-ca' | cacs' | c5'-s' | s-C2' | change/°
- 0.069 | 0.047 | -0.026 | 0027 | 0001 | 0.045 | 0.047 | -0.026 | 0.027 | 0.001 | 0.045 314
€ | 0063 | 0059 | -0.002 | -0002 | 0024 | 0.027 | 0033 | -0.025 | 0.028 | -0.013 | 0.07 28.8
€4 1 0063 | 0037 | -0.017 | 0038 | -0009 | 0.062 | 0.043 | -0021 | 0.019 | 0.008 | 0.034 29.1
36" | 0066 | 0052 | -0.017 | 0.012 | 0004 | 0052 | 0.052 | -0017 | 0.012 | 0004 | 0.052 32.7

ca,ca
0062 | 004 | -0019 | 0028 | -0001 | 0.048 | 004 | -0.019 | 0.028 | -0.001 | 0.048 26

G | 006 | 0054 | 0001 | -0.003 | 0024 | 0028 | 0.028 | -0017 | 0.031 | -0.016 | 0.079 29.6
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Table 4.29 shows the changes on excitation of the dihedral angle of the phenyl substituents at
the different substitution locations. The bond lengths within the phenyl rings only experience
minor changes on excitation and so have been omitted here and instead included in appendix

7.4 in tables 7.11 and 7.12.

Table 4.29 Changes in dihedral angles of phenyl substituents on excitation

-C2-C6i ) R CR-CT [O
Substitution €2-C3-C6-C7 / C2'-C3"-C6'-C7' /
osition Method
positi GS EX Dif GS EX Dif
ADC(2) | 451 | 235 | -216
3
cc2 451 | 224 | -22
ADC(2) 378 | 292 | -86 | 378 | 292 | -86
3,3
cc2 37 289 | -81 37 289 | -81
. €3-C4-C6-C7 /° C3'-C4'-C6'-C7 [°
Substli:;xtrl‘on Method
positio GS EX Dif GS EX Dif
ADC(2) 37.4 0 -37.4
4
cc2 37 0 37
ADC(2) 375 | 246 | -129 | 375 | 246 | -129
4,4
cc2 371 | 229 | -142 | 371 | 229 | -142
. €2-C3-C6-C7 /° C3'-C4'-C6'-C7’ [°
SUbStli::Jtrl,on Method
positio GS EX Dif GS EX Dif
ADC(2) | 445 | 237 | -208 | 37 262 | -108
3.4
cc2 438 | 224 | 214 | 366 | 254 | -11.2

Regardless of substitution position all the phenyl substituents begin as roughly halfway between
planar and perpendicular, relative to their thiophene rings, in the ground state, with the phenyl
ring of 3 phenyl BP and the C3 position phenyl of 3,4’ phenyl BP being almost exactly half way,
and the dihedral angles of all other phenyl rings being almost identical at ~37°. The phenyl of 4
phenyl BP becomes completely planar on excitation, whilst all other phenyl rings also become
more planar with respect to their thiophene rings, decreasing to a dihedral angle of ~25°

regardless of substitution position.

The MOs of phenyl substituted BP that are involved in the ground state to Si excitation are

shown below in Figure 4.6.
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3 phenyl 2,2’-bithiophene

89.6%
HOMO
4 phenyl 2,2’-bithiophene
90.2%
HOMO LUMO +2
3,3’ phenyl 2,2’-bithiophene
93.3%
HOMO
4,4’ phenyl 2,2’-bithiophene
88.8%
HOMO LUMO +2
3,4’ phenyl 2,2’-bithiophene
89.1%

Figure 4.6 MOs involved in S; excitation of phenyl substituted trans 2,2’-bithiophene
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These can be assigned as m to mt* transitions and the lack of significant changes for the bond
lengths within the substituent groups can be attributed to the electron density associated with

these bonds not being involved in the transition to the first excited state.

Adiabatic excitation energies were calculated using the ground and excited state geometries

and are shown in table 4.30.

Table 4.30 Adiabatic Excitation energies of phenyl substituted trans 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t JeV /cm-t
ADC(2) 3.4544 27861 -0.39824 -3212
? cc2 3.4305 27669 -0.43308 -3493
ADC(2) 3.7213 30014 -0.13132 -1059.2
) cc2 3.7295 30081 -0.13404 -1081.1
ADC(2) 3.3177 26759 -0.53486 -4314
® cc2 3.3003 26619 -0.56328 -4543.2
ADC(2) 3.6294 29273 -0.22321 -1800.3
44 cc2 3.6403 29361 -0.22325 -1800.6
ADC(2) 3.3337 26888 -0.51891 -4185.3
* cc2 3.3048 26655 -0.55881 -4507.1

Phenyl substituted BP is the first case in this thesis where there has been a decrease in the
excitation energy relative to unsubstituted BP regardless of substitution position, and where are
all of the decreases are of a significant magnitude; the smallest decrease seen here, that of 4
phenyl BP, is approximately equivalent to the greatest decreases seen for both OC(H)O and
OC(CHs)O substituted BP. This is contrary to the predictions made in section 4.2. The greatest
decreases are experienced by 3,3’ and 3,4’ phenyl BP, also in contrast to the previous substituted
BP examples, followed by 3 phenyl BP. The 4,4’ and 4’ phenyl BP experience the smallest
decreases in the excitation energy relative to unsubstituted BP. This is somewhat counter
intuitive as all three of these have less planar ground states, and less planar excited states, than
that unsubstituted BP, whilst 4 and 4,4’ phenyl BP have more planar ground states and planar

excited states.
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4.4.5 Dimethylamino Substituted trans-2,2’-bithiophene

Selected bond lengths and the C2-S-S’-C2’ dihedral angle of the ground state geometries of

dimethylamino substituted trans BP are shown in tables 4.31 and 4.32.

Table 4.31 Selected bond lengths and dihedral angle of the dimethylamino substituted BP ground state geometry at
the MP2 level

Sub. Bond length /A C2-5-5'-C2’
Pos: | 0.2 | c2c3 | c3ca | cacs | css | sc2 | c2ca | c3-ca | cacs' | css | scr | 2/

- 1454 | 1398 | 1.421 | 1392 | 1729 | 1741 | 1398 | 1.421 | 1392 | 1729 | 1.741 1473
a3 145 | 1407 | 1427 | 1391 | 1728 | 1738 | 1401 | 142 | 1391 | 173 | 1.747 149.1
ca 1452 | 1394 | 143 | 1401 | 1732 | 174 | 1399 | 1421 | 1391 | 173 | 1741 148.2

C3C3" | 1449 | 1400 | 1427 | 13091 | 1727 | 1781 | 1409 | 1427 | 1391 | 1727 | 1.741 134.8
ca,ca

1451 | 1394 | 143 | 1401 | 1732 | 1741 | 1394 | 143 | 1401 | 1732 | 1741 149.7
3,4

1449 | 1406 | 1427 | 139 | 173 | 1739 | 1397 | 1427 | 14 | 1733 | 1747 154.2

Table 4.32 Selected bond lengths and dihedral angle of the dimethylamino substituted BP ground state geometry at
the CC2 level

Sub. Bond length /A C2-5-5"-C2’
Pos: | 02 | c2c3 | c3ca | cacs | css | sc2 | c2ca | c3ca | cacs | csis | scr | 2/

- 1454 | 1398 | 1425 | 1391 | 1.736 | 1.748 | 1398 | 1.425 | 1391 | 1.736 | 1.748 148.6
a3 145 | 1406 | 1432 | 139 | 1736 | 1746 | 1.4 | 1424 | 1391 | 1.738 | 1.756 150.8
ca 1452 | 1393 | 1434 | 1401 | 1.739 | 1747 | 1398 | 1.425 | 1391 | 1.736 | 1.749 149.8

GG | 1448 | 1408 | 1432 | 1391 | 1735 | 175 | 1408 | 1432 | 1391 | 1.735 | 1.75 135.6
ca,ca

1451 | 1393 | 1.434 | 1401 | 174 | 1747 | 1393 | 1434 | 1401 | 174 | 1.747 151.2
3,4

1448 | 1406 | 1432 | 139 | 1737 | 1747 | 139 | 1432 | 14 | 1742 | 1.755 155.9

There have only been minor changes to the ground state geometries on substitution with
regards to the bond angles, as seen in OH, OC(H)O and OC(CH3)O substituted and conversely to
phenyl substituted. The 3,3’ dimethylamino BP, as well as the C3 substituted ring in 3 and 3,4’
dimethylamino BP, all have nearly identical bond lengths and have all seen increases of ~0.01A
for C2-C3. The substituted ring in 4 dimethylamino BP and both thiophene rings in 4,4’

dimethylamino BP likewise have identical bond lengths to each other, with all three C-C bonds
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within the thiophene rings undergoing an increase of ~0.01A compared to the unsubstituted

ground state geometry. There have also been less significant changes in the dihedral angles

when compared to other substituted BP, with both 3, 4 and 4,4’ dimethylamino BP differing

from the unsubstituted ground state dihedral by a few degrees. The 3,4’ dimethylamino BP has

increased by ~7° and become slightly more planar that the unsubstituted geometry, and 3,3’

dimethylamino BP has undergone the most significant change with a decrease of ~13,

decreasing in planarity relative to the unsubstituted ground state geometry.

Tables 4.33 and 4.34 show selected bond lengths within the thiophene rings and the C2-S-5’-C2’

dihedral angle of the excited state geometries of dimethylamino substituted BP.

Table 4.33 Selected bond lengths and dihedral angle of the dimethylamino substituted BP excited state geometry at

the ADC(2) level

Bond length /A

Sub. €2-5-5-C2’
o
Pos: | 32 | c2c3 | c3ca | cacs | css | sc2 | c2-ca | c3-ca | cacs' | css | scr | 28/
- 1384 | 1446 | 1396 | 1418 | 1731 | 1.788 | 1.446 | 1.396 | 1.418 | 1.731 | 1.788 180
a3 1399 | 1445 | 1413 | 1398 | 1.769 | 1.76 | 1.429 | 1.407 | 1.409 | 1.742 | 1.799 1455
ca 1394 | 1433 | 1434 | 1432 | 1737 | 183 | 143 | 1411 | 1399 | 1745 | 1.769 178.9
€303 | 1304 | 1449 | 1412 | 1403 | 1758 | 1783 | 1.449 | 1412 | 1.403 | 1.758 | 1.783 1416
ca,ca
1394 | 1424 | 1421 | 1407 | 1744 | 1768 | 1.434 | 1.434 | 1.432 | 1739 | 1.829 179.1
3,04
1388 | 1441 | 1413 | 14 | 1753 | 177 | 1430 | 1433 | 143 | 1735 | 1.838 156.1

Table 4.34 Selected bond lengths and dihedral angle of the dimethylamino substituted BP excited state geometry at
the CC2 level

Bond length /A

Sub. C2-5-5'-C2’
o
POs- | a2 | c2c3 | ca-ca | cacs | css | sc2 | c2-c3 | c3ca | cacs | csts | sec | 2nele/
- 1385 | 1445 | 1399 | 1418 | 1.737 | 1793 | 1445 | 1399 | 1418 | 1.737 | 1.793 180
a3 1399 | 1445 | 1417 | 1399 | 1773 | 1768 | 1.428 | 1409 | 1411 | 1749 | 181 144.7
¢ 1396 | 1428 | 144 | 1429 | 174 | 1827 | 1429 | 1413 | 1399 | 1752 | 1.774 178.8
€303 | 1305 | 1447 | 1415 | 1403 | 1765 | 179 | 1447 | 1415 | 1403 | 1765 | 1.79 1412
CAC4 | 1395 | 1425 | 1424 | 1409 | 1751 | 1772 | 1429 | 1439 | 1429 | 1741 | 1.827 179
3,04
1392 | 1441 | 1416 | 14 | 1766 | 1775 | 1419 | 1435 | 1426 | 1.736 | 1.839 149.7
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As with phenyl substituted BP there have been more significant changes to the bond lengths on
excitation when compared to the unsubstituted excited state geometry. In 3 dimethylamino BP
both the substituted and unsubstituted thiophene rings have seen more significant changes,
with C3-C4 and C4-C5 having increased and decreasing by ~0.02A respectively, C5-S increased
by ~0.035A and C2-S decreased by ~0.025A, $’-C2’ and C2’-C3’ increased and decreased by
~0.015A respectively, and C3’-C4’ and C5’-S’ have both increased by ~0.01A compared to the

unsubstituted excited state geometry.

In 4 dimethylamino BP C2-C3 has decreased ~0.15A, C3-C4 and S-C2 have increased ~0.04A and
C4-C5 has increased ~0.01A. As with 3 dimethylamino BP the unsubstituted ring has also
undergone more significant changes when compared to the other substituents; C2’-C3’
decreased ~0.015A, C3’-C4’ increased ~0.015A, C4’-C5’ decreased ~0.02A, C5’-S’ increased

~0.015A and §’-C2’ decreased ~0.02A relative to the unsubstituted geometry.

The 3,3’ dimethylamino BP shows the same changes with regards to the C-C bonds as 3
dimethylamino BP, whereas C5-S experiences a change of lesser magnitude in comparison and
C2-S barely changes at all. Each thiophene ring of 4,4’ dimethylamino BP experienced different
changes; in one ring C2-C3 decreased by ~0.02A, C3-C4 increased by ~0.025A, C4-C5 decreased
~0.01A, C5-S increased ~0.015A, and C2-S decreased ~0.02A, and in the other ring the changes
experienced are almost identical to the substituted ring in4 dimethylamino BP. For 3,4’
dimethylamino BP the C3 substituted ring experiences the same changes as the substituted ring
of 3 dimethylamino BP but with lesser magnitude of changes for C-S bonds, and in the C4’
substituted ring C2’-C3’ decreased ~0.025A, C3’-C4’ increased ~0.04A and $’-C2’ increased

~0.045A.

The dihedral angle of the 4 and 4,4’ dimethylamino BP excited state geometries remained almost
completely planar, similarly to the unsubstituted excited state geometry, whilst both 3 and 3,3’
dimethylamino BP decreased by ~35° and 40° respectively. The dihedral angle of the 3,4’

dimethylamino BP geometry experienced a smaller, but still significant, decrease of ~25-30°.
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The changes of the bond lengths and dihedral angle on excitation of dimethylamino substituted

BP are displayed in tables 4.35 and 4.36.

Table 4.35 Changes in selected bond lengths and dihedral angle of dimethylamino substituted BP on excitation at the

ADC(2) level
Sub Bond length change /A C2-5-5’-C2’
os. angle
pos. C2-Cc2' C2-C3 C3-C4 C4-C5 C5-S S-C2 Cc2'-Cc3' | €3'-C4' | C4'-C5' C5'-S' S'-C2' change /°
. -0.07 0.048 -0.025 0.026 0.002 0.047 0.048 -0.025 0.026 0.002 0.047 32.7
a -0.051 0.038 -0.014 0.007 0.041 0.022 0.028 -0.013 0.018 0.012 0.052 -3.6
¢ -0.058 0.039 0.004 0.031 0.005 0.09 0.031 -0.01 0.008 0.015 0.028 30.7
3.c3 -0.055 0.04 -0.015 0.012 0.031 0.042 0.04 -0.015 0.012 0.031 0.042 6.8
c4,cq4
-0.057 0.03 -0.009 0.006 0.012 0.027 0.04 0.004 0.031 0.007 0.088 29.4
3,c4 -0.061 0.035 -0.014 0.01 0.023 0.031 0.033 0.006 0.03 0.002 0.091 1.9

Table 4.36 Changes in selected bond lengths and dihedral angle of dimethylamino substituted BP on excitation at the

CcC2 level
sub Bond length change /A C2-S-§’-C2’
os. angle
pos. C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2 c2'-c3' | c3'-c4' | c4'-c5' C5'-S' s'-c2' change /°
] -0.069 0.047 -0.026 0.027 0.001 0.045 0.047 -0.026 0.027 0.001 0.045 31.4
a3 -0.051 0.039 -0.015 0.009 0.037 0.022 0.028 -0.015 0.02 0.011 0.054 -6.1
¢ -0.056 0.035 0.006 0.028 0.001 0.08 0.031 -0.012 0.008 0.016 0.025 29
C3,Cc3’
-0.053 0.039 -0.017 0.012 0.03 0.04 0.039 -0.017 0.012 0.03 0.04 5.6
c4,cq4
-0.056 0.032 -0.01 0.008 0.011 0.025 0.036 0.005 0.028 0.001 0.08 27.8
C3,c4 -0.056 0.035 -0.016 0.01 0.029 0.028 0.023 0.003 0.026 -0.006 0.084 -6.2
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The changes upon excitation of the bond lengths of the dimethylamino substituents at the

different substitution locations are shown in table 4.37, and the changes in dihedral angles of

the substituent methyl groups upon excitation are shown in table 4.38.

Table 4.37 Changes in selected bond lengths of dimethylamino substituents on excitation

Table 4.38 Table 4.39 Changes in dihedral angles of dimethylamino substituent methyl groups on excitation

Substitution

Bond length change/A

position Method
€3N | N-C N-C | C3-N | N'-C’ ‘ N’-C’
ADC(2) -0.016 0 -0.005
3
cc2 -0.017 0 -0.004
- ADC(2) -0.027 | 0.002 | -0.003 -0.027 0.002 -0.003
’ CcC2 -0.025 | 0.003 | -0.002 -0.025 0.003 -0.002
Substitution Bond length change/A
position Method
CaN | N-C N-C | ca-N | N'-C’ | N’-C’
4 ADC(2) -0.054 | -0.002 | 0.002
CcC2 -0.047 | -0.003 | 0.002
aa ADC(2) 0.002 | -0.002 0 -0.054 -0.003 0.003
’ CcC2 0.001 | -0.002 0 0.051 -0.004 0.002
Substitution Bond length change/A
position Method
C3-N N-C N-C C4’-N’ N’-C’ N’-C’
sa ADC(2) -0.011 0 -0.003 -0.054 -0.005 0.001
’ CcC2 -0.014 | -0.002 | -0.004 -0.043 -0.006 0.001

Sub. C2-C3-N-C6 /° C2-C3-N-C7 /° C2'-C3'-N'-C6’ /° C2-C3-N'-C7 J°
pos. Method
GS EX Dif GS EX Dif GS EX Dif Gs EX Dif
3 ADC(2) | 723 | 556 1606 | 1545 | -6.1
-16.7
cc2 721 | 555 | Loc | 1600 | 1553 | 54
3,3
ADC(2) | 645 | 551 | o, | y57, | 1666 | 11 | 645 | 551 | o, | 1o, | 1666 | -11
cc2 637 | 553 | o4 | 1ess | 1667 | 16 | 637 | 553 | o, | .| 1667 | -16
Sub. C3-C4-N-C6 /° C3-C4-N-C7 /° C3'-CA-N'-C6’ /° C3-Ca-N'-C7 [°
pos. Method
GS EX Dif GS EX Dif GS EX Dif GS EX Dif
4
ADC(2) | 488 | 65 | . | 54 | 1714 | 66
cc2 474 | 76 | 08 | 199 | 1724 | 56
a4 ADC(2) | 486 | 453 1751 | -28 | 486 | 64 1778 | 1714 | ©4
: : 33 | 177.9 ' ' : ' 422 : '
1713 | 57
cc2 a5 | M2 | o | 4, | 172 5 475 | 73 | Lon | 19
Sub. C2-C3-N-C6 /° C2-C3-N-C7 /° C3'-C4-N'-C6’ /° C3'-CH-N'-C7' /°
pos. Method
GS EX Dif GS EX Dif GS EX Dif GS EX Dif
3,4 1721 | 64
ADC(2) | 751 | 676 | o | joro | 1615 | 36 | 498 | 96 | oo | .
166.6 | -10.7
cc2 748 | 636 | 1o | jegq | 1604 | 23 | 482 | 55 | | .
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In both 3 and 3,3’ dimehtylamino BP, and the C3 substituted dimehtylamino group of 3,4’
dimethylamino BP, one of the substituent methyl groups begins close to perpendicular relative
to the thiophene ring, more so in the case of 3 and 3,4’ dimethylamino BP, and all become
slightly, ~10° for 3,3’ and 3,4’, and ~17° for 3’, more planar. The other methyl group in the
substituent at these positions begins close to planar relative to the thiophene ring in the ground
state, and only experiences slight changes of ~1-4° on excitation for 3,3’ and 3,4’ dimethylamino
BP. In 4 dimehtylamino BP, the C4 position group in 3,4 dimethylamino BP and for one of the
groups in 4,4’ dimethylamino BP, one substituent methyl group begins approximately midway
between planar and perpendicular relative to the thiophene ring in the ground state and
becomes close to completely planar on excitation, whilst the other methyl group begins almost
totally planar and experiences a decrease of ~5-10° resulting in the two methyl groups
becoming more planar relative to the thiophene ring and each other. The other dimethylamino
group in 4,4’ dimethylamino BP has one methyl begin and remain at the halfway mark between
planar and perpendicular, and the other methyl group beginning and remaining almost

completely planar relative to the thiophene ring.

The MOs of dimethylamino substituted BP that are involved in the ground state to S; excitation

are shown below in Figures 4.7and 4.8
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3 dimethylamino 2,2’-bithiophene

20.8%

16.3%

13.2%

12.5%

4 dimethylamino 2,2’-bithiophene

71.5%

HOMO LUMO +2

Figure 4.7 MOs involved in S; excitation of singly dimethylamino substituted trans 2,2’-bithiophene
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3,3’ dimethylamino 2,2’-bithiophene

64.5%
HOMO
4,4’ dimethylamino 2,2’-bithiophene
68.4%
HOMO LUMO +2
3,4’ dimethylamino 2,2’-bithiophene
40.8%
22.9%
12.1%

LUMO +5

Figure 4.8 MOs involved in S; excitation of doubly dimethylamino substituted trans 2,2’-bithiophene
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The transitions can be assigned as 1t to t* star like all previous discussed substituents. Adiabatic
excitation energies were obtained using the ground and excited state geometries and are shown

in table 4.39.

Table 4.40 Adiabatic Excitation energies of dimethylamino substituted trans 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t /eVv /cm-t
ADC(2) 3.3183 26764 -0.53435 -4309.8
3
cc2 3.3381 26924 -0.52549 -4238.3
ADC(2) 3.1071 25060 -0.74553 -6013.1
4
cc2 3.2030 25834 -0.66056 -5327.8
ADC(2) 3.2293 26046 -0.62333 -5027.5
33
cc2 3.2530 26237 -0.61060 -4924.9
ADC(2) 3.1096 25080 -0.74304 -5993
44
cc2 3.2001 25811 -0.66345 -5351
ADC(2) 3.0149 24317 -0.83767 -6756.2
34
cec2 3.0926 24944 -0.77097 -6218.3

As with phenyl substituted BP all dimethylamino substitutions have resulted in decreases in the
excitation relative to unsubstituted BP, and in more significant decreases than any substitution
position for OH, OC(H)O and OC(CHs3)O substituted BP. The 3,4’ dimethylamino BP has
experienced the greatest decrease, followed by 4 and 4,4 dimethyamino BP. The 3,4’
dimethylamino BP has the most planar ground state, but does no undergone any change in
planarity on excitation, whilst 4 and 4,4’ dimethylamino BP have both ground and excited state
dihedral angles roughly equivalent to unsubstituted BP. The 3,3’ and 3’ dimethylamino BP have
experienced the smallest, but still very significant, decreases in excitation energy. Both 3 and
3,3’ dimethylamino BP have similar ground state dihedral angles to unsubstituted BP and whilst
3,3’ dimethylamino BP experienced an increase similar to that of 3,4" dimethylamino BP, 3

dimethylamino BP actually becomes less planar on excitation.
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4.5 Substituted Cis-2,2’-bithiophene Results and Discussion

Due to the similarities with regards to bond lengths between substituted cis BP and both
unsubstituted cis BP and substituted trans BP, only changes in dihedral angles will be discussed
here. The bond lengths of the ground and excited state geometries of OH, OC(H)O, OC(CH3)O0,
phenyl and dimethylamino substituted cis BP are displayed in appendix 7.4 as tables 7.13
through 7.22. Changes in the bond lengths of the substituents are also shown in appendix 7.4 as
tables 7.23 through 7.28. The MOs that are involved in the ground state to S; excitations are
shown in appendix 7.4 as figures 7.1 to 7.6, with breakdowns of the contributions of each

transition to the overall excitation listed in tables 7.29 to 7.34.

4.5.1 OH substituted cis-2,2’-bithiophene

The ground and excited state geometry S-C2-C2’-S’ dihedral angle and dihedral angles of the OH
group(s) relative to the thiophene ring are shown in table 4.40. No results were obtained for

either 3 or 3,3’ OH BP.

Table 4.41 Thiophene ring and substituent dihedral angles of OH substituted cis-2,2’-bithiophene

Substitution. 5-C2-C2'-S’ / C3-C4-0-H / C3'-C4-0'-H’ |
os Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 0 0 0 0 0 0
4
cc2 0 0 0 0 0 0
ADC(2) 0.1 0 01 180 180 0 0 0 0
48
cc2 0.1 0 0.1 180 180 0 0 0 0
Wor Nor -] _C2-0O-H /° ) A0 -H’ /o
Substitution. $-C2-C2'-S’ / C2-C3-0-H/ C3'-C4-O'-H’ |
os Method
pos. GS EX Dif Gs EX Dif GS EX Dif
ADC(2) 0.1 0 0.1 180 180 0 180 180 0
3,4
cc2 0.1 36 35 180 | 1798 | -02 180 | 1799 | -01

Regardless of substitution location the dihedral angles of both the ground and excited state
geometries are all completely planar, compared to the dihedral angle of ~40 for unsubstituted

cis-2,2’-bithiophene as seen in Chapter 3. The planarity of the substituents relative to their
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thiophene ring is also completely planar in both the ground and excited state geometries
regardless of substitution position, with the only outlier being a slight deviation from planarity,

~4° for the C3 position OH group of 3,4’ OH BP calculated at the CC2 level.

Adiabatic excitation energies were calculated from the ground and excited state geometries and

are displayed in table 4.41.

Table 4.42 Adiabatic Excitation energies of OH substituted cis 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t JeV /cm-t
ADC(2) 3.4981 28214 -0.36445 -2939.5
) cc2 3.5573 28692 -0.31212 -2517.4
ADC(2) 3.3772 27239 -0.48539 -3914.9
“ cc2 3.4344 27700 -0.43505 -3509
ADC(2) 3.5877 28937 -0.27490 -2217.2
* cc2 3.6529 29463 -0.21648 -1746

In contrast to trans OH substituted trans BP, 3,4’ OH cis BP has caused a significant decrease in
the excitation energy relative to unsubstituted cis BP. As with trans substituted BP 4,4’ and 4’
have experienced the greatest decrease in the excitation energy, however all the decreases

displayed here are of a greater magnitude than their trans equivalents.
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4.5.2 OC(H)O Substituted cis 2,2’-bithiophene

The ground and excited state geometry S-C2-C2’-S’ dihedral angle and dihedral angles of the
OC(H)O group(s) relative to the thiophene ring are shown in table 4.42. No results were obtained

for 3,3’ OC(H)O BP.

Table 4.43 Thiophene ring and substituent dihedral angles of OC(H)O substituted cis-2,2’-bithiophene

Substitution. 5-C2-C2’-S' / €2-C3-01-C6 / €2’-C3-01’-C6’ /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 50.2 135 | -367 | 656 541 | -11.5
3
cc2 51.1 124 | 387 | 641 514 | -12.7
oyt fo caO1CE fo r ar 17 fo
Substitution. 5-C2-C2’-S’ / €3-C4-01-C6 / €3'-C4-01’-C6’ /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 41 0 41 127.1 180 52.9
4
ce2 40.7 0 -40.7 | 128.7 180 51.3
ADC(2) 0 0 0 180 180 0 180 180 0
4,4
cc2 0 0 0 180 180 0 180 180 0
oyt fo 2.01.0E fo s ar 17 fo
Substitution. 5-C2-C2’-S’ / €2-C3-01-C6 / €3'-C4'-01’-C6’ /
os Method
pos. GS EX Dif GS EX Dif GS EX Dif
3,4 cc2 38.5 7 315 | 57.4 59 1.6 119.6 | 1399 | 203

Unlike OH substituted BP, there is more variation in the dihedral angle depending on
substitution position, with 4,4 OC(H)O BP decreasing when substituted by ~40° to have a
completely planar ground state geometry and the ground state dihedral angle of 3 OC(H)O BP
increasing by ~10° compared to that of unsubstituted cis BP. 4 and 3,4’ OC(H)O BP both remain
very similar to the unsubstituted ground state geometry. In terms of the excited state
geometries both 4 and 4,4 OC(H)O have completely planar geometries as does unsubstituted

BP, whilst 3,4’ OC(H)O deviated slightly from planarity.

The substituents of 4,4 OC(H)O begin and remain completely planar on excitation, whilst that
of 4 OC(H)O increased to become planar. In 3,4 OC(H)O BP the C3 position substituent is ~30°
from perpendicular relative to its thiophene ring and does not change significantly on excitation,

whilst the C4 position OC(H)O group begins ~30° from perpendicular but becomes more planar
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on excitation. In 3 OC(H)O BP the substituent begins ~25° from perpendicular relative to the

thiophene ring and only became ~10° more planar on excitation.

Adiabatic excitation energies were calculated using the ground and excited state geometries and

are shown in table 4.43.

Table 4.44 Adiabatic Excitation energies of OC(H)O substituted cis 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t /eVv /cm-t
ADC(2) 3.9151 31577 0.05250 423.46
3
cc2 3.9025 31476 0.03311 267.07
ADC(2) 3.7702 30409 -0.09237 -745.01
4
cc2 3.7886 30557 -0.08080 -651.73
ADC(2) 3.6015 29048 -0.26111 -2106
4.4
cc2 3.6252 29239 -0.24423 -1970
3.4 cc2 3.8656 31178 -0.00381 -30.76

As was the case with OC(H)O substituted trans BP, 4,4 OC(H)O cis BP has experienced the
greatest decrease in excitation energy relative to its respective unsubstituted BP, followed by 4
OC(H)O BP, though in the case of substituted cis BP there is a greater difference between the
magnitudes of the decreases in excitation energies for these two different substitutions. The 3
OC(H)O BP has a greater excitation energy than unsubstituted BP in contrast to its trans
equivalent, which caused a slight decrease, which could be attributed to the trans ground state

being completely planar, whilst the cis has decreased in planarity relative to unsubstituted BP.
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4.5.3 OC(CH3)O Substituted cis-2,2-bithiophene

The ground and excited state geometry S-C2-C2’-S’ dihedral angle and dihedral angles of the

OC(CH3)O group(s) relative to the thiophene ring are shown in table 4.44.

Table 4.45 Thiophene ring and substituent dihedral angles of OC(CH3)O substituted cis-2,2’-bithiophene

Substitution. $-C2-C2'-S’ / €2-C3-01-C6 / €2'-C3'-01'-C6’ /
Method
pos. GS EX Dif GSs EX Dif GS EX Dif
ADC(2) 57 0 57 86.1 180 93.9
3
cc2 58.1 3.9 542 | 841 176 91.9
ey o o1 fo g fo
Substitution. $-C2-C2'-S’ / €3-C4-01-C6 / C3'-C4-01'-C6’ /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 41 0 41 127 | 1799 | 529
4
cc2 40.7 0 407 | 1288 | 1799 | 511
ADC(2) | 39.4 0 394 | 1216 | 180 584 | 1219 | 180 58.1
44
cc2 387 0 387 | 1242 | 1799 | 557 | 1242 | 1799 | 557
ey o 21 fo g fo
Substitution. $-C2-C2'-S’ / €2-C3-01-C6 / C3'-C4-01'-C6’ /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) | 308 13 295 | 684 71.6 3.2 83.2 6.2 77
3,4
cc2 316 7.6 24 66.4 67.9 15 82.6 19 -80.7

As with OC(H)O BP there is little deviation in the dihedral angles from the unsubstituted ground
state geometry, with only 3 and 3,4’ OC(CHs)O BP having increased by ~16° and decreased by
~10° respectively. There are even fewer differences from unsubstituted BP with regards to the
dihedral angle of the excited state geometry, with 3 and 3,4’ deviating slightly depending on the

method used in the calculations.

The substituent of 3 OC(CH3)O BP begins as perpendicular to the thiophene ring in the ground
state and become planar on excitation. In both 4 and 4,4’ OC(CHs)O BP the substituents begin
approximately midway between perpendicular and planar in the ground state and become
completely planar on excitation. Finally in 3,4’ OC(CHs)O BP the C3 position substituent begins

~30° from perpendicular and become more so on excitation, whilst the C4 position substituent
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begins almost completely planar in the ground state geometry and becomes almost completely

planar in the excited state geometry.

Adiabatic excitation energies were calculated using the ground and excited state geometries and

are displayed in table 4.45.

Table 4.46 Adiabatic Excitation energies of OC(CH;3)O substituted cis 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method

/eVv /cm-t /eVv /cm-t
ADC(2) 3.9342 31731 0.07157 577.24

3
cc2 3.9398 31777 0.07041 567.86
ADC(2) 3.7608 30333 -0.10175 -820.64

4
cc2 3.7802 30490 -0.08918 -719.32
ADC(2) 3.6762 29650 -0.18640 -1503.5

44
cc2 3.6949 29801 -0.17456 -1407.9
ADC(2) 3.7102 29925 -0.15241 -1229.2

34
cc2 3.7447 30203 -0.12474 -1006.1

As with OH and OC(H)O substituted BP, 4,4’ OC(CHs)O BP has produced the greatest decrease in
excitation energy relative to unsubstituted BP. 3,4” OC(CHs)O BP occupies the midrange value
for the decrease in excitation energy, and as with 3 OC(H)O BP, 3 OC(CHs)O BP has a greater

excitation energy than unsubstituted cis BP.
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4.5.4 Phenyl Substituted cis-2,2-bithiophene

The ground and excited state geometry S-C2-C2’-S’ dihedral angle and dihedral angles of the
phenyl group(s) relative to the thiophene ring are shown in table 4.46. No results were obtained

for 3 or 3,4’ phenyl BP.

Table 4.47 Thiophene ring and substituent dihedral angles of phenyl substituted cis-2,2’-bithiophene

Substitution. 5-C2-C2’-S' / €2-C3-C6-C7 / €2'-C3'-C6'-C7" /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 61.1 364 | -247 | 423 186 | -237 | 423 186 | -23.7
3,3
cc2 62.7 37 257 | 415 175 24 415 175 24
oyt fo A e o  a el fo
Substitution. 5-C2-C2’-S’ / €3-C4-C6-C7 / C3'-C4'-C6'-C7" /
Method
pos. GS EX Dif GS EX Dif GS EX Dif
ADC(2) 38.4 0.1 383 | 375 199 | -176
4
ce2 38.1 0.2 379 | 371 14 -23.1
4,4 ADC(2) 0 0 0 37.7 246 | -13.1 37.7 246 | -13.1

The 3,3’ phenyl BP has both ground and excited state dihedral angles that are significantly less
planar than unsubstituted BP; by ~20° and 37° respectively. The dihedral angles of 4 phenyl BP
are almost identical to the respective angles in unsubstituted cis BP, whilst both the ground and
excited state dihedral angles of 4,4 phenyl BP are completely planar. As seen for phenyl
substituted trans BP, the ground state dihedral angles relative to the thiophene rings of phenyl
groups substituted at C3 positions are ~ 43°and those of phenyl groups attached at C4 positions
are ~37°. Likewise, as with phenyl substituted trans BP they all become more planar on
excitation, although to a slightly more planar value of ~20° in the case of cis 3,3’ and 4 phenyl

BP.
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The ground and excited state geometries were used to calculate the adiabatic excitation

energies and are displayed in table 4.47.

Table 4.48 Adiabatic Excitation energies of phenyl substituted cis 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t JeVv /cm-t
ADC(2) 3.7338 30115 -0.12880 -1038.8
4
cc2 3.7393 30159. -0.13014 -1049.7
ADC(2) 3.2216 25984 -0.64096 -5169.7
33
cc2 3.1918 25744 -0.67760 -5465.2
44 ADC(2) 3.6014 290478 -0.26114 -2106.2

As was the case with phenyl substituted trans BP, 3,3’ phenyl BP has experienced the greatest
decreases in excitation energy relative to unsubstituted BP, by an even greater magnitude than
it’s trans configuration counterpart. Cis 4 and 4,4’ phenyl BP has produced a decrease in the
excitation energy of comparable magnitude to the trans equivalents, especially in the case of 4

phenyl BP.
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455 Dimethylamino Substituted cis-2,2-bithiophene

The ground and excited state geometry S-C2-C2’-S’ dihedral angle and dihedral angles of the

dimethylamino group(s) relative to the thiophene ring are shown in table 4.48.

Table 4.49 Thiophene ring and substituent dihedral angles of dimethylamino substituted cis-2,2’-bithiophene

$-C2-C2'-S’ /° C2-C3-N-C6 /° C2-C3-N-C7 J° C2'-C3'-N'-C6’ /° C2'-C3-N'-C7' J°
Sub.
s Method
pos. Gs | EX Dif | GS | EX Dif GS EX Dif | GS | EX Dif GS EX Dif
ADC(2) | 40.7 | 333 | 74 | 633|472 | -161 | 1696 | 1658 | -38
3
cc2 426|331 | -95 | 616 | 473 | -143 | 1711 | 1666 | -45
ADC(2) | 45.8 | 262 | 196 | 51.6 | 342 | -17.4 | 1758 | 1757 | 01 | 51.6 | 343 | -17.3 | 1758 | 1757 | -0.1
3,3
cc2 459 | 266 | -193 | 512 | 341 | -17.1 | 1758 | 175.8 0 |512|382]| 17 | 1758 | 1758 | ©
$-C2-C2’-S’ €3-C4-N-C6 /° €3-C4-N-C7 /° C3'-C4’-N'-C6’ [° C3'-C4’-N'-C7’ [°
Sub.
os Method
pos. Gs | EX | Dif | GS | EX | Dif GS EX Dif | GS | EX Dif GS EX Dif
ADC(2) | 403 | 17 | -386 | 49 | 68 | -422 | 1781 | 1709 | -72
4
cc2 397 | 12 | 385 | 477 | 76 | 401 | 1771 | 1707 | -64
ADC2) | 01 | o 01 | 508|145 | 363 | 1795 | 1665 | -13 | 50.8 | 145 | 363 | 179.5 | 1665 | -13
4.4
cc2 01| o 01 | 497 | 153 | 344 | 1786 | 1659 | -127 | 49.7 | 153 | -344 | 1786 | 1659 | -12.7
$-C2-C2'-S’ C2-C3-N-C6 /° C2-C3-N-C7 /° C3'-C4-N'-C6’ /° C3'-C4-N'-C7' J°
Sub.
os Method
pos. Gs | EX | Dif | G | EX | Dif GS EX Dif | GS | EX Dif GS EX Dif
ADC(2) | 372 | 86 | 286 | 643|634 | 09 | 1689 | 1704 | 15 | 498 | 3.9 | 459 | 1787 | 1697 | -9
3.4
cc2 357 | 85 | 272 | 632 | 624 | 08 | 1698 | 1713 | 15 | 484 | 35 | -449 | 1776 | 1688 | 88

The ground state dihedral angles do not vary considerably with regards to substitution position,

with the except of 4,4" dimehtylamino which has a completely planar ground state geometry,

with those of 3 and 4 dimethylamino BP being almost identical to that of the unsubstituted

geometry, and 3,4 and 3,3’ dimethylamino BP being ~5° more planar and less planar

respectively. On excitation the dihedral angle of 4,4’ and 4’ are completely and effectively planar

respectively, as is the unsubstituted excited state geometry. The excited state dihedral angle of

3,4’ dimethylamino BP deviates from planarity, and therefore the excited state geometry of

unsubstituted cis BP, by ~9°, whilst those of 3 and 3,3’ dimethylamino BP deviate more

considerably by ~33° and 26° respectively.
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The changes of the dihedral angles of the substituents of dimethylamino substituted cis BP
follow the same patterns as their equivalent trans configurations, with the difference that the
two methyl groups begin and end slightly more planar relative to the thiophene rings for the cis

case, except for 4 dimethylamino BP where the trans and cis angles are basically identical.

Adiabatic excitation energies were calculated from the ground and excited state geometries and

are listed in table 4.49.

Table 4.50 Adiabatic Excitation energies of dimethylamino substituted cis 2,2’-bithiophene

Adiabatic excitation energy Difference to unsubstituted
Substitution position Method
/eVv /cm-t JeVv /cm-t
ADC(2) 3.3955 27386 -0.46711 -3767.5
3
cc2 3.4291 27658 -0.44030 -3551.2
ADC(2) 3.1289 25236 -0.73370 -5917.7
4
cec2 3.2200 25971 -0.64944 -5238.1
ADC(2) 3.2828 26477 -0.57979 -4676
33
cc2 3.3330 26882 -0.53641 -4326
ADC(2) 3.0732 24787 -0.78934 -6366
44
cc2 3.1367 25299 -0.73272 -5910
ADC(2) 3.0741 24794 -0.78847 -6359
34
cc2 3.1669 25543 -0.70249 -5666

In common with trans dimethylamino BP, 3,4’ and 4,4’ and 4’ experience the largest decreases
in excitation energy when compared to unsubstituted BP, although in the case of 3,4’ and 4,4’
there is a less clear distinction between the magnitudes of the changes in excitation energy at
these substitution positions. As opposed to OH substituted cis BP the magnitudes of these
decrease are slightly less than their trans equivalents with the exception of the value obtained

for 4,4’ dimethylamino BP at the ADC(2) level.

4.6 Conclusion

Usable results for formyl, nitro and nitroso substituted BP could not be obtained using the CC2

and ADC(2) methods due to the high multi-reference character of their ground states. The most
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significant changes to the ground state geometries on substitution occurred in terms of the S-
C2-C2’-S’ dihedral angles, with only minimal changes in bond lengths within the thiophene rings
for most substituents regardless of substitution position. All excitations could be characterised
as 1 to it* transitions, as is the case for unsubstituted BP as shown in Chapter 3, and in line with

previous studies of substituted bithiophene. 1> 1820

With regards to substituted trans BP, dimethylamino substituted BP has experienced the
greatest decrease in adiabatic excitation energy compared to unsubstituted BP, almost
regardless of substitution position; the four greatest decreases in excitation energy all occur for
dimethylamino substituted BP, followed closely by 3,3’ phenyl BP, then 3 dimethylamino BP, and
3 and 3,4’ phenyl BP. The significant decreases caused by the phenyl substituents, especially at
the C3 positions where these large substituted groups are close to the central C2-C2’ bond that
determines the planarity and affects the conjugation of the molecule, is contrary to the
predictions made in section 4.2 and to the findings of Casanovas et al where 3,3’ carboxylic acid
substituted bithiophene was found to have a greater energy gap when compared to both 3,4’

and 4,4’ carboxylic acid substituted bithiophene. ®

The mid ranges of the excitation energy decreases are occupied by the 4 and 4,4’ substituted
OH, Phenyl, OC(H)O and OC(CHs3)O substituted BPs, with 4,4 substituted BP generally
experiencing a greater decreases than 4 substituted BP. The OH, OC(H)O and OC(CHs)0 3, 3,3’
and 3,4’ substitutions experienced the lowest decreases in the excitation energy compared to
unsubstituted BP, with several of these having a greater excitation energy. The ranked results

for substituted trans BP, from greatest to lowest decrease, are shown below in table 4.50.
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Table 4.51 Ranking of the change in adiabatic excitation energies of substituted compared to unsubstited trans 2,2’-

bithiophene
ADC(2) cc2

1 3,4’ dimethylainio | 13 | 4,4’ OC(CH3)O 1 3,4’ dimethylainio 13 4 phenyl
2 4 dimethylainio 14 4 OC(CHs3)0 2 4,4’ dimethylainio 14 4 OC(H)O
3 4,4’ dimethylainio | 15 4 phenyl 3 4 dimethylainio 15 3,4’ OH
4 3,3’ dimethylainio | 16 4 OC(H)O 4 3,3’ dimethylainio 16 3,4 OC(H)O
5 3,3’ phenyl 17 3 0OC(H)O 5 3,3’ phenyl 17 3 OC(H)O
6 3 dimethylainio 18 3,3’ OH 6 3,4’ phenyl 18 3,3’ OH
7 3,4’ phenyl 19 | 3,4’ OC(CHs5)0 7 3 dimethylainio 19 30H
8 3 phenyl 20 3,4 OC(H)O 8 3 phenyl 20 3 OC(CH3)0
9 4,4 OH 21 3 OH 9 4,4’ Phenyl 21 | 3,3’ OC(H)O
10 40H 22 | 3,3 OC(CHs)O | 10 4 0H
11 4,4’ Phenyl 23 3 OC(CH3)O 11 4,4’ OC(H)O
12 4,4’ OC(H)O 24 3,3 OC(H)O 12 4,4’ OC(CHs)O

The trends differ slightly for substituted cis BP; the greatest decreases relative to unsubstituted
BP are still experienced by dimethylamino substituted BP and 3,3’ phenyl substituted BP, but in
this configuration OH substituted BP experiences much greater decreases in the excitation
energy regardless of the substitution position. These are followed by 4,4’ phenyl BP and 4,4’
OC(H)O BP, then 4,4’ and 3,4" OC(CH3)O BP. The 4 phenyl, OC(H)O and OC(CHs)O BP experience
the smallest decrease in the excitation energy relative to unsubstituted cis BP, whilst 3 OC(H)O
and OC(CH3)0 BP experience an increase in the excitation energy, in common with trans BP. The
ranked results for substituted cis BP, from greatest to lowest decrease, are shown below in table
4.51. Whilst there have been previous investigations into bithiophene substituted at the 3,3’,
3,4’ and 4,4’ positions, the area of interest of these studies has been the torsional potential as

opposed to adiabatic excitation energies obtained in this report. 1> 16 19,21, 22
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Table 4.52 Ranking of the change in adiabatic excitation energies of substituted compared to unsubstited cis 2,2’-

bithiophene
ADC(2) cc2

1 4,4’ dimethylainio 11 3,4 OH 1 4,4’ dimethylainio 11 4,4’ OC(H)O
2 3,4’ dimethylainio 12 4,4’ phenyl 2 3,4’ dimethylainio 12 3,4 OH
3 4 dimethylainio 13 4,4’ OC(H)O 3 3,3’ phenyl 13 4,4’ OC(CHs)0
4 3,3’ phenyl 14 | 4,4’ OC(CHs3)0 4 3,3’ OH 14 4 phenyl
5 3,3’ dimethylainio | 15 | 3,4’ OC(CHs3)O 5 4 dimethylainio 15 3,4’ OC(CHs)0
6 3,3’ OH 16 4 phenyl 6 3,3’ dimethylainio 16 4 OC(CHs)0
7 4,4’ OH 17 4 OC(CHs)0 7 3 dimethylainio 17 4 OC(H)O
8 3 dimethylainio 18 4 OC(H)O 8 4,4’ OH 18 3,4’ OC(H)O
9 4 OH 19 3 0C(H)o 9 3,3’ OC(H)O 19 3 0C(H)O
10 3,3’ OH 20 | 3 0C(CHs)0 10 4 OH 20 3 OC(CHs)0
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5 Chapter 5

5.1 Introduction

The aim of this chapter is to obtain ground and excited state geometries of unsubstituted
thiophene oligomers of three and four repeat units, as well as for their OH and OC(H)O
substituted counterparts. These will be used to calculated adiabatic excitation energies to be
used alongside the dimer results obtained in Chapters 3 and 4 to perform an extrapolation to a

excitation energy of a theoretical polymer of infinite length.

5.2 Linkage and Substitution Positions

Linkages were made between the C2 and C5 positions of the three and four repeat unit
oligomers. Substitutions were made at the C3 positions, meaning that the first two thiophene
rings were substituted at C3,3’ relative to each other, whilst the second and third thiophene
rings, and the third and fourth in the case of the tetramer, are substituted at the C3,C4’ positions
relative to each other. In each case sulphur atoms were oriented trans to each other in the input
geometries. Figure 5.1 illustrates the above details using the OH substituted tetramer as an

example; important carbon atoms have been labelled.

Figure 5.1 OH substituted tetrathiophene
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The phenyl and dimethylamino groups were deemed too large for calculations involving
oligomers with these substituents to be feasible within a reasonable time, and so were
discounted. Due to the similarities between the OC(H)O and OC(CHs)O, both in structure and in
the results they produced previously in chapter 3, only the smaller substituent, OC(H)O, was

selected for calculations, and so OC(CHs)O was also discounted.

5.3 Computational Methods

Ground and excited state geometry calculations were performed using TURBOMOLE 6.4.
Ground state geometries were obtained at the MP2/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels,

excited state geometries were obtained at the ADC(2)/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels.

5.4 Results and Discussion

5.4.1 Geometries

Selected bond lengths of the ground and excited state geometries of unsubstituted thiophene,
terthiophene and tetrathiophene, as well as each of their OH and OC(H)O substituted
equivalents, are shown in appendix 7.5 as tables 7.35 through 7.42. As seen with unsubstituted
and substituted BP investigated in Chapter 4, there are only very small differences, with regards
to the bond angles within the thiophene rings, between the ground state geometries of the
unsubstituted and substituted oligomers, and between the unsubstituted and substituted
excited state geometries. However, as with substituted BP in Chapter 3, there are some more
significant changes in the dihedral angles of each pair of thiophene rings on substitution, which

for the trimers are shown below in table 5.1.
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Table 5.1 Dihedral angles of unsubstituted and substituted terthiophene

i $-C2-C2'-S’ §'-C5’-C2"-5"
Sub.::tuted Method
group GS EX Diff GS EX Diff
ADC(2) 153 180 27 153 180 27
cc2 154.7 180 253 154.7 180 253
ADC(2) 1256 156.7 311 1789 1796 0.7
OH
cc2 1265 157.8 313 178.9 179.9 1
ADC(2) 713 278 435 1382 175.8 376
0C(H)O
cc2 73.6 279 457 139.1 1756 36.5

The ground state dihedral angle of the first two thiophene rings of the OH substituted trimer
has deviated from that of the unsubstituted trimer by ~27°, becoming less planar, whilst the
ground state dihedral angle of the second and third rings has increased by ~25 on substitution
to become almost completely planar. With regards to the excited state geometries, the dihedral
angle of the first two rings also differs from that of the unsubstituted trimer, now by ~23°, but
for the second and third rings the dihedral angle is now almost identical to its unsubstituted

equivalent.

The dihedral angles of the OC(H)O substituted trimer differ even more greatly from those of the
unsubstituted trimer, with the first two rings (those that are substituted the positions 3,3’
relative to each other) actually optimising in a cis configuration. The ground state dihedral angle
of the second and third rings differs by a lesser degree than for its OH substituted equivalent,
experiencing a decrease of ~15° relative to the equivalent angle in the unsubstituted ground
state, and in the excited state only differs slightly by ~4°, as with the corresponding dihedral

angle of the OH substituted trimer.
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Table 5.2 shows the dihedral angles of each pair of thiophene rings in the ground and excited

states of the unsubstituted and substituted tetramers.

Table 5.2 Dihedral angles of unsubstituted and substituted tetrathiophene

S7-C5”-C2""-§"™"
5 S-C2-C2’-8’ §’-C5’-C2”’-8”
Sub.:::uted Method
group GS EX Diff GS EX Dif GS EX Diff
ADC(2) 154 180 26 160.1 180 19.9 154 180 26
23.8
CcC2 156.2 180 23.8 162.8 180 17.2 156.2 180
ADC(2) 180 180 0 180 180 0 180 180 0
OH o
cc2 180 180 0 180 180 0 180 180
OC(H)o cc2 148.3 179.9 31.6 147.8 176.8 29 149.4 173.4 24

The OH substituted tetramer is completely planar, with the dihedral angles between all the
thiophene rings being equal to 180°, both in the ground and excited state. The dihedral angles
of the OC(H)O substituted tetramer do not differ significantly from those of the unsubstituted
tetramer in either the ground or the excited state geometries. In the ground state the dihedral
angle of the first two ring is ~6° less planar than that of the unsubstituted tetramer, and in the
excited state is almost identical to it. The central dihedral angle, between the second and third
thiophene rings, is ~12° less planar than the dihedral angle of the unsubstituted tetramer in the
ground state and ~3° in the excited state, and the dihedral angle between the third and fourth
rings is ~5° less planar than its unsubstituted equivalent in the ground state and ~6° in the

excited state.

There are no significant changes of the bond lengths within the substituted groups on excitation
for either the substituted trimers or tetramers; tables containing these bond lengths have been
included in appendix 7.5 as table 7.43. As with the dihedral angles of the thiophene rings, there
are more pronounced changes in the planarity of the substituted groups relative to the

thiophene ring they are substituted to, on excitation; these angles are shown below in table 5.3.
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Table 5.3 Dihedral angles of OH and OC(H)O substituents

C2-C3-0-H C2'-C3"-0’-H’ C2”-C3”-0”-H Cc2’”’-C3"’-0"""-H
Method
GS EX Dif GS EX Dif GS EX Dif GS EX Dif
ADC(2) 177 178 1 2 7.7 5.7 179.6 178.5 11
cc2 176.9 177.5 0.6 1.2 7.4 6.2 179.6 179 06
ADC(2) 179.9 180 0.1 179.9 180 0.1 179.9 180 01 179.9 180 0.1
cc2 179.8 180 0.2 179.8 180 0.2 179.9 180 01 1799 180 0.1
C2-C3-C-0 C2'-C3'-C’-0’ C2”-C3”-C"-0 Cc2’”’-c3"’-C""’-0
Method
GS EX Dif GS EX Dif GS EX Dif GS EX Dif
ADC(2) 49.3 51.4 2.1 46.3 48 1.7 359 83 271
cc2 47.9 48.7 0.8 443 49.6 5.3 4.9 81.1 262
cc2 62.9 84.7 21.8 67.6 132.3 64.7 64.8 176.6 1118 635 796 16.1

The OH groups of the substituted trimer and tetramer remain almost completely planar in both
the ground and excited states; with the greatest fluctuation being a decrease in planarity of ~6°
on excitation for the OH group attached to the central ring in the trimer. In the OC(H)O
substituted trimer the substituted group attached to ring three becomes almost perpendicular
relative the thiophene ring on excitation, and for the OC(H)O substituted tetramer this similarly
happens to two of the substituents, those attached to rings one and four. The other two
substituents experience an increase in the dihedral angle large enough to go from cis, where the
substituent is oriented towards the adjacent thiophene ring, to trans, where the substituent is

oriented away from the adjacent ring, both becoming more planar relative to their thiophene

rings; with the substituent attached to ring three becoming almost completely planar.

The most significant dihedral angle changes are detailed below in figures 5.2 and 5.3 below.
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Ground State Excited State

Figure 5.2 Geometry change of OC(H)O substituted terthiophene on excitation

Ground State Excited State

Figure 5.3 Geometry change of OC(H)O substituted tetrathiophene on excitation

5.4.2 Excitation Energies and Extrapolation

Adiabatic excitation energies were calculated for the unsubstituted and substituted oligomers
using the relevant ground and excited state geometries. The trimer adiabatic excitation energies

are presented in table 5.4 and the tetramer adiabatic excitation energies are shown in table 5.5.

Table 5.4 Adiabatic excitation energies of unsubstituted and substituted terthiophene

. . o Difference from
Adiabatic excitation energy R
Substituted unsubstituted
rou Method
group /eVv /ecm-t /ev /cm-t
) ADC(2) 3.2089 25881
cc2 3.2204 25974
OH ADC(2) 3.1138 25114 -0.09509 -766.96
= 3.1947 25767 -0.02571 -207.33
ADC(2)
0C(H)O 3.4604 27910 0.251536 2028.7
cec2
3.4991 28222 0.278635 2247.3
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Table 5.5 Adiabatic excitation energies of unsubstituted and substituted tetrathiophene

Adiabatic excitation energy le-ferenc.e from
Substituted unsubstituted
rou Method
group /eVv /cm-t /eVv /cm-t
ADC(2) 2.8399 22905
CC2 2.8499 22986
ADC(2) 2.4675 19902 -0.37234 -3003.1
OH
CC2 2.5910 20898 -0.25892 -2088.3
ADC(2)
OC(H)o
cc2 2.9616 23887 0.11164 900.47

It is possible to obtain an approximation for a property of a polymer at a theoretical infinite
chain length by extrapolating the linear curve of the property, in the case of this thesis the
excitation energy, against the reciprocal of the number of repeat units. ! This produces a linear
fit and the value obtained when the reciprocal of the repeat units is zero, the y intercept, will be
the value of the energy at this ‘infinite’ length. The linearity of this representation is only
maintained when using oligomers up to 12 repeat units of length.5% 2 After this more advanced
models are required to perform the extrapolation, however calculations on oligomers of this
size are outside of the scope of this thesis due to the computational and associated time cost of

conducting them. >3
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Figure 5.4 Extrapolation to an infinite length of the adiabatic excitation energy of unsubstituted, OH and OC(H)O
substituted oligomers at the CC2/aug-cc-pVDZ level

Figure 5.4 shows the results of the extrapolation to an infinite polymer length using the
geometries obtained at the CC2/aug-cc-pVDZ level. The unsubstituted polymer would have an
adiabatic excitation energy of 1.867 eV, the OC(H)O substituted polymer has experienced an
increase relative to this and obtained a value of 2.110 eV, whilst the OH substituted polymer has
seen a decrease relative to the unsubstituted polymer and produced a value of 1.434 eV. It
should be noted that the substituted oligomer extrapolations have both produced large errors
of 22.3% and 17.2% for OH and OC(H)O substituted respectively. Reducing these could require
the calculation of oligomers of greater numbers of repeat units, however this is outside the

scope of this thesis due to the computational cost.
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5.5 Conclusion

Values for the excitation of theoretical substituted polythiophene have been obtained as 2.110
eV for an OC(H)O substituted polymer and 1.434 eV for an OH substituted polymer. The energy
of visible light ranges from ~1.8 to ~3.5 eV and as such both of these theoretical excitation
energies, in particular that of the OH substituted polythiophene, can be considered low enough
to cause significant energy loss through thermalization as the energy of the incident light could
easily exceed the energy of the ground state to S; excitation. However, the values predicted by
extrapolations using oligomers of up to 12 repeat units are typically underestimations of the
actual values °?, in order to obtain more a more accurate prediction oligomers of higher repeat

units would have to be used, something that is not feasible using the CC2 and ADC(2) methods.

In the previously mentioned study by Casanovas et al thiophene oligomers of up to seven repeat
units were investigated, with carboxylic acid groups substituted on every thiophene ring as was
the case for the OH and OC(H)O groups investigated by this report. ¢ De Oliveira et al studied
OC(H)O substituted oligiothiophenes of up to six repeat units, however substitutions were only
made to one or two of the thiophene rings, as opposed to every ring in the oligomer as in this

report. 23
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6 Chapter 6

6.1 Conclusion

Ab inijtio calculations have been performed on unsubstituted cis and trans BP using the CC2 and
ADC(2) methods and the aug-cc-pVDZ basis set to obtain ground and excited state geometries
subsequently used to obtain values for the adiabatic excitation energies that agree very well

both with each other and with the experimental results of Chadwick and Kohler. #

Ground and excited state geometries were then obtained for OH, OC(H)O, OC(CHs)0O, phenyl and
dimethylamino substituted cis and trans BP, with substitutions made singly at the 3 and 4
positions, and doubly at the 3,3’ , 3,4’ and 4,4’ positions. The most significant changes to the
geometries on substitution occurred in terms of the S-C2-C2’-S’ dihedral angles, with only
minimal changes in bond lengths within the thiophene rings for most substituents regardless of
substitution position. Adiabatic excitation energies were calculated using the ground and
excited state energies, and all excitations were characterised as 1 to t* transitions in line with

previous studies on substituted BP. 1> 1820

For both trans and cis BP the dimethylamino substituent was found to cause the greatest
decrease in the adiabatic excitation energy in comparison to unsubstituted BP, almost regardless
of substitution position, having excitation energies in the range of ~24000 to 27000 cm™
compared to the unsubstituted values of 31111 and 31203 cm™ for trans and cis BP respectively.
The phenyl substituent caused a greater decrease in the adiabatic excitation energy than
predicted, with the substitutions at the 3, 3,3’ and 3,4’ causing a greater decrease than those at
the 4 and 4,4’ positions, also contrary to prediction. Position 4 and 4,4’ substituted OH, Phenyl,
OC(H)O and OC(CHs3)O substituted BP produced mid-range excitation energy decreases with
values in the 28000 to 30000 cm™ range , with 4,4’ substituted BP generally experiencing a
greater decreases than 4 substituted BP. The OH, OC(H)O and OC(CHs)O 3, 3,3’ and 3,4

substitutions experienced the lowest decreases in the excitation energy compared to
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unsubstituted BP, with 3 and 3,3’ OH, 3,3’ OC(H)O and 3 and 3,3’ OC(CHs)O all resulting in a slight
increase in excitation energy compared unsubstituted BP. Previous studies on the effects of
substitution groups at the 3,3’, 3,’4 and 4,4’ positions have focused on torsional potentials, this

report seeks to provide new information by primarily studying adiabatic excitation energies. **

16, 19, 21, 22,54

A final series of calculations were performed to obtain ground and excited state geometries for
unsubstituted, OH and OC(H)O substituted oligomers of three and four repeat units. The
reciprocal of the repeat units against adiabatic excitation energy determined using these
geometries was plotted to extrapolate to the excitation energy of a theoretical substituted
polythiophene of infinite length, giving values of 2.110 eV for an OC(H)O substituted polymer
and 1.434 eV for an OH substituted polymer. However, the values predicted by extrapolations
using oligomers of 12 or less repeat units are typically underestimations of the actual values and
using the CC2 and ADC(2) methods to perform calculations on oligomers of higher repeat units,
in order to obtain more a more accurate prediction, is not feasible within the scope of this

project. >

6.2 Potential Areas of Further Study

This project could be further developed by performing the calculations on the higher repeat unit
oligomers required to obtain accurate predictions for a theoretical substituted polythiophene of
infinite length, as discussed in Chapter 5. Another area for further study is the addition of a
typical electron acceptor found in OPVs, such as the fullerenes mentioned in Chapter 1, to the
substituted BPs and investigate the effect this has on the adiabatic excitation energies. However,
the size of these acceptor molecules may incur too great a computational cost for these

calculations to be feasible using the methods selected for this report.
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7 Appendix

7.3 Chapter 3 Supplementary Material

Table 7.1 Contributors to the S; excitation of trans 2,2’-bithiophene

ADC(2) cc2
Basis set
Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 92.6 HOMO LUMO +2 92.6
Aug-cc-pVDZ
HOMO -2 LUMO +2 2.2 HOMO -2 LUMO +2 1.9
HOMO LUMO 93.7 HOMO LUMO 93.8
cc-pVDZ
HOMO -2 LUMO 1.9 HOMO -2 LUMO 2.2
Table 7.2 Contributors to the S; excitation of cis 2,2’-bithiophene
ADC(2) cc2
Basis set
Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 91.2 HOMO LUMO +2 92.2
Aug-cc-pVDZ
HOMO -1 LUMO +2 3.9 HOMO -1 LUMO +2 3.5
HOMO LUMO 91.6 HOMO LUMO 91.4
cc-pVDZ
HOMO -1 LUMO 4.7 HOMO -1 LUMO 4.4
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7.4 Chapter 4 Supplementary Material

Table 7.3 Contributors to the S; excitation of OH substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 84.5 HOMO LUMO +2 72.3
HOMO LUMO +3 2.9 HOMO LUMO +3 12.6
3 HOMO LUMO 2.8 HOMO LUMO 2.6
HOMO -1 LUMO +2 1 HOMO -1 LUMO +2 1.4
HOMO LUMO +4 1.2
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 85 HOMO LUMO +2 87.1
! HOMO -1 LUMO +2 8.1 HOMO -1 LUMO +2 6
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +5 79.2 HOMO LUMO +5 72.1
) HOMO LUMO 8.8 HOMO LUMO 12.4
>3 HOMO LUMO +4 2.2 HOMO LUMO +4 4
HOMO LUMO +3 1.2 HOMO LUMO +3 2
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 88.2
4,4
HOMO -2 LUMO +2 6.2
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 75.4
HOMO LUMO 11.4
3,4
HOMO -1 LUMO +2 1.6
HOMO -2 LUMO +2 1.3
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Table 7.4 Contributors to the S; excitation of OC(H)O substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
3 HOMO LUMO +2 93.7 HOMO LUMO +2 93.3
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +1 90.8 HOMO LUMO +1 91.4
4 HOMO -2 | LUMO +1 2.2 HOMO -2 LUMO +1 1.8
HOMO -1 LUMO +1 1.7 HOMO -1 LUMO +1 1.2
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO +2 90.5 HOMO LUMO +2 88.5
33 HOMO LUMO 2.1 HOMO LUMO 3.3
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO 89.6 HOMO LUMO 90.5
w4 HOMO -2 LUMO 4.1 HOMO -2 LUMO 3.4
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
) HOMO LUMO 92.7 HOMO LUMO 89.9
34 HOMO -2 LUMO 1.1 HOMO -1 LUMO 2.5
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Table 7.5 Contributors to the S; excitation of OC(CH3)O substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +3 91.4 HOMO LUMO +3 90.9
3 HOMO LUMO +6 2.6 HOMO LUMO +6 2.6
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 90.1
4 HOMO -1 | LUMO +2 2.8
HOMO -2 | LUMO +2 1.8
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +3 65.8
, HOMO LUMO +1 18.4
>3 HOMO | LUMO +4 3.8
HOMO LUMO +2 1.2
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 89.7 HOMO LUMO 90.3
4.4 HOMO -2 LUMO 3.5 HOMO -2 LUMO 2.9
HOMO -1 LUMO 1.3 HOMO -1 LUMO 1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 76.9
HOMO LUMO +1 7.5
3,4
HOMO LUMO +2 5.7
HOMO -1 LUMO 2
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Table 7.6 Contributors to the S; excitation of phenyl substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 89.6 HOMO LUMO 88.9
3 HOMO -2 LUMO 2.5 HOMO -2 LUMO 2.3
HOMO -1 LUMO 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 90.2 HOMO LUMO +2 90.3
4 HOMO LUMO +9 1.5 HOMO LUMO +9 1.4
HOMO -4 LUMO 1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO 93.3 HOMO LUMO 93.1
33 HOMO -2 LUMO 2.3 HOMO -2 LUMO 2.3
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 89.7 HOMO LUMO +2 88.4
4,4 HOMO -2 ng/'so 23 HOMO -2 | LUMO +16 2.3
HOMO -6 LUMO 1.9 HOMO -6 LUMO 1.6
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 89.1 HOMO LUMO 88.9
3,4 HOMO -1 LUMO 1.3 HOMO -1 LUMO 1.4
HOMO LUMO +1 1.2 HOMO LUMO +1 1.3
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Table 7.7 Contributors to the S; excitation of singly dimethylamino substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +5 20.8 HOMO LUMO +5 234
HOMO LUMO +6 16.3 HOMO LUMO +3 15
HOMO LUMO +3 13.2 HOMO LUMO +6 13.7
HOMO LUMO +4 12.5 HOMO LUMO +4 12.9
HOMO -1 | LUMO +5 6.9 HOMO -1 LUMO +5 6.9
HOMO -1 LUMO +6 5.2 HOMO -1 LUMO +3 4.4
3 HOMO-1 | LUMO +3 4.5 HOMO -1 LUMO +6 3.8
HOMO -1 | LUMO +4 4.1 HOMO -1 LUMO +4 3.7
HOMO -4 LUMO +5 2.3 HOMO -4 LUMO +5 2.2
HOMO -4 | LUMO +6 1.7 HOMO -4 LUMO +3 1.5
HOMO -4 | LUMO +3 15 HOMO -4 LUMO +6 1.2
HOMO -4 LUMO +4 13 HOMO LUMO +1 1.2
HOMO LUMO +1 1 HOMO -4 LUMO +4 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 71.5 HOMO LUMO +2 71.9
HOMO -1 LUMO +2 10.5 HOMO -1 LUMO +2 10.6
N HOMO LUMO +5 4.1 HOMO LUMO +5 5
HOMO LUMO 4.1 HOMO LUMO 2.6
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Table 7.8 Contributors to the S; excitation of doubly dimethylamino substituted trans 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +8 64.5 HOMO LUMO +8 65.5
HOMO LUMO +9 8 HOMO LUMO +9 6.9
HOMO LUMO +3 5.6 HOMO LUMO +3 6.1
, HOMO -5 LUMO +8 4.5 HOMO -5 LUMO +8 4.1
33 HOMO LUMO +4 3.4 HOMO LUMO +4 3.5
HOMO-2 | LUMO +9 3 HOMO LUMO 2.4
HOMO LUMO 2.9 HOMO -2 LUMO +9 2.4
HOMO LUMO +5 1 HOMO LUMO +5 1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 68.4 HOMO LUMO +2 67.3
HOMO-1 | LUMO +2 8.9 HOMO LUMO +6 | 8.6
, HOMO LUMO +6 6.4 HOMO -1 LUMO +2 8.6
4 HOMO -2 LUMO 2.1 HOMO -2 LUMO 2.2
HOMO LUMO 1.6 HOMO LUMO +1 1.2
HOMO LUMO +1 1.5 HOMO -1 LUMO +6 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO | LUMO +3 | 40.8 HOMO LUMO +6 37.1
HOMO | LUMO +6 22.9 HOMO LUMO +5 16.2
HOMO | LUMO 45 12.1 HOMO LUMO +3 15.9
HOMO-1 | LUMO +3 3.8 HOMO LUMO +4 7.6
3.4 HOMO | LUMO +7 3.4 HOMO LUMO +7 2.7
HOMO -1 | LUMO +6 2.1 HOMO LUMO +11 2
HOMO | LUMO +11 1.3 HOMO -1 | LUMO +6 1.9
HOMO -1 | LUMO +5 1.1 HOMO -2 | LUMO +6 1.7
HOMO | LUMO +1 1.1
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Table 7.9 Changes in selected bond lengths and dihedral angle of OC(CH3)O substituted BP on excitation at the

ADC(2) level
Sub Bond length change /A C2-5-5’-C2’
os. angle
POS- | cac2' | c2c3 | c3ca | cacs | css | sc2 | c2-c3' | c3-ca' | cacs' | c5-s' | s-c2' | change/°
; 007 | 0048 | -0.025 | 0026 | 0002 | 0047 | 0.048 | -0.025 | 0.026 | 0.002 | 0.047 32.7
€3 | 0065 | 0057 | -0.02 | 0028 | 0002 | 0048 | 0055 | -0026 | 0.021 | 001 | 0.04 39.1
| 0067 | 0041 | 0019 | 0032 | -0.001 | 0.065 | 0.045 | -0022 | 0021 | 0.004 | 0.036 0
383" | 0056 | 0.048 | -0.028 | 0029 | 0002 | 0039 | 0.058 | -0.018 | 0.015 | 0.016 | 0.027 -10.3
ca,ca
-0.066 | 0.044 | -0021 | 0023 | 0.004 | 0047 | 0.042 | -0.013 | 0034 | -0.006 | 0.057 31.1
c3,c4
-0.069 | 0051 | -0.021 | 0018 | 0.007 | 0.043 | 005 | -0.025 | 003 | 0001 | 006 35.1

Table 7.10 Changes in selected bond lengths and dihedral angle of OC(CH3)O substituted BP on excitation at the CC2

level
sub Bond length change /A C2-S-§’-C2’
os' angle
pos. C2-C2' C2-C3 C3-c4 C4-C5 C5-S S-C2 Cc2'-c3' | €3'-Cc4' | c4'-C5' C5'-S' s'-C2' change /°
- -0.07 0.048 -0.025 0.026 0.002 0.047 0.048 -0.025 0.026 0.002 0.047 32.7
a3 -0.062 0.056 -0.019 0.026 0.004 0.043 0.053 -0.025 0.022 0.008 0.039 38.1
ca,ca -0.065 0.045 -0.021 0.025 0.004 0.045 0.041 -0.015 0.033 -0.007 0.054 29.6
Table 7.11 Selected bond lengths of substituents of phenyl substituted trans 2,2’-bithiophene at ADC(2) level
Sub. Bond length change/A
pos- co- | cio- | cu1- | c3- | ce- | c7- | cg- | c9- | cio- | cir-
C3-C6 C6-C7 C7-C8 C8-C9 C10 Cl1 C6 ce’ c7 cs’ co’ Cc10’ c11’ Cce6’
3 -0.043 0.028 0.006 -0.007 0.017 -0.013 0.021
33 -0.027 0.012 -0.001 0 0.007 -0.007 0.013 -0.027 ‘ 0.012 ‘ -0.001 ‘ 0 ’ 0.007 ‘ -0.007 ‘ 0.013
Sub. Bond length change/A
pos. c9- | ci0- | cu1- | ca- | ce- | c7- | cg- | c9- | cio- | cir-
C4-C6 C6-C7 C7-C8 C8-C9 C10 Cl1 (o} ce6’ c7’ cs’ co’ Cc10’ c1yr Cc6’
4 -0.008 0.005 -0.002 0.002 0 0 0.005
4% | 0,005 | 0.002 | -0.001 | 0.001 | o 0 | 0002 | -0.005 ‘ 0.002 ‘ -0.001 ‘ 0.001 ‘ 0 ‘ 0 ‘ 0.002
Sub. Bond length change/A
pos: c9- | c10- | c11- | ¢3- | ce- | c7- | cg- | c9- | cio- | cir-
C3-C6 C6-C7 C7-C8 C8-C9 C10 Cl1 Cé6 ce’ c7 cs’ co’ c10’ c1v ce’
34 -0.042 0.027 0.008 -0.008 0.017 -0.013 0.02 -0.007 0.003 -0.001 0.001 0 -0.001 0.002
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Table 7.12 Selected bond lengths of substituents of phenyl substituted trans 2,2’-bithiophene at CC2 level

Sub. Bond length change/A
pos. Co- | c1o- | c11- | ¢3- | ce- | c7- | c’- | c9- | cio- | car-
€3-c6 | C6-C7 | c7-c8 | c8-co | c10 e’ c7 8 cy | car | car | ce
3 | 0045 | 0031 | 0.008 | -0.008 | 0.019 | -0.014 | 0.022
33 | 0028 | 0012 0 0.008 | -0.006 | 0.012 | -0.027 | 0.012 | 0 | 0 | 0.008 ‘ -0.006 ‘ 0.012
Sub. Bond length change/A
pos. Co- | c1o- | ci1- | ca- | ce- | cr- | c8- | co- | cio- | cir-
ca-c6 | c6-C7 | c7-c8 | c8co | c1o0 e’ c7 8’ co | caor | ar | c¢
4 | 20009 | 0.006 | -0.002 | 0.002 | 0.001 | -0.001 | 0.005
44 1 0006 | 0003 | -0.002 | 0001 | 0.001 | -0.001 | 0.003 | -0.058 ‘ -0.01 ‘ 0.003 ‘ 0.001 ’ -0.003 ‘ 0.011 ‘ 0.055
Sub. Bond length change/A
pos. Co- | c1o- | ci1- | ¢3- | ce- | c7- | c’- | c9- | cio- | cir-
C3-c6 | C6-C7 | c7-c8 | c8-co | c10 e’ c7 8 cy | car | car | ce
34 | 0045 | 0032 | 001 |-0009 | 0,019 | -0014 | 0021 | -0.008 | 0.004 | -0.002 | 0.002 0 -0.001 | 0.003
Table 7.13 Selected bond lengths of the OH substituted cis BP ground state geometry
Bond length /A
S‘;:' Method
pos. c2-c2' | c2c3 | c3ca | cacs | c5s | sc2 | c2-c3' | c3-ca' | cacs' | c5-s' | s-c2'
MP2
1455 | 1398 | 1.421 | 1392 | 1728 | 1.741 | 1398 | 1421 | 1392 | 1.728 | 1741
= 1455 | 1397 | 1425 | 1392 | 1.735 | 1749 | 1397 | 1425 | 1392 | 1735 | 1.749
MP2
. 1454 | 1398 | 142 | 1391 | 1728 | 174 1.4 142 | 1391 | 173 | 1742
cc2 1454 | 1398 | 1.424 | 1391 | 1735 | 1.747 | 1399 | 1.424 | 1391 | 1.736 | 1.749
s MP2 1452 | 1396 | 1.418 | 1392 | 1732 | 1.743 | 1399 | 142 | 1391 | 1.729 | 174
2 1453 | 1396 | 1422 | 1392 | 1739 | 175 | 1.398 | 1.424 | 1391 | 1.735 | 1.747
aw MP2 145 | 1401 | 1422 | 1388 | 1728 | 1.743 | 1397 | 142 | 139 | 1.732 | 1746
= 1449 | 14 | 1425 | 1389 | 1734 | 1751 | 1397 | 1423 | 1391 | 174 | 1.753
Table 7.14 Selected bond lengths of the OH substituted cis BP excited state geometry
Bond length /A
Sl;:' Method
pos. c2-c2' | c2c3 | c3ca | cacs | css | sc2 | c2-c3' | c3-ca' | cacs' | c5-s' | s-c2
] ADC(2) | 1386 | 1445 | 1394 | 142 | 1727 | 179 | 1445 | 1304 | 142 | 1727 | 179
cc2 1387 | 1444 | 1397 | 1421 | 1733 | 1797 | 1444 | 1397 | 1421 | 1733 | 1.797
. ADC(2) | 1388 | 143 | 1414 | 1422 | 1725 | 1829 | 1437 | 14 | 1413 | 173 | 1782
= 1389 | 1428 | 1416 | 1423 | 1727 | 1.829 | 1.436 | 1.403 | 1414 | 1737 | 1.79
ADC(2)
" 1388 | 1.429 | 1405 | 1.418 | 1.727 | 1.803 | 1429 | 1.413 | 1416 | 1725 | 1.811
= 1389 | 1428 | 1.408 | 1419 | 1.732 | 1.809 | 1.428 | 1415 | 1417 | 1729 | 1.815
ADC(2)
o 1381 | 1446 | 1392 | 1423 | 1.737 | 1789 | 1435 | 1398 | 1.432 | 1725 | 1.825
= 1383 | 1438 | 1.398 | 1.418 | 1.743 | 1.808 | 1.425 | 1.402 | 1.429 | 1726 | 1.851
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Table 7.15 Selected bond lengths of the OC(H)O substituted cis BP ground state geometry

Sub.

Bond length /A

Method
pos- c2-c2' | c2c3 | c3-ca | cacs | c¢ss | sc2 | c2c3' | c3-ca' | cacs' | c5-8' | s-c2
) MP2 1455 | 1398 | 1421 | 1392 | 1.728 | 1.741 | 1398 | 1.421 | 1392 | 1728 | 1741
cc2 1455 | 1397 | 1425 | 1392 | 1.735 | 1.749 | 1397 | 1.425 | 1392 | 1735 | 1.749
3 MP2 | 1452 | 1396 | 1416 | 139 | 173 | 1736 | 1398 | 142 | 1.393 | 1726 | 1.738
. MP2 1454 | 1395 | 1417 | 1387 | 1726 | 1744 | 1398 | 1421 | 1392 | 1728 | 174
cc2 1454 | 1394 | 1421 | 1387 | 1.733 | 1751 | 1397 | 1.424 | 1392 | 1.735 | 1.748
a MP2 1453 | 1399 | 1421 | 1392 | 1723 | 174 | 1399 | 1421 | 1392 | 1723 | 174
ce2 1453 | 1398 | 1425 | 1391 | 173 | 1748 | 1398 | 1425 | 1391 | 173 | 1748
e MP2 1451 | 1399 | 1421 | 1389 | 1.738 | 1.746 | 1397 | 142 | 1392 | 1734 | 1752
ce2 1451 | 1399 | 1421 | 1389 | 1.738 | 1746 | 1397 | 142 | 1392 | 1734 | 1752
Table 7.16 Selected bond lengths of the OC(H)O substituted cis BP excited state geometry

Sub. Method Bond length /A
pos. €2-c2' | c2c3 | c3c4 | cacs | c5s | sc2 | c2-c3' | c3-ca' | ca-cs' | c5-s' | s-C2'
) ADCR) | 386 | 1445 | 1304 | 142 | 1727 | 179 | 1445 | 1394 | 142 | 1727 | 179
ce2 1387 | 1444 | 1397 | 1421 | 1733 | 1797 | 1444 | 1397 | 1421 | 1733 | 1797
3 ADCR) | g 385 | 1447 | 1392 | 1413 | 1737 | 1787 | 1446 | 1396 | 1417 | 1728 | 1785
. ADCR) | 1386 | 144 14 | 1424 | 1722 | 1804 | 1.441 | 1396 | 1.419 | 1726 | 1.789
ce2 1387 | 1438 | 1403 | 1424 | 1725 | 1.809 | 1.44 | 1399 | 1419 | 1.732 | 1.79%
a ADCR) | 387 | 1436 | 1401 | 1421 | 172 | 1799 | 1436 | 1401 | 1421 | 172 | 1799
ce2 1388 | 1.435 | 1.405 | 1.422 | 1.725 | 1.806 | 1.435 | 1.405 | 1.422 | 1.725 | 1.806
s ADCR) | 385 | 144 | 1395 | 1416 | 1739 | 1808 | 1432 | 14 | 1428 | 1723 | 1838
ce2 1385 | 144 | 1395 | 1416 | 1739 | 1808 | 1432 | 14 | 1428 | 1.723 | 1838
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Table 7.17 Selected bond lengths of the OC(CH3)O substituted cis BP ground state geometry

Bond length /A

Sl;:' Method
pos. C2-c2' C2-C3 c3-c4 C4-C5 C5-S S-C2 c2'-c3' | C3'-c4' | ca'-c5' c5'-S' S'-C2'
MPp2 1.455 1.398 1.421 1.392 1.728 1.741 1.398 1.421 1.392 1.728 1.741
ce2 1.455 1.397 1.425 1.392 1.735 1.749 1.397 1.425 1.392 1.735 1.749
3 MP2 1.455 1.395 1.416 1.39 1.73 1.737 1.398 1.421 1.393 1.727 1.741
= 1.455 1.394 1.42 1.39 1.737 1.745 1.398 1.425 1.392 1.733 1.749
4 MP2 1.454 1.394 1.418 1.388 1.727 1.744 1.398 1.421 1.392 1.728 1.741
cc2 1.454 1.394 1.422 1.388 1.734 1.751 1.397 1.425 1.392 1.735 1.748
33 MP2 1.45 1.398 1.42 1.389 1.73 1.742 1.397 1.421 1.387 1.728 1.743
aw MP2 1.453 1.395 1.418 1.388 1.727 1.743 1.395 1.418 1.388 1.727 1.743
cc2 1.453 1.394 1.422 1.388 1.733 1.751 1.394 1.422 1.388 1.733 1.751
34 MP2 1.449 1.401 1.418 1.389 1.732 1.738 1.399 1.418 1.391 1.727 1.746
cc2 1.448 1.4 1.422 1.389 1.739 1.745 1.397 1.422 1.391 1.734 1.754

Table 7.18 Selected bond lengths of the OC(CHs)O substituted cis BP excited state geometry
Bond length /A

Sl:,:' Method
pos. C2-C2' | C2-C3 C3-C4 C4-C5 C5-S S-C2 c2'-c3' | c3'-c4' | ca'-c5' c5'-S' S'-C2'
. ADC(2) 1.386 1.445 1.394 1.42 1.727 1.79 1.445 1.394 1.42 1.727 1.79
= 1.387 1.444 1.397 1.421 1.733 1.797 1.444 1.397 1.421 1.733 1.797

ADC(2)
3 1.388 1.454 1.397 1.417 1.731 1.783 1.447 1.394 1.42 1.727 1.795
= 1.387 1.447 1.402 1.416 1.739 1.802 1.442 1.398 1.419 1.733 1.808

ADC(2) 1

4 .387 1.438 1.402 1.425 1.721 1.806 1.441 1.397 1.418 1.727 1.788
cc2 1.388 1.436 1.406 1.426 1.725 1.812 1.439 1.4 1.418 1.734 1.795
33 ADC(2) 1.386 1.45 1.392 1.415 1.731 1.795 1.453 1.392 1.414 1.73 1.808

ADC(2)
ww 1.387 1.436 1.403 1.422 1.721 1.799 1.436 1.403 1.422 1.721 1.799
cc2 1.388 1.434 1.406 1.423 1.726 1.806 1.434 1.406 1.423 1.726 1.806

ADC(2)
34 1.387 1.442 1.395 1.411 1.739 1.778 1.430 1.418 1.425 1.722 1.828
= 1.389 1.438 14 1.408 1.746 1.78 1.428 1.423 1.429 1.726 1.838

111




Table 7.19 Selected bond lengths of the phenyl substituted cis BP ground state geometry

Bond length /A

Sl;:' Method
pos. C2-C2' C2-C3 c3-c4 C4-C5 C5-S S-C2 c2'-c3' | C3'-c4' | ca'-c5' c5'-S' S'-C2'
MPp2 1.455 1.398 1.421 1.392 1.728 1.741 1.398 1.421 1.392 1.728 1.741
ce2 1.455 1.397 1.425 1.392 1.735 1.749 1.397 1.425 1.392 1.735 1.749
4 MP2 1.454 1.396 1.426 1.399 1.725 1.742 1.398 1.421 1.392 1.728 1.741
= 1.454 1.396 1.43 1.398 1.733 1.75 1.398 1.424 1.392 1.735 1.749
33 MP2 1.454 1.407 1.425 1.391 1.73 1.739 1.407 1.425 1.391 1.73 1.739
cc2 1.454 1.406 1.429 1.391 1.737 1.747 1.406 1.429 1.391 1.737 1.747
44 MP2 1.454 1.399 1.425 1.398 1.726 1.743 1.399 1.425 1.398 1.726 1.743

Table 7.20 Selected bond lengths of the phenyl substituted cis BP excited state geometry
Bond length /A

Sl:):' Method
pos. C2-C2' | c2-C3 c3-c4 C4-C5 C5-S S-C2 c2'-C3' | C3'-c4' | c4'-c5' c5'-§' S'-C2'
) ADC(2) 1.386 1.445 1.394 1.42 1.727 1.79 1.445 1.394 1.42 1.727 1.79
cc2 1.387 1.444 1.397 1.421 1.733 1.797 1.444 1.397 1.421 1.733 1.797

ADC(2) 1

4 .389 1.436 1.407 1.433 1.72 1.805 1.441 1.398 1.417 1.729 1.787
cc2 1.39 1.433 1.411 1.435 1.723 1.812 1.439 1.401 1.417 1.735 1.793

ADC(2)
33 1.397 1.468 1.423 1.388 1.751 1.764 1.468 1.423 1.388 1.751 1.764
= 1.397 1.466 1.427 1.388 1.759 1.77 1.466 1.427 1.388 1.759 1.77

44 ADC(2) 1.39 1.436 1.408 1.428 1.722 1.8 1.435 1.408 1.428 1.722 1.8
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Table 7.21 Selected bond lengths of the dimethylamino substituted cis BP ground state geometry

Bond length /A

Sub. Method
pos. 22 | c2c3 | c3c4 | cacs | cs5s | sc2 | c2c3 | c3-ca' | cacs' | c5-s' | s-c2'
MPp2 1455 | 1398 | 1421 | 1392 | 1.728 | 1741 | 1398 | 1.421 | 1392 | 1728 | 1.741
cc2 1455 | 1397 | 1425 | 1392 | 1.735 | 1749 | 1397 | 1425 | 1392 | 1735 | 1.749
s MPp2 1453 | 141 | 1428 | 1391 | 1.725 | 1738 | 1399 | 142 | 1393 | 1728 | 1.743
= 1452 | 1409 | 1433 | 1391 | 1.731 | 1.746 | 1398 | 1.423 | 1393 | 1735 | 1.751
. MPp2 1454 | 1393 | 143 | 1401 | 1731 | 174 | 1398 | 1421 | 1392 | 1729 | 1741
= 1454 | 1393 | 1434 | 1402 | 1.738 | 1747 | 1398 | 1425 | 1392 | 1735 | 1.749
. MP2 145 | 1417 | 1432 | 1389 | 1724 | 1747 | 1417 | 1432 | 1389 | 1.724 | 1747
= 1448 | 1416 | 1436 | 1380 | 1.731 | 1755 | 1416 | 1.436 | 1389 | 1731 | 1.755
" MPp2 1453 | 1395 | 1428 | 14 | 1732 | 1742 | 1395 | 1428 | 14 | 1732 | 1742
cc2 1454 | 1394 | 1.432 | 1401 | 1739 | 1.748 | 1394 | 1432 | 1401 | 1.739 | 1.748
MP2)
s 1451 | 141 | 1428 | 1391 | 1.726 | 1738 | 1394 | 1.427 | 1402 | 1732 | 1742
cc2 145 | 141 | 1433 | 1391 | 1732 | 1746 | 1394 | 1431 | 1402 | 174 | 175
Table 7.22 Selected bond lengths of the dimethylamino substituted cis BP excited state geometry
Bond length /A
Sub. Method ond length /.
pos. c2-c2 | c2c3 | c3-ca | cacs | css | sc2 | c2-c3 | c3ca | cacs' | 58 | s-c2
ADC(2) | 1386 | 1445 | 1394 | 142 | 1727 | 179 | 1445 | 1394 | 142 | 1727 | 179
= 1387 | 1444 | 1397 | 1421 | 1733 | 1797 | 1444 | 1397 | 1421 | 1733 | 1.797
ADC(2)
s 1403 | 1452 | 1412 | 1405 | 1769 | 1.766 | 1.438 | 1408 | 1.401 | 1.746 | 1.766
= 1403 | 1452 | 1417 | 1405 | 1771 | 1772 | 1.437 | 1411 | 1402 | 1753 | 1772
ADC(2)
. 1395 | 1434 | 1434 | 1433 | 1737 | 1.829 | 1431 | 1409 | 1402 | 1741 | 1771
cc2 1398 | 1429 | 144 | 143 | 174 | 1826 | 1429 | 1411 | 1402 | 1748 | 1.777
ADC(2)
ay 1405 | 1455 | 1418 | 1.402 | 1.751 | 1.782 | 1455 | 1.418 | 1402 | 1751 | 1.782
= 1406 | 1453 | 1421 | 1402 | 1.755 | 1789 | 1.453 | 1.421 | 1.402 | 1755 | 1.789
ADC(2)
a 1393 | 1426 | 1425 | 1424 | 1731 | 1796 | 1426 | 1425 | 1424 | 1731 | 1.79
= 1394 | 1425 | 1429 | 1425 | 1.736 | 1.801 | 1425 | 1.429 | 1415 | 1736 | 1.801
ADC(2)
o 1384 | 1451 | 141 | 1405 | 1.743 | 1779 | 1.438 | 1425 | 1439 | 1734 | 1.834
cc2 139 | 1446 | 1413 | 1406 | 175 | 1.784 | 1431 | 1.433 | 1434 | 1737 | 1.831
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Table 7.23 OH substituted cis 2,2’-bithiophene selected substituent bond length changes on excitation

Sub Bond length change/A
os‘ Method
pos. c4-0 O-H ca-0 O-H
4 ADC(2) -0.029 0.005
cc2 -0.023 0.005
w ADC(2) -0.014 0.002 -0.019 0.003
2 -0.012 0.001 -0.017 0.004
sub. Bond length change/A
Method
pos. c3-0 O-H ca-0 O-H
3 ADC(2) -0.01 0.002 -0.025 0.003
ce -0.007 0.003 01 0

Table 7.24 OC(H)O substituted cis 2,2’-bithiophene selected substituent bond length changes on excitation

Sub Bond length change/A
os. Method
pos. C4-0 01-Cé6 C6-02 Cc3’-0 01-C6’ | C6’-02’
3 ADC(2) -0.013 0.015 0.003
Sub Bond length change/A
os' Method
pos. C4-0 01-Cé6 C6-02 c4’-0 01-C6’ | C6’-02’
ADC(2) -0.019 0.109 -0.003
4
cc2 -0.018 0.008 -0.003
ADC(2) -0.013 0.012 -0.004 -0.013 0.012 -0.004
4,4
cc2 -0.013 0.012 -0.004 -0.013 0.012 -0.004
Bond length change/A
SL;:' Method
pos. C3-0 01-Cé6 C6-02 c4’-0 01-C6’ | C6’-02’
ADC(2) 0 -0.001 0.001 -0.016 0.011 -0.003
3,4
CC2 0 -0.001 0.001 -0.016 0.011 -0.003
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Table 7.25 OC(CH;)O substituted cis 2,2’-bithiophene selected substituent bond length changes on excitation

Sub Bond length change/A
os‘ Method
pos. €3-0 | 01C6 | €602 | C3-0 | 01-C6’ | C6"-02
ADC(2) -0.02 0.006 0
3
cc2 -0.016 0.006 0
3,3 ADC(2) -0.005 0.017 -0.003 -0.015 0.012 0
Sub. Bond length change/A
os Method
pos. C4-0 01-C6 C6-02 c4’-0 01-ce’ C6’-02’
ADC(2) -0.021 0.014 -0.005
4
cc2 -0.019 0.013 -0.005
ADC(2) -0.016 0.007 -0.003 -0.016 0.007 -0.003
44
cc2 -0.015 0.008 -0.003 -0.015 0.008 -0.003
Sub. Bond length change/A
os Method
pos. C3-0 01-Cé C6-02 c4’-0 01-ce’ C6’-02’
ADC(2) 0.004 -0.007 0.006 -0.041 0.051 -0.909
3,4
CC2 0.003 -0.007 0.008 -0.034 0.047 -0.007

Table 7.26 phenyl substituted cis 2,2’-bithiophene selected substituent bond length changes on excitation at the
ADC(2) level

Sub. Bond length change/A
pos. co- | cw0- | c11- | c3- | ce- | cr- | c®- | co- | cio- | cir-
C3-C6 C6-C7 C7-C8 C8-C9 C10 Cl1 (o} ce’ c7’ cs’ cY’ Cc10’ c1r Cce6’
33 -0.033 0.017 0.001 -0.003 0.012 -0.011 0.016 -0.033 0.017 0.001 -0.003 0.012 -0.011 0.016
Sub. Bond length change/A
pos. C9- | cl0- | c11- | ca- | ce- | c7- | c’- | co- | c1o- | car-
C4-Ce C6-C7 C7-C8 C8-C9 C10 C11 Cc6 ce’ c7’ cs’ co’ Cc10’ c1r ce’
4 -0.009 0.004 -0.002 0.002 0 -0.001 0.003
44 -0.006 0.003 -0.002 0.001 0 0 0.002 -0.006 ‘ 0.003 ‘ -0.002 ‘ 0.001 I 0 ‘ 0 ‘ 0.002
Table 7.27 phenyl substituted cis 2,2’-bithiophene selected substituent bond length changes on excitation at the CC2
level
Sub. Bond length change/A
pos. C9- | cw0- | c11- | ¢3- | ce- | c7- | c®- | co- | cio- | cir-
C3-C6 C6-C7 C7-C8 C8-C9 C10 Cl1 (o} ce’ c7’ cs’ co’ Cc10’ c1r Cce6’
33 -0.033 0.018 0.001 -0.003 0.012 -0.01 0.016 -0.033 0.018 0.001 -0.003 0.012 -0.01 0.016
Sub. Bond length change/A
pos. C9- | cl0- | c11- | ca- | ce- | c7- | c’- | co- | cio- | car-
C4-C6 C6-C7 C7-C8 C8-C9 C10 C11 Cc6 ce’ c7’ cs’ co’ Cc10’ c1r ce’
4

-0.009 | 0.005 | -0.002 | 0.002 0.001 | -0.001 | 0.004
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Table 7.28 Dimethylamino substituted cis 2,2’-bithiophene selected substituent bond length changes on

Substitution Bond length change/A
position Method
C3-N N-C N-C C3’-N’ | N'-C’ ‘ N’-C’
3 ADC(2) | -0.029 | 0.002 | -0.003
cc2 -0.028 | 0.002 | -0.003
33 ADC(2) | -0.017 | -0.004 | -0.001 | -0.017 | -0.004 | -0.001
CcC2 -0.015 | -0.005 | -0.001 | -0.015 | -0.005 | -0.001
Substitution Bond length change/A
position Method
C4-N N-C N-C ca’-N’ | N’-C’ | N'-C’
. ADC(2) | -0.054 | -0.003 | 0.002
CcC2 -0.047 | -0.003 | 0.002
aw ADC(2) | -0.035 | -0.008 | -0.001 | -0.035 | -0.008 | -0.001
cc2 -0.031 | -0.007 | -0.001 | -0.031 | -0.007 | -0.001
Substitution Bond length change/A
position Method
C3-N N-C N-C ca'-N’ N’-C’ N’-C’
3 ADC(2) | -0.007 | 0.003 | -0.001 | -0.056 | -0.003 0.002
Ccc2 -0.004 | 0.002 | -0.001 | -0.049 | -0.004 0.001
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4 OH cis 2,2’-bithiophene

83.2% ,
HOMO LUMO +1
4,4’ OH cis 2,2’-bithiophene
85.3%
HOMO LUMO +1
3,4’ OH cis 2,2’-bithiophene
86.7% .
HOMO LUMO +3

Figure 7.1 MOs involved in S; excitation of OH substituted cis 2,2’-bithiophene
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3 OC(H)O 2,2-bithiophene

71.1%
HOMO
4 OC(H)O 2,2-bithiophene
88.3%
HOMO LUmMmo
4,4’ OC(H)O 2,2-bithiophene
87.5%
HOMO LUmMoO
3,4’ OC(H)O 2,2-bithiophene
81.5%

LUMO

Figure 7.2 MOs involved in S; excitation of OC(H)O substituted cis 2,2’-bithiophene
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3 OC(CH;)O 2,2’-bithiophene

87%

HOMO LUMO +2

4 OC(CH;)O 2,2’-bithiophene

HOMO

4,4’ OC(CH;)0O 2,2’-bithiophene

87.2%

HOMO

3,4’ OC(CH;)O 2,2’-bithiophene

82.4%

Figure 7.3 MOs involved in S; excitation of OC(CH3)O substituted cis 2,2’-bithiophene
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4 phenyl 2,2’-bithiophene

85.9%
HOMO LUMO +2
3,3’ phenyl 2,2’-bithiophene
94.2%
HOMO
4,4’ phenyl 2,2’-bithiophene
80.7%

LUMO +2

Figure 7.4 MOs involved in S; excitation of phenyl substituted cis 2,2’-bithiophene
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3 dimethylamino 2,2’-bithiophene

38.5%

18.6%

11.9%

LUMO +6

4 dimethylamino 2,2’-bithiophene

HOMO LUMO +2

Figure 7.5 MOs involved in S; excitation of singly dimethylamino substituted cis 2,2’-bithiophene
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3,3’ dimethylamino 2,2’-bithiophene

38.1%

HOMO 36.4%

4,4’ dimethylamino 2,2’-bithiophene

48.3%

LUMO +3

19.1%

LUMO +6

3,4’ dimethylamino 2,2’-bithiophene

34.8%

30.7%

LUMO +5

Figure 7.6 MOs involved in S; excitation of doubly dimethylamino substituted cis 2,2’-bithiophene
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Table 7.29 Contributors to the S; excitation of OH substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
. HOMO LU+'\{|O 83.2 HOMO LUMO +1 85
HO'\l/'O ] LUJZ'O 10.5 | HOMO-1 | LUMO +1 8.5
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO +2 84.3 HOMO LUMO +1 85.3
e HOMO-2 | LUMO+2 | 103 | HOMO-2 | LUMO +1 9.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +3 64.7
HOMO LUMO +2 12.9
HOMO -1 LUMO +3 4.7
3,4 HOMO LUMO + 8 2
HOMO LUMO +15 1.9
HOMO LUMO +10 1
HOMO LUMO +13 1

123




Table 7.30 Contributors to the S; excitation of OC(H)O substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 71.1 HOMO LUMO +2 60
HOMO LUMO 10.9 HOMO LUMO 12.6
HOMO LUMO +1 5.6 HOMO LUMO +1 12.2
3 HOMO LUMO +12 1.8 HOMO LUMO +12 3.3
HOMO -1 LUMO +2 1.2
HOMO LUMO +5 1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 88.3 HOMO LUMO 89
4 HOMO -2 LUMO 6.2 HOMO -1 LUMO 5.4
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO 87.5 HOMO LUMO 88.1
w4 HOMO -1 LUMO 7.7 HOMO -1 LUMO 6.4
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 81.5
3,4 HOMO -1 LUMO 6.5
HOMO LUMO +12 3.2
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Table 7.31 Contributors to the S; excitation of OC(CH3)O substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied | Virtual % Occupied Virtual %
HOMO LUMO +2 87 HOMO LUMO +2 52.8
HOMO LUMO +6 5.7 HOMO LUMO +1 16.8
HOMO -1 | LUMO +2 1.5 HOMO LUMO +3 10.9
3 HOMO LUMO +5 4
HOMO LUMO + 16 3.7
HOMO -1 LUMO +2 1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 87.7 HOMO LUMO +2 88.4
4 HOMO -1 LUMO +2 6.8 HOMO -1 LUMO +2 5.9
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO +2 87.2 HOMO LUMO +2 87.7
w4 HOMO -1 | LUMO +2 8 HOMO -1 LUMO +2 7.3
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO 82.4 HOMO LUMO 82.7
3,4 HOMO -1 LUMO 11.6 HOMO -1 LUMO 8.2
HOMO LUMO +15 1.5

125




Table 7.32 Contributors to the S; excitation of phenyl substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 85.9 HOMO LUMO +2 86.6
HOMO -3 LUMO +2 2.4 HOMO -3 LUMO +2 2.2
4 HOMO LUMO +3 1.2 HOMO LUMO +11 1.7
HOMO LUMO +12 1.1 HOMO LUMO 1.1
HOMO LUMO 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
, HOMO LUMO 94.2 HOMO LUMO 94.3
33 HOMO LUMO +2 1.8 HOMO LUMO +2 1.5
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LMUO +2 80.7
HOMO LUMO +3 4.4
HOMO -5 LUMO +2 2.8
HOMO LUMO 2.4
4,4
HOMO -2 LUMO +2 1.4
HOMO LUMO +15 1.2
HOMO LUMO +19 1
HOMO LUMO +18 1
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Table 7.33 Contributors to the S; excitation of singly dimethylamino substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +5 38.5 HOMO LUMO +5 40.3
HOMO LUMO +3 18.6 HOMO LUMO +3 20
HOMO LUMO +6 11.9 HOMO LUMO +6 9.9
HOMO -1 | LUMO +5 5.9 HOMO -1 | LUMO +5 5.4
HOMO LUMO +4 4.4 HOMO LUMO +4 4.4
3 HOMO -1 LUMO +3 3.1 HOMO -1 LUMO +3 2.9
HOMO -3 LUMO +5 2.7 HOMO -3 LUMO +5 2.5
HOMO -1 LUMO +6 1.8 HOMO -3 LUMO +3 1.4
HOMO -3 LUMO +3 1.4 HOMO -1 LUMO +6 1.3
HOMO | LUMO +1 1.1 HOMO LUMO 1.3
HOMO LUMO 1 HOMO | LUMO+1 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +2 69.1 HOMO LUMO +2 68.7
HOMO -1 LUMO +2 11.2 HOMO -1 LUMO +2 11
HOMO LUMO +5 5.5 HOMO LUMO +5 6.8
N HOMO LUMO 2.7 HOMO LUMO 1.9
HOMO LUMO +8 1.1
HOMO -1 LUMO +5 1
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Table 7.34 Contributors to the S; excitation of doubly dimethylamino substituted cis 2,2’-bithiophene

Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +9 38.1 HOMO LUMO +9 40.5
HOMO LUMO +8 36.4 HOMO LUMO +8 34.3
HOMO LUMO +3 5.2 HOMO LUMO +3 5.5
HOMO LUMO +4 2.8 HOMO LUMO +4 2.9
, HOMO -2 LUMO +9 2.2 HOMO -4 LUMO +9 2
>3 HOMO-2 | LUMO +8 22 HOMO | LUMO +1 2
HOMO -4 LUMO +9 2.1 HOMO -2 | LUMO +0 1.9
HOMO -4 LUMO +8 2 HOMO -4 LUMO +8 1.8
HOMO LUMO +1 1.8 HOMO -2 LUMO +8 1.7
HOMO LUMO +10 1.1 HOMO LUMO +10 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO LUMO +3 48.3 HOMO LUMO +3 48.8
HOMO LUMO +6 19.1 HOMO LUMO +6 18.1
HOMO LUMO +5 8.6 HOMO LUMO +5 | 8.3
, HOMO -2 LUMO +3 6.2 HOMO -2 LUMO +3 5.9
4 HOMO LUMO +2 4.1 HOMO LUMO +2 54
HOMO LUMO +10 3.1 HOMO LUMO +10 3
HOMO -2 LUMO +6 2.6 HOMO -2 LUMO +6 2.4
HOMO -2 LUMO +5 1.1 HOMO -2 LUMO +5 1.1
Substitution ADC(2) cc2
Position Occupied Virtual % Occupied Virtual %
HOMO | LUMO+3 | 3438 HOMO | LUMO+5 38
HOMO | LUMO +5 30.7 HOMO | LUMO +3 31.1
HOMO-1 | LUMO+3 5.6 HOMO-1 | LUMO+5 6.1
34 HOMO LUMO +2 5.5 HOMO-1 | LUMO+3 4.7
HOMO-1 | LUMO +5 5.1 HOMO LUMO 3.9
HOMO LUMO 3.9 HOMO | LUMO +2 2.7
HOMO LUMO +4 3.2 HOMO | LUMO +7 2
HOMO | LUMO+7 1.1 HOMO | LUMO +4 1.3
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7.5 Chapter 5 Supplementary Material

Table 7.35 Selected bond lengths of unsubstituted and substituted terthiophene ground state geometries at the MP2
level

Bond length /A
Substituent
C2-Cc2' C2-C3 Cc3-c4 C4-C5 C5-S S-C2
] 1.45 14 1.421 1.392 1.729 1.742
OH 1.45 1.4 1.422 1.39 1.727 1.75
Oc(H)o 1.453 1.403 1.417 1.39 1.732 1.736
Bond length /A
Substituent
c2'-c3' c3'-c4' c4'-cs5' C5'-S' s'-c2'
) 14 1.416 1.4 1.744 1.744
OH
1.402 1.412 1.401 1.747 1.741
Oc(H)o 1.405 1.412 1.397 1.748 1.74
Bond length /A
Substituent
c5-c2” c2"-c3" c3"-ca” ca"'-cs” C57'-s” s".C2”
] 1.45 1.4 1.421 1.392 1.729 1.742
OH
1.446 1.4 1.421 1.388 1.73 1.744
oc(H)o 1.45 1.402 1.417 1.39 1.73 1.737

Table 7.36 Selected bond lengths of unsubstituted and substituted terthiophene ground state geometries at the CC2
level

Bond length /A
Substituent
C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
. 1.45 1.399 1.424 1.391 1.736 1.75
OH
1.449 1.399 1.426 1.39 1.734 1.759
Oc(H)o 1.452 1.402 1.42 1.39 1.739 1.744
Bond length /A
Substituent
c2'-c3' c3'-c4' Cc4'-c5' C5'-S' S'-C2'
. 1.4 1.419 1.4 1.752 1.752
OH 1.402 1.416 1.401 1.755 1.75
Oc(H)o 1.405 1.415 1.397 1.757 1.75
Bond length /A
Substituent
C5-C2” c2"-c3" c3".ca” car-cs” C5"-5” §'.C2”
. 1.45 1.399 1.424 1.391 1.736 1.75
OH
1.445 1.4 1.425 1.389 1.736 1.752
Oc(H)o 1.449 1.401 1.421 1.389 1.737 1.745
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Table 7.37 Selected bond lengths of unsubstituted and substituted terthiophene excited state geometries at the
ADC(2) level

Bond length /A
Substituent
c2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
B 1.401 1.429 1.405 1.404 1.731 1.767
OH
1.4 1.429 1.409 1.396 1.741 1.774
OC(H)0 1.406 1.433 1.405 1.396 1.734 1.764
Bond length /A
Substituent
c2'-c3' c3'-c4' Cc4'-c5' C5'-S' S'-C2'
) 1.442 1.382 1.442 1.768 1.768
OH 1.456 1.381 1.447 1.785 1.79
Oc(H)o 1.448 1.38 1.449 1.78 1.78
Bond length /A
Substituent
C5-C2” '3t | cavcar | carcs C5'-s” §.c2v
) 1.401 1.429 1.405 1.404 1.731 1.767
OH
1.39 1.438 1.4 1.41 1.737 1.777
Oc(H)o 1.395 1.435 1.4 1.404 1.735 1.771

Table 7.38 Selected bond lengths of unsubstituted and substituted terthiophene excited state geometries at the CC2
level

Bond length /A
Substituent
c2-c2' c2-c3 ca-ca ca-cs C5-s s-C2
- 1.402 1.428 1.409 1.404 1.737 1.774
OH
1.404 1.428 1.412 1.398 1.747 1.782
Oc(H)o 1.406 1.433 1.409 1.397 1.74 1.773
Bond length /A
Substituent
c2'-c3' c3-ca' | ca-cs' c5'-s' s.c2'
- 1.44 1.387 1.44 1.774 1.774
OH 1.45 1.39 1.436 1.791 1.785
oc(H)o 1.445 1.386 1.443 1.789 1.781
Bond length /A
Substituent
s | ez | cancar | cancst | csst o
- 1.402 1.428 1.409 1.404 1.737 1.774
OH
1397 1432 1.406 1.407 1.745 1.779
Oc(H)o 1397 1.432 1.404 1.403 1.744 1.776
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Table 7.39 Selected bond lengths of unsubstituted and substituted tetrathiophene ground state geometries at the
ADC(2) level

Bond length /A
Substituent
C2-Cc2' C2-C3 Cc3-c4 C4-C5 C5-S S-C2
- 1.449 14 1.42 1.392 1.729 1.743
OH 1.442 1.405 1.418 1.391 1.726 1.752
OC(H)O 1.446 1.404 1.415 1.39 1.729 1.744
Bond length /A
Substituent
c2'-c3' c3'-c4' Cc4'-c5' C5'-S' s'-C2'
- 1.401 1.414 1.402 1.746 1.745
OH 1.407 1.408 1.404 1.749 1.75
OC(H)O 1.404 1.409 1.399 1.746 1.745
Bond length /A
Substituent
C5'-C2” c2"-c3" c3"-ca” C4-Cs5" C5.s"” s".c2”
- 1.445 1.401 1.414 1.402 1.746 1.745
OH 1.44 1.404 1.412 1.401 1.751 1.746
OC(H)O 1.443 1.402 1.409 1.401 1.748 1.738
Bond length /A
Substituent
cs7.c2” | c2m-c3v | c3-ca™ | carcs™ C5'-s™ s".c2™
- 1.449 14 1.42 1.392 1.729 1.743
OH 1.443 1.401 1.421 1.388 1.731 1.745
OC(H)O 1.447 1.402 1.417 1.389 1.732 1.74
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Table 7.40 Selected bond lengths of unsubstituted and substituted tetrathiophene ground state geometries at the
Ccc2 level

Bond length /A
Substituent
C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
. 1.449 1.399 1.424 1.391 1.736 1.75
OH
1.441 1.404 1.422 1.39 1.734 1.759
Oc(H)o 1.445 1.402 1.419 1.389 1.737 1.752
Bond length /A
Substituent
c2'-c3' c3'-c4' Cc4'-c5' C5'-S' S'-C2'
) 1.4 1.418 1.402 1.754 1.753
OH
1.405 1.413 1.404 1.758 1.76
Oc(H)o 1.403 1.413 1.398 1.755 1.754
Bond length /A
Substituent
C5'-C2” c2"-c3" c3v.ca” car-cs” 55" §'.C2”
i 1.445 1.4 1.418 1.402 1.754 1.753
OH 1.438 1.404 1.416 1.401 1.759 1.756
OC(H)O 1.442 1.401 1.413 14 1.757 1.747
Bond length /A
Substituent
cs7-c2” | -3 | c3veca | carcs” | s §rca™
- 1.449 1.399 1.424 1.391 1.736 1.75
OH 1.441 1.401 1.425 1.389 1.737 1.753
Oc(H)o 1.446 1.401 1.421 1.389 1.739 1.748
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Table 7.41 Selected bond lengths of unsubstituted and substituted tetrathiophene excited state geometries at the
ADC(2) level

Bond length /A
Substituent
c2-c2' c2-C3 c3-ca ca-cs C5-S s-C2
B 1.416 1.419 1.41 1.399 1.73 1.758
OH
1.412 1.423 1.411 1.392 1.73 1.761
Bond length /A
Substituent
c2'-c3' c3'-ca' c4'-cs5' c5'-S' s-C2'
- 1.431 1.386 1.44 1.771 1.76
OH
1.434 1.387 1.443 1.778 1.779
Bond length /A
Substituent
-2 | ccs | cancar | carcsv c5h-s” -
. 1.393 1.431 1.386 1.44 1.771 1.76
OH 1.379 1.442 1.382 1.452 1.771 1.794
Bond length /A
Substituent
s | cmcsm | camcar | camcs” | csmsm | smcaw
- 1.449 1.419 1.41 1.399 1.73 1.758
OH 1.4 1.428 1.406 1.402 1.739 1.769
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Table 7.42 Selected bond lengths of unsubstituted and substituted tetrathiophene excited state geometries at the

Ccc2 level
Bond length /A
Substituent
C2-C2' C2-C3 C3-C4 C4-C5 C5-S S-C2
. 1.416 1.418 1.414 1.399 1.737 1.765
OH
1.414 1.422 1.415 1.393 1.736 1.768
Oc(H)o 1.412 1.423 1.411 1.394 1.739 1.767
Bond length /A
Substituent
c2'-c3' c3'-c4' Cc4'-c5' C5'-S' s'-c2'
) 1.429 1.391 1.437 1.777 1.767
OH
1.431 1.395 1.435 1.782 1.779
Oc(H)o 1.429 1.392 1.441 1.782 1.775
Bond length /A
Substituent
C5’-C2” c2"-c3" c3v-ca” C4"-C5” C57'-s” s.C2”
) 1.396 1.429 1.391 1.437 1.777 1.767
OH 1.39 1.434 1.392 1.441 1.778 1.791
OC(H)O 1.391 1.442 1.391 1.434 1.775 1.779
Bond length /A
Substituent
572 | c2-ca™ | cav-ca | cacs” | css SC2™
- 1416 1418 1.414 1.399 1.737 1.765
OH 1.405 1.424 1.41 1.402 1.747 1.773
Oc(H)o 1.412 1.421 1.411 1.396 1.744 1.766
Table 7.43 Selected bond length changes on excitation of oligomer substituents
Bond length change /A
Method
c3_0 O_H C3I_0I OI_HI c3ll_oll oII_HII cslll_olll OIII_HIII
ADC(2) -0.003 0.001 -0.022 0.003 -0.007 0.001
= -0.005 0.002 -0.016 0.003 -0.002 0.002
ADC(2) -0.008 0.001 -0.02 0.003 -0.019 0.003 -0.002 0
= -0.01 0.002 -0.016 0.002 -0.011 0.002 0.004 0.001
Bond length change /A
Method ’ 777 _ ”_ 117 _
€3-01 | 01-C6 | C6-02 | c3-01 ?:;,' c6-02’ | €37-01” | 01”-C6” | C6”-02” 231,,, ?:2,,, f)sz,,,
ADC(2) -0.004 0.007 -0.005 -0.008 0.009 -0.003 0.001 0.003 -0.002
2 -0.006 0.01 -0.006 -0.004 0.008 -0.003 0.003 0.003 -0.002
2 -0.003 0.009 -0.002 -0.011 0.008 -0.002 -0.013 -0.005 -0.002 0.002 -0.001 0.001
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