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Abstract

Using the dispersion corrected density functional theory (DFT-D/BY7D) approach,
we have performed molecular and solid-state caleulations to study the influence of

intra- and inter-molecular interactions on the bulk structure and the electronic and

optical propertics of fluorene-hased conjugated polymers. Tn particular, we investigate

the role of sic

hain length on the molecular packing and optical properties of poly

(9, 9-di-n-alkylfluorenc-alt-henzot hiadiazole) or FuB3T’s where nis the number of CHy

units in the alkyl side-

ains. The results indicate that for the FuBBT with longer side
chains, due to the signilicant inter-molecular interactions between the side-chains,
the packing of these polymers forms a lamellar structure. On the other hand, for

the FuBT with shorter side-chains, the cylindrical phase is more favorable and the

corresponding crystals are almost hexagonal, These different. packing structures can

he attributed to the microphase separations hetween the flexible side-chains and the
vigid hackbones and are in agreement with previous investigations for other hairy-rod

polymers [1. 2. In addition, as a result of the eflicient inter-chain interactions for

and BT units is redueed

the Tamellar structures, the dihedral angle between: the
by about 30° providing a more planar backbone which in turn leads to a deercase, of
about 0.2 ¢V and 0.3 ¢V, in the band gap of the lamellar structure relative to its value
for the gas and eylindrical phases respectively. Time-dependent DFT is also used to

study the excited states of the monomer of FuBT with various lengths of side chains.
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Chapter 1

Introduction

1.1 Conjugated Polymers

Since 1990, when the first demonstration of electroluminescence in conjugated (also
referred to as conducting) polymers (CPs) 3] was made, extensive theoretical and ex

tions have heen carried ont on the variety of the structures of these

perimental investig;
materials. CPs are 7 conjugated organic materials exhibiting high clectronic conduc
tivity when doped and show other optoclectronic properties such as electrochromism
1], electroluminescence [5] and large non-lincar optical responses 6. Many applica

tions have heen proposed for this class of polymers and some have been commercially

implemented in devices such as organic light emitting diodes 7], photovoltaic cells
(8] and field effect transistors [9, 10]. Tmproved performance of these devices /i

This effort. requires hetter knowledge of their

ferials is continually being sought
optoclectronic properties such as band gaps, band widths and energy levels and of

their transport propertics such as charge mobility and energy transfer. I turn, the in

igations of optoelectronic and transport propertics require the detailed knowledge

e

of CPs bulk, three-dimensional (3D) structures. For example, when the gas-phase



oligomer approach is used to predict optical band gaps in bulk polymers (with infinite

0.3 eV due to the neglect of the

chain lengths), solid-state values are too small by (.2

inter-molecular interactions [11]. For charge transport, the inter-molecular distances

and molecular orientations are key factors in determining the charge transfer rates

[12, 13, 14]

S|, 19]

From the structural point of view, CPs can e categorized as hairy-rod polyme
consisting of rigid back-hones and flesible side-chains. Dopending on the preparation
factors such as temperature and solvent, these materials can self-organize and form a
erystalline phases as well as the nematic and isotropic phases [1, 16 Typically. the
studied CPs bulk structures are in the form of films that are spun out of solutions.
In the dissolving process, side-chains increase the solubility of polymers by enhancing
their attractive interactions with solvent molecules. The resultant CPs hulk structure

is essentially controlled by strong intra-molecular interactions along the main chain

and weaker inter-chain interactions along the side-hy-side and -stacking |17, 18]

xt, in addition to their solubility effect. the length and

directions [1, 16]. In this conte

he morphology of side-chains can directly affect the molecular packing (aggrogate

formations) and consequently the bulk structures of CPs [1. 16]

The theory of microphase separation in polymer materials [1, 2, 19] predicts that

hains can form a lamellar structure consistin

hairy rod polymers with longer sid
of two alternating, microphase separated, domains made of the rigid hack-bones and
the flexible side-chains respectively. On the other hand, polymers with shorter side-

ample, hexagonal symmetry and

chains form crystal structures that can have, for ex
exhibiting side-chain interdigitation. Therefore, it follows that the bulk structure and

consequently the optical and electronic and transport propertics of CPs are highly



depend on the length of their side-chains [1, 2], This fact, that the length of side-chains

canaffect the solubility, solid-state packing, phase behavior and, hence, optoclectronic

properties and charge transport of the hairy rod polymers, has been well documented

and confirmed by numerous experiments [16, 20, 21, 2

Polyfluorenes (PEs), one of the most important classes of CPs [23], can be thonght of
as hairy rod polymers. They are known for having excellent quantum efliciencies, good
carrier mobilities and exceptional thermal and chemical stabilities [6]. Among the flu-

orene derivatives, poly(9.9-dioctylflunorene) (PFO). which is characterized in Figure

1.1, has received extra attention. It exhibits two main morphological formation

forred to as alpha and beta phascs, which can modify its photo-physical hehavior
They are the amorphous glassy phase (alpha phase), in which PFO molecules have
large torsional angles between the adjacent monomers, and the so called heta phase
with a high degree of organization and planar PO molecules. Particular cmphasis hias
focused on the so-called beta-phase, which shows enhanced luminescence, a character-
istic well-defined narrow absorption hand at 438 nm, and an unusually well-resolved
fluorescence. This phase potentially has major technologieal applications, including
Blue-light-cmitting diodes, optical switches, thin filn transistors, solar cells and lasers
However, in bulk phases such as thin films, the alpha-phase and heta-phase normally

coexist

The formation of PFO aggregates is due to both the attractive dispersive 7/ interac-
tions hetween the hack-hones and the type of side-chains cmployed in the polymers

For example, despite the similar chemical structure of the back-bones of PFO and

7-diyl) (PF2/6) (Figure 1.1), each exhibits dis

Ppoly(9,9-bis(2-cthylhexyl)-fluorene-

tinetive phase behavior and optical properties in the bulk form (23, The major
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PFO PF2/6

Figure 1.1: Chemical structure of PFO and PF2/6.

difference between these polymers is in their side-chain morphology; while PFO has

linear side-

hains, PI72/6 has branched side-chains,

I addition to the physical modifications on the side-chains, chemical alterations to the

wain chains of PE also provide important mechanism for fine tuning electronic and

wimber of the alternating

optical properties for these materials [214]. In a Figure 1.2
copolymers of PF are shown which emit. the fluorescence colors i the full visible

spectrum

Poly (9. 9-di-n-octylfluorenc-alt-henzothiadiazole) or FSBT, shown in Figure 1.3, is
a P derivative with alternating octylfluorene (F8) and benzothiadiazole (BT) units.

FSBT is considered to he agood clectron-transporting polymer material

28], Due to this property, blends of FSBT with hole-transport. CPs have been used

extensively in organic light emitting diodes and organic photovoltaic cells to balance

their carrier mobility and consequently to improve their efficiencies [29, 30]



Fignre 1.2: Position of the fluorescence colors of several PE co-alternations in the
visible spectrum [21]

Fignre L3: Chemical Stracture of FSBT



Many general (system non-specific) computer simulations to model charge transport

i CPs have been earried out (see. for example, roferences [31, 32, 33]). The theoreti-

cal/computational approach applied to conjugated polymers is a promising aid in the
synthesis of materials with the highest efficiency. These investigations involve many
methods, from the empirical mean field simulations to ab initio methods. Numerous
quantum mechanical investigations of optoclectronic properties for PFs and deriva-
tives, primarily based on acenrate methods such as density functional theory (DFT).
were performed on isolated oligomers and polymers in an idealized settings. However,
most experiments are performed in solid state and/or in solutions (on specific molec

ular systems), henee solid-state and solvent effects must he taken into account when

computing band gaps and other electronic and transport: properties [31]

1.2 Current Research

The main objective of this work is to study the molecular strnctures of the (inli
nite) one-dimensional (1D) and 3D erystals of & cortain class of fluorene based (c.g.
co-alternating fluorene and oxadiazole, and/or fluorene and benzothiadiazole) poly

mers and oligomers and then to determine their corresponding optical and electronic

properties. We nse the dispersion corrected DET 61, 62, 70, 71] (D D) that,
in principle, should take into account the long range intermolecular interactions in
these solid state caleulations. We focus on obtaining detailed knowledge concerning,
the mechanisms involved in- the intra- and inter-molecular interactions hetween: the
back-bones and side-chains in the bulk phases of PEs and their co-alternating deviva

ives. Next, we discuss how the molecular packing can alter the eleetronic and optical

properties of this class of polymers. The obtained results can be of great interest (o



experimentalists (e.g. for construction of electronic devices) and others,

The outline of this thesis is as follows: Chapter 2 presents the basic concepts of

Hartree-Fock (HF) and DFT methods and the theoretical treatments for periodic

systems by using these methods. Tn Chapter 2 we also give an overview of the hasic
concepts behind time-dependent DET (TD-DFT) method. Chapter 3 presents the

computational defails of Gaussian09 caleulations. The major parameters such as

the theory level and DFT functionals used in optimization and single point energ

calenlation are discussed in Chapter 3.

Chapters 4 and 5 discuss the results of the molecular and the solid state (that involves

boundary condition (PBC)) calenlations for PF and different PF derivatives

periodi

In Chapter 4, first the reason for needing to employ the dispersion corrected DI
method in our 3D solid state studies is discussed. Most of the caleulations in Chapter
I are carried out for PEs, The results from Chapter 4 are then used to direct the
rescarch to investigate the role of side-chain length on the erystal structure of FSBT
hat is, Chapter 5 deseribes the effect of side-chain length on the bulk structure
and electronic and optical properties of FSBT. Finally, Chapter 6 summarizes the

conclusions of this thesis,



Chapter 2

Theoretical Framework

Over the past 10 years, DFT based approaches have been widely used in the quantum
mechanical computations in molecular and periodic systems as well as the computa
tions of the potential energy surfaces (PES) in single molecules, This chapter presents
the basie concepts underlying DET methods and a general approach adopted for the
abinitio study of the electronic structure of periodic systems. This is followed by the

description of TD-DFT method used to study the excited states of molecules.

2.1 The Solution of the Sc

rodinger Equation

Molecular orbital (MO) theory, is primarily concerned with finding an acenrate soln
tion of non-relativistic Shridinger equation in order to obtain the ground and excited
state energies and consequently the electronic properties of atomic and moleenlar
systems [35. 36, 37 By applying the Born-Oppenheimer approximation in which
due to the larger mass of a nueleus compared to an electron, the motion of nuclei
is assumed to be fixed, the non-relativistic clectronic Sehridinger equation in the

time-independent form is given as follows:



HW(ry va,vw) — By, N) (2.1

where #H is the Hamiltonian operator, W s the wavefunction and 77 s the total cnergy
of the system. With the use of the Born-Oppenheimer approximation, the Hamil-

tonian operator, for a system of N electrons, then consists of a sum of three terms:

and the electron-

the kinetic energy, the interaction with the external potential, fy.
clectron interaction:
1 AREL 1
H=— e+ —— (2:2)

T

T'he external potential is simply the interaction of the electrons with the atomic nuclei:

g ¢

ron mass, clectron charge,

In the above equations, the constants such as the ele

Planck’s constant and the permittivity of free space are assumed to be 1. Also,

the coordinate of electron i and the charge on the nucleus at R, is Z,

The Equation 2.1 is solved for a ¥ subject to the constraint that the W is antisymmetric
with respect to the interchange of the coordinates of the clectrons. In the Hartree-

Fock (HF) theory, W can be approximated by a HE wavefunction which can he written

as an antisymmetric permutation of a product of a set of (occupicd) single clectron
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functions. ¢; (i goes from 1 to N), each of which depends on the coordinates of an

electron and which can be succinetly written as a Slater determinant [38]

1
Wy det [Py
A [r¢ba-..on]

where the factor s ensures the wavefunction is normalized. Note that the spin coor

dinates are omitted here and thronghout this chapter to simplify the notation and to
concentrate the discussion on the main features of quantum mechanical computations.

Given the electronic Hamiltonian, H. and the clectronic wavefunction, W, the average

total energy is given as the expectation value of H [39], that is:

] /\m.u— (v #|w) (2.5)

where dr stands for spatial coordinates dadydz for all electrons. The notation W]

cmphasizes the fact that the energy is a functional of a wavefunction. The lowest

cnergy alue, Fy, and the corresy o ground state wavelunction, Wy, may be

vefunctions for the one that minimizes the total

found by scarching all possible we

cnergy. Also, the probability density of finding clectrons with any particular set of

coordinates in the ground state is [Wy|

The minimization of the total encrgy s typically performed using the variational
method. For the ground state, the variational theorem states that the energy is

higher than that of the ground state unless W corresponds to Wy [40], that is:



2w > (2.6)

In the HE approximation, the HE energy, e, is defined as the expectation value of

the non-relativistic Hamiltonian for Wy,

u,'(r)fv}r),;;( ¢; (1)

drdr’

frv

)
drdr’.

L [ 61 (0) (1) 01 () 0}
[

The second and the third terms are respectively the classical Coulomb energy and

ange energy written in terms of the orbitals [40]. 1t should be noted that

the the excl
the exact wavefunction for the ground and excited states of N-clectron system can be

ectron Slater determinants formed

written as a linear combination of all possible N-el
from a complete set of (spin) orbitals {¢;}. The HE energy expression (in Equation
2.7) neglects the energy contributions that arise from the exact wavefunction beyond
the HE approximation. These neglected contributions are collectively referred as
correlation energy (since the motion of electrons with opposite spins is not correlated

in the HE approximation)

Inorder to find the HF ground state orbitals, we need to apply the variational theorem
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to this energy expression under the constraint that the orbitals are orthonormal. This

leads to the HE (or the self-consistent ficld (SCF)) equations:

where the non-local exchange potential, vy is such that:

b (') du(r')

S

dr’ (2.9)

N ()
[exte o @y~ -y | #(c)
f

The HF equations describe electrons under the influence of amean ficld potential
consisting of the classical Coulomb potential and a non-local exchange potential. It
neglects the interaction between the electrons with the opposite spins. As stated above
the difference between the exact non-relativistic (ground or excited state) energy and
the HF energy is often referred as the correlation energy. Inaddition, the computa-
tional cost of this approximation is very high and scales quickly with the number of
clectrons treated. This mainly due to the fact that the aceurate solutions require a
sood description of wavefunction’s spatial variation especially near the nuclei. This
means that a large basis set is required for the HF wavefunction which adds to the

CPU requirements for practical ealeulations.

2.2 DFT Method

Beyond HF method (which was first introduced by Hartree in 1928 [11]). many corre-

lated methods have been developed for molecular caleulations such as Moller-Plesset




(MP), confignration interaction (C1), coupled cluster (CC) and DET methods |

The DET is amongst the most widely used and computationally accessible post-H1
approach that includes the electron correlation. The main variable in DFT is the

electron density p— W[ rather than the electronic wavefunction W [13, 14, 15]

2.2.1 The Hohenberg-Kohn Theorems

In 1964 Hohenberg and Kohn postulated two theorems that formed the foundation of

DET [16]

The first theorem proves the existence of a unique ground state energy for
an N-electron system, that is, it states that the ground state energy of an N-clectron
systenn is a unique functional of the ground state clectron density. p. moving in the

presence of a corresponding external potential v (r).

Fu = E|o] /',,,;.\.(r),/.w/f\,,\. 2.10)

where I is the universal functional of p which contains kinetic, the classical Coulomb

and the exchange and the correlation energies. T other words, the electron density is
uniquely determined by the external potential. From this statement it inmediately
follows that the electron density uniquely determines the Hamiltonian operator and
consequently the wavefunetion and encrgy and all other eleetronic propertios of N

electron system.

The second Hohenberg-Kohn theorem uses the variational principle to state that the

ol is a minimum for the ground state density gy, that is, for any positive definite

trial density, pr, such that



)dr — N (2.11)

then

Elpy

> B |l

(2.12)

where Fy is the electronic ground state energy of the system. In its initial form,

this theorem restricted DFT to studies of the ground state (since its introduction
in 1964 DFT has been extended to many other applications such as excited state

computations, systems with finite temperature etc).

The variational principle can be writien as:

OB [0]

7S n=0 (2.13)

where g is the Lagrange multiplier that accounts for the constraint that the integrated
density over all space corresponds to the correct number of electrons and is the elec-
tronic chemical potential of the N-clectron system. When Equation 213 is solved,
the gronnd state energy and density correspond to the minimum of the functional

,

Jlol

The above discus

ion establishes the remarkable fact that the universal functional

F[p] exists, i.c. it does not depend on the external potential, v which represents the
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particular system of interest. If the form of 17[p| were known, in prineiple it conld he
inserted into the Equation 2.13 which could he minimized to obtain the exact ground

state density and energy.

2.2.2 The Energy Functional

From the Schridinger equation (Equations 2.1 and 2.2), we can see that the energy
functional contains three terms— the kinetic energy. the interaction with the external
potential and the electron-clectron interaction and so we may write the total energy

functional as

Elpl = Flpl + Vealpl (2.11)

where we define P[p] as follows:

Flpl = Tlpl + Velpl (215

T'he interaction with the external potential is given by

Veulol /]‘.\.m-m-. 2.16)

The kinetic and electron-clectron funetionals are nnknown. 1f good approsimations to

these functionals could be found, direct minimization of the energy would he possible,

Kol and Sham proposed the following approach to approximating the kinetic and
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clectron-clectron functionals [47]. They introduced a lictitions system of N-non-
interacting electrons to be described by a single determinant wavefunction in N "or-
bitals™ ¢;’s. In this system the kinetic encergy and electron density are known exactly

from the orbitals:

- 1 017
Tilpl = =5 3 (4 | V2 | ) (217)
25
and
) L‘u,‘J (2.18)
=
1t follows then that the exchange-correlation functional has the form
Eylpl = Flpl = Tulpl = Eulpl. (2.19)

assical Coulomb energy (given by second term in Equation 2.7)

where Eylp] s the

Equation 2.19 is simply the error made in using a non-interacting Kinetic energy

and in treating the electron-electron interaction classically. Writing the total ene

in terms of the density built from non-interacting orbitals and

functional explicitly
applying the variational theorem, we find that the orbitals which minimize the energy.,

satisfy the following single particle equation



[ p(r')
2 =

i
4
o)

A’ 4 v ()] (1) = Goy(r) (2.20)

in which we have introduced the local multiplicative potential which is the functional

derive

tive of the exchange-correlation functional with respect to the density

OByl

Uxe(r) )

(2.21)

This set. of nonlinear equations (so-called Kohn-Sham equations) [17] describes the
behaviour of N-interacting electrons in an effective local potential. For the exact
functional and thus exact local potential, the orbitals vield the exact gronnd state

density via Equation 2.18 and exact ground state energy via the use of Equation 2,19

hese Kohn-Sham equations have the same structure as the HE equations with the
non-local exchange potential replaced by the local exchange-correlation potential v,
Note that as stated above 12, contains an clement of the kinetic energy and is not
the sum of the exchange and correlation energies as they are understood in HE and

correlated wavefunction theories.

The Kohn-Sham density functional theory is an empirical methodology in s sense
that we do not know (and have no way of systematically approaching) the exact fund
tional (however, the functional is universal it docs not depend on the materials
being studicd). Since the form of the exchange-correlation encrgy functional is un
known, varions approximations are used for £, such as local density approximation

(LDA) functional [48] (or local spin density approximation (LSDA) functional [50]),
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the generalized gradient approximation (GGA), hybrid funetional approach [19] and

others,

The LDA can he considered to be the zeroth order approximation to the semi-classical
expansion of the density matrix in terms of the density and its derivatives. Typical

form of a LDA is:

welrl / elplp(r)de

where ¢ is the exchange correlation energy for a homogencous electron gas with

density p [51].

A natural progression heyond the LDA (or LSDA) is to include gradients of the density
p. which is referred to as the gradient expansion approsimation (GEA) in which first

order gradient terms in the expansion are included [52] in the 72,

10l / Peelp. Vpldr. 2.23)

I the hybrid functional approsimation, the exchange functional is taken as s linca

combing

ion of the exact HE exchange energy and a DT exchange functional of the

density and the density gradients [53], henee By can be written as

Fisiria — P+ e Py
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where the ¢ and e are adjustable coeflicients.

In this work, we used one of the most popular hybrid functionals, B3LYP[51] (the
so called Bocke's three parameter hybrid functional[3]). B3LYP functional has the
form(54]: BBLY P = 0.2+ XHF 4 0.8 XS+ 072 XBSS 4 0194 VIV 1 0.81+LY 1
where XHE,

S. XBSS are the HE, Dirac-Slater, BeckeS8 [56] exchange functionals
and VWN, LYP are Vosko, Wilk, Nusair [57] (i.c.. VWN functional T not functional

V [54]) and Lee, Yang, Parr [58] correl

ation functionals. In other molecular cases,

we used the (nonhybrid) generalized gradient B97

9] or the empirically dispersion
corrected BITD [60] exchange-correlation functionals i the DD computations
The latter (BI7D) was developed and recently reviewed by Grimme [70, 71, Tnah
initio caleulations, DIT-D approach has heen proven accurate for the deseription of
non-covalent. interactions hetween organic molecules. These inter-molecular interac

tions are type of forees acting between atoms and molecules due to the instantancons
dipole-induced dipole forees, also referred to as Van der Waals or dispersion or London
forces. The use of the dispersion corrected DE'T i appearing increasingly more often

in the literature [61, ¢

The total energy for a system at this level of (dispersion

corrected) theory s given by

Fuotar = Foper + Faigy

Egigp = CR™® (2.26)

where, in the above case, the dispersion correction is obtained from semicmpirical
treatment of non-honded, inter-molecular interactions and directly affects the equi

libritm nuclear geometry.
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2.3 DFT Approach to the ab initio Quantum Me-
chanical Study of Periodic Systems

Civen the chemical composition and the erystalline structure of a periodic system

the aim of ab initio computational methods is to caleulate its chemical and physical
properties as accurately as possible at a reasonable cost. Therefore, an efficient com-
putational scheme must be able to manipulate this information cconomically with
vegard to CPU time, storage requirements and the number of input /output oper-
ations.  In addition the algorithms should be simple and general enongh to make

accumulation and transfer from one program to another casier [63].

In general, MOs are represented as linear combinations of one electron functions:

With fow expectations, the basie ingredients in solid-state applications for the con-

struction of the basis-set functions, 6, are plane waves (PW) and/or Gaussian type

orbitals ( )). The basic advantage obtained from the nse of PWs and GTOs is

related to the fact that they make the computation of integrals in dircct and/or re

ciprocal space relatively casy. Tn this work, we employ GTOs as basis functions
In Ganssian based molecular computations, the GTOs are constructed as a linear
combination of Gaussian primitives (v,’s) which are products of spherical harmonies
Yiu(0.¢) and radial functions R(r)’s for which the basic form is B(r) — rleep(—ar?)

163]



”
D(r) = 3 djgy(r) (2.28)
i
where
g;(r) = g(rsa.lm) = 'Y, (0, (2.29)
With a suitable choice of d;’s, the contraction coellicients, and s, the exponents,

racteristics.

one can prepare hasis functions which have the good f

In solid state applications, a finite number (p) of GTOs are attributed to the various

'Os are then associated with all transla

atoms in the reference zero cell. The same
tionally equivalent atoms in the erystal with the translational vector T, In total, we
have Np GTOs, where N is the mumber of A-points and from which we can constrnet

Np Gaussian-type Bloch orbitals:

D(eik) = 0, (e~ A, — T)exp(ik - T): (1 k=L N)(230)
T

T other words, with the nse of Bloch theorem [63], the GTOs are transformed into

(COs). Tn the above cquation, A, denotes the coordinate of the

“erystalline orbi

wclens on which g, is centored.

I solid state physics, the energy bands are formed by splitting the atomic energy

levels when the atoms approach one another in a crystal or a polymer [61]. The hand



ap (Fy) is then defined as the energy required for one electron to jump from the
top of the valence band o the hottom of the conduction band. Tn addition to the solid
state approach, the band gaps can e approximatly estimated as the encray differences
between lowest unocenpied molecular orbital (LUMO) and highest oceupied molecular
orbital (HOMO) eigenvalues in MO or DFT caleulations. In this work, we use hoth

definitions, as derived from solid-state and molecular orbital theories, to caleulate

2.4 Time Dependent Density Functional Theory

TD-DFT is an extension of DET. Tt uses the fact that the time-dependent wavefune-
tion is equivalent to the time-dependent electronic density. The formal foundation of
TD-DFT s the Runge-Gross (RG) theorem (1984) [65]  the time-dependent analogne

of the Hohenberg-Kohn (HK) theorem (1961) [16]

“The approach of Runge and Gross considers a single-component system in the prescnce

of a time-dependent scalar field for which the Hamiltonian takes the form:

H(D| (1))

Again, the Hamiltonian consists of three terms: the Kinetic energy operator, the
electron-clectron interaction and the external potential which along with the mumber
of electrons defines the system. In a similar way, the external potential contains the
electrons” interactions with the nuclei of the system. In addition, for non-trivial time-

dependence, an additional explicitly time-dependent potential can arise, for exam



ple, from a time-dependent electric or magnetic field. The many-hody wavefunction
evolves according to the time-dependent Sehridinger equation under a single initial

condition,

[(0)) ) (2:2)

Employing, the Sehrdinger equation as its starting point, the Runge-Gross theorem

shows that at any time, the density is wniquely determined by the external potential

This is done in two steps: assuming that the external potential can be expanded in a
Taylor series about a given time, it is shown that two external potentials differing by
more than an additive constant generate different current densities. Employing the
continnity equation, it is then shown that for finite systems, different current densitics

correspond to different electron densities [65]

Ihe most popular application of TD-DET is in the caleulation of the excited states

energies of isolated oligomers [66, 67, 68]. Such calenlations are based on the fact that

the Tinear response function, that determines how the electron density changes when
the external potential changes, has poles at the exact excitation energies of a system

[69]



Chapter 3

Computational Details

All electronic structure caleulations were performed with Gaussian09 54 package
available on the computer cluster (Placentia) at the Atlantic Computational Excel
lence Network (ACEnet) facilities. The DET-PBC calenlations in 3D, with unit-cells
with multi-atom basis, are very CPU (Central Processing Unit) and RAN (Random
Access Memory) intensive. For example, typically for geometry optimizations, it takes
about a month for these caleulations to he completed on 4 CPUs. This means that

et is essential to signilicantly decrease the

the parallel processing capability of ACE
time required for the completion of cach job. The average CPU usage for this projoct
is 1 CPUs per job and the requirement of the memory is 1800-2000 MB for each C'PU

We also took the advantage of the no-quota seratch (ngs) space for jobs with large

serateh files,

the ofigomer form or in

For a mumber of geometry optimizations of the structures
1D solid state caleulations [63], we used one of the most. popular hybrid functionals
B3LYP [54]. In other molecular optimization cases, the (nonhybrid) generalized gra-

dient BOT [59] or the empirically dispersion corrected BITD [60] exchange-correlation

24



functionals were used. The main reason for choosing BO7D functional is hecanse of

| in the crystal

the demonstrated importance of the (non-covalent) dispersion forees

s i Chapter 2).

packing of conducting polymers (see the description of London fore
Therefore, to optimize the structures in bulk form we used BI7D functional [60]. Tn
Chapter 4, we discuss in greater detail the importance of the inclusion of the dispersion
forces in the computations by comparing BI7D an BT functionals in a non-honded

fuorene systems.

set 6

The basis set used in this work is the polarized split-valence (double zeta) by

G (which uses one contracted

31G(d). 1t is the expanded version of split-valence
function for Is and three contracted functions for 25 and 2p orbitals for the first

oms, sce Chapter 2 Section 2.

for discussion) that takes into account the

row
polarization effect by including d polarization funections (defined as finctions of higher

angular momentum than the occupied atomic orbitals) in the basis set [51]

For the solid state caleulations [63). we used the PBC keyword [3] i the input
file of the Gaussian softwarc. The PBC-DFT method employs GTOs that, with
the use of Bloch theorem [63], are transformed into COs. The calenlation of enerpy
per unit cell and the optimization of the periodic system use a redundant internal

7). For the

coordinate algorithm which was developed by Kudin et al. [71. 75, 76,

PBC caleulations the translation veetor(s) are required to be appended to the molecule
specification, indicating, the replication direction(s). Also because of the large size of
the molecule in the unit cell, only the ' point was chosen to sample the first Brillonin
zone in 3D solid state caleulations. Previous investigation of similar fhiorene-hased

polymers has shown that becanse of the large molecular hasis the electronic hand

and the band gaps at the

structure of these conjugated polyiers is nearly flat
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I (k= 0) point and at the Brillouin zone houndary are nearly equal. Therefore,

I point was deemed suflicient, for o 3D solid=state computations. In the 1D solid
state (less computationally intensive than 3D) calenlations typically larger mmber of
k points were employed. For the purpose of displaying the band structure of 1D I,
we nsed the keyword 10p(5/103--1) which allowed us to output the five ocenpicd
and unoceupied cigenvalues as a function of & points. In PBC caleulations the 1,
is obtained as the minimal energy difference between: the highest occupied crystal

orbital (HOCO) band and the lowest unocenpied erystal orbital (LUCO) hand.

In the moleculs

approach the F,,, is determined as the difference between the HONO
and the LUMO cigenvalues. In this thesis. these differences were primarily obtained
from the single point energy caleulations, mainly discussed in chapter 5 for the strue-
ture of poly (9. 9 - di-n-alkylfluorene-alt-henzothiadiazole) or FaBTs (where nis the
number of CHy units in the alkyl side-chains). performed on the (solid-state) geome

tries of the monomers with different (1) lengths of side-chains which were optimized

with the BY7D functional in 3D [60]. Also in Chapter 5. in addition to obtaining
bulk structural information of FuBT's, we analyzed their intra-molecular interac

tion energies (with the use of opt—modredundant keyword) by performing a fully
relaxed PES scans. The relaxed PES scan performs a geometry optimization at cach
step while maintaining the scanned variable constant. Ou the other hand, the inter-
molecular interaction energies were analyzed by carrying out rigid scans for different

I they

s are much casier to perform althor

inter-molecular distances. Rigid PES

can be less informative in terms of a real dynamic process. In the case of a vigid

sean, the sean keyword must e used and the molecular structure must be defined
wsing Z-matrix coordinates (after a blank line, the mmber of steps and step size for

cach variable are specified on the variable definition lines, following each variable’s



initial value). To find the excited states of onr ground state structures, we performed
TD-DFT/B3LYP [78, 79, 80, 81, 82| calculations on the monomers of the different

sonal and

optimized structures (corresponding to gas phase, and representative hex:

lamellar structures)

Tn order to obtain the optimized structures we used the keyword opt in the (Ganssian )
input files. All molecular and PBC structures were fully geometry optimized to reach
the minimum energy state on the PES for the ground state. This condition is satislied
when the first order gradient of energy with respect to the nuclear coordinates is
zero. In Table 3.1, the criteria for the SCF convergence are shown. The maximum
component of force and the root mean square (RMS) of the force as well as the
caleulated displacement and the RMS of the displacement for the next step shonld

be below the threshold values

1] as indicated in Table 3.2 for the caleulation to he

terminated.

Table 3.1: The eriteria of the SCF convergencee.

Threshold
0.00045 (N)
0.0003 (N)
0.0018(R)
0.0012(A)

Item
Maximum Foree

Maximum Displacement
RMS

To generate the input file and to display and measure the quantitios of the ontput

geometries we used GanssView 4.1.2 visnalization software [84]. The UV-Vis spectra

were caleulated using the SWizard program, revision 4.6 [83]. The half-bandwidths,

were taken to he equal to 3000 e ' Tnorder to find the inter-molecular distance
in onr moleeular investigation, we nsed Nonlinear Regression Analysis Program (N1

REG) software which uses the least squared distance approximation to fit a plane



to set of points in 3D. The distance hetween the two plancs were obtained as the

inter-molecnlar distance. Also ACD/ChemSketeh (Freeware) 12.01 was used to sketeh

the structur

. Wolfram Mathematica 7 was used to plot some



Chapter 4

Structure and Electronic
Properties of Fluorene Derivatives
in Oligomer and Solid-State

Systems

In this chapter, first we investigate the accuracy of the semicmpirically dispersion
corrected DFT method (DFT/BI7D) by determining the structure and energy levels
of fluorene hased conjugated oligomers and polymers. To this end, a comparison has
been made between the stable structures and the HOMO and LUNMO energy levels of
fluorene and fluorene derivatives obtained with this method (DFT/BI7D) and thosc
obtained using pure DFT methods with cither BO7 and B3LYP functionals. Both of
these are, i turn, compared with experimental results when available, T addition
by comparing the results of the energy levels, we also illustrate how the intra- and

inter-molecular interactions in solid-state structures can influence the values of 12,,,'s.

Finally, we investigate the effect of flexible side-chains in the formation of the bulk
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structure of P,

4.1 The Importance of Dispersion in Molecular Cal-
culations

In order to investigate the effect of dispersion included in the DFT-D approach. we

carried out molecular calenlations for a fluorene dimer cluster using hoth BT and

BY7D functionals. We performed rigid potential energy scans as a function of -

stacking distance, d, for two fluorene monomers oriented parallel relative to cach

other. The results of these scans are plotted in Figure 4.1, One of the curves was
determined using DFT/BIT7 and the other DFT/BI7D approach (in both cases the
rigid scans are performed on the monomers whose geometries were optimized with

BI7D functional and later kept fixed when  was varied).  The comparison of the

two curves in Figure 4.1 clearly shows that the semicmpirically corrected dispersion
functional, BOTD, results in a physical deseription with a specified stable point whereas

BOT does not lead to a minimim

The MOs for the two optimized (with BY7 and BI7D functionals) fluorene clusters
are shown in Figure 4.2, While the inclusion of dispersion correction affects the
cquilibrium (nuclear) geometry directly, it also has an indirect effect on the clectronic
(SCF) DT caleulations since these calenlations are carried out on the dispersion
corrected (modified) geometries. This observation is confirmed in Figure 4.2 which
shows that when BIT functional is used the optimized structure has the planes of
fluorene units shifted relative to cach other in such a way that they overlap very
little. - As a result of this reduced overlap, the corresponding MOs of the shifted

fhuorenes display very little inter-molecular interactions. In turn, when BO7D is used
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Figure L1: Rigid scan of energy versus inter-molecular distance for non-honded flu-
orene monomer configuration (the inset of the fignre) nsing DFT/BY7 (left) and
DET/BYTD (right) functional
DET/BITD values)

smetry of the monomers is fixed at the optimized

the optimized structure has the planes of Huorene wnits on top of cach other and
the cluster is more packed in the 7 stacking configuration. The results of this small
study cleary illustrate the importance of using dispersion corrected functionals such

as BITD when determining bulk 3D structures,



Figure 1.2 Top molecular orbitals obtained for a clu

optimized with DFT/BY7 and DFT/BITD functionals

LUMO+

ol two Hluorenes that were

as indicated on the figure
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4.2 B97D versus B3LYP in Solid-State Calcula-
tions - F,,, Determination

B3LYT is one of the most popular functionals to model the electronic structure of
organic polymers. In this section, we make a comparison between the obtained geome-
tries and energy levels for the PEF structures optimized in 1D solid state caleulations
with B3LYP and B7D approximations. The goal is to determine the optimal useful-

ness of these functionals in the solid state studies.

The structure of PF with fluorene dimer in the unit cell (Figure 4.3 (a)) was opti-
mized in 1D using B3LYP and BI7D. This structure can be considered as a gas phase
structure of PF,sinee no inter-chain interactions are included. Table 4.1 clearly shows
that the best result for the F,,, of PF is obtained when the single point energy 11D

PBC-DFT/B3LYD caleulation is performed on 1D PBC-DF

BITD optimized geon-
etry (1D instead of 3D was used for simplicity in this case and for better comparison
with experiment which uses optical data in dilute solution [86]) which is labeled ais
B3LYP/BITD. BILYP/B3LYP gave a similar result as BILYP/BO7D within the one
decimal point accuracy when compared to the experimental result. The BI7D/BITD

and BOTD/B3LYP caleulations were off by nearly 1 ¢V

To test these functionals further, the same caleulations have heen performed for other
flnorene hased polymers such alternating fuorenc-oxadiazole copolymers or Oxkn
(n—1.2), whose respective chemical structures are shown in Figure 4.3 (b) and (¢)
Their results are summarized in Table 4.2 and Table 1.3 vespectively. Comparing the
results with the experimental values of 1P, EA and Fy,, for PFOx which are in the

crystalline phase [87]

u considering that in the erystalline phase the band gap
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is reduced by 0.2-0.3 ¢V, we conclude that although the obtained geometries of the

structures are pretty similar for the two functionals, the B3LYP/BI7D approach

the energy levels that give best agreement with the experimental results for 12,

Comparisons between the geometries of the optimized structures (with BIT and BO7D

s summarized in the three tables (Tables 1.1-1.3) indicate small differ-

functionals
ences between the two structures corresponding to the two functionals in cach of the
three cases. It will be shown in Chapter 5 that this will be the case for FuBTs as well
Therefore, it can be concluded that even though BI7D is appropriate for obtaining
gas phase and solid state optimized geometries, it seems to underestimate the HOCO
energy level of organic conjugated polymers. Therefore, to obtain aceurate 1,,,'s

LYP functional on the solid state BO7D optimized

it is more appropriate to use B33

geometries.

Table 4.1: Comparison of various encrgy parameters (ionization potential (IP), clec-
tron alfinity ( wap) Obtained in single point encrgy 1D PBC-DFT ealeulations
using DET functionals as indicated in the first column for PI (without side-chains)
The first column indicates the DFT functionals employed in fully optimized 1D PBC-
DET caleulations to obtain geometry parameters (of which two, translational vector
(TV) and torsional angle (TA) between monomers are included in the table) used in

the single point energy computations.

Opt Method | TV(A) | TAC) | Single Point Method | P (V) | EA (eV)
B3LYP 16.9 116 B3LYDP 5.02 1.60
BYTD 110 2.08

BYTD 16.9 [BE} B3LYT 5.02 161 338

BOTD 110 211 2.29

Expt. | ) [ e [ 3®
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Figure 1.3: Molecular strueture of (a) PEC(h) OxFTand (¢) OsF2 it cells in 1D
(withont side-chains)



Table 4.2: Comparison of IP, (EA) and F,,,, obtained in single point energy 1D PBC-
DEFT caleulations using B3LYP and BO7D functionals for OxF1 (without side-chains).
The first colummn indicates the DFT functionals employed in fully optimized 11D PBC-

" caleulations to obtain geometry par:

weters (of which two, translational vector
(TV) and torsion angle (TA) are included in the table) used in the single point encrgy
computations,

Opt Method TV(A) | TA(") | Single Point Method | IP (oV) | EA (¢V) Byap (eV

T B3LYD 1.9 180 B3LYT 006, 3.22
BITD 191
BYTD 19 | 180 B3INT 5A1 |
BYTD 1.8

6.0

xpt. [§°

4.3 Gas Phase and Cluster Molecular Computa-
tions

In this section, we investigate the effect of intra- and inter-moleenlar interactions on
the geometry and energy levels of the optimized Huorene structures (in gas phase and
in clusters) by performing molecular DFT/B97D caleulations. For the cluster strie-
tures, the dependence of the inter-moleenlar distance on the torsional angle hetween

the fluorene units is also investigated,

4.3.1 Gas Phase Fluorene Monomer and Dimer

The fluorene molecule, characterized in Figure 1.4 (a). s the building block of the
struetures investigated in this thesis. Tt contains two benzene rings which are coplanar
with the central carbon atom in the molecule [88]. Starting from this structure,
the structure of fluorene dimer can be obtained (making sure that it satisfies the

inversion point symmetry as required by the long range translational space invariance,



Table 4.3: Comparison of I, (EA) and £, obtained in single point energy 1D PBC:
DEFT caleulations using B3LYP and B97D functionals for OxF2 (without side-chains)
The first columun indicates the DET functionals employed in fully optimized 1D PBC-
DET caleulations to obtain geometry parameters (of which two. translational vector
(TV) and torsion angle (TA) are included in the table) used in the single point energy
computations

Opt Method | TV(A) | TA(*) | Single Point Method | 1P (V) | I

B3LYP 200 | 131 B3LYD 5l
BYTD

BITD 2000 | 13 [ B3NP
BITD

“Expt. [57]

see Figure 4.4 (b)) Tn a similar way, the number of alternating cooligomers and

copolymers with different physical properties can he obtained by honding different
wolecules to the fluorene moleeule (for example see Figure 1.2). For these structures,
the intra-molecular interactions along the chain essentially determine the electronic
propertics of the oligomers and polymers in 1D.

1t is knownn that £, for a polymer can be extrapolated from finite oligomer calcula-

tions since in the limit of infinite mumber of monomers in the oligomer the polymer

molecular infer-

limiting value can be reached. As an example of the effect of i

a
actions on the energy levels of the Huorene oligomers, we used BI7D to optimize the
structures and to find the HOMO, LUMO and £, of fluorene monower and dimer
I the Table 4.1 the results are compared with those obtained from 11 PBC-DIT
calculations for PF (see Table 4.1) and the experimental value. A comparison hetween
the values indicate that the value of F,, is reduced as the mumber of monomers is
increased. However, this decrease is too much since when the values are extrapolated

to the infinite chain length (using the so called oligomer approach), BITD is again



Figure Ll Moleenlar stracture of asingle (a) fluorene monomer and (b)) flnoren

dimer
shown not 1o he very useful in predicting an accurate £,

torsional

It should be noted that for the optimized structure of fluorene dimer ther

angle of 116" hetween the altermating wnits which as we see i the following sc
direetly affects the encrgy levels and therefore the electronic and optical propertios of

the fhnorene based polymers



Table 4.4: The HOMO. LUMO and £,
1D PF using BY7D/6-:

o of the fluorene monomer, fluorene dimer and

1G(d) compared to the experimental values

tructure | HOMO (V) |1

Florene

Byap (V)

Fluorene Dimer
Infinite ‘I),I)I“,

4.3.2  Non-bonded Fluorene Monomer and Dimer Clusters

To investigate the inter-molecular interactions between the fluorene molecules, the

structure of two non-bonded anti-paraliel fluorene monomers (2F1) (Figure 1.5 (1))

and two non-honded anti-parallel fuorene dimers (2F2) (Figure 45 (1)) were opti-

mized at BITD/6-31G(d) level. Tn order to find the inter-molecular distance of the
optimized structures, we used the least squared distance approximation to fit a plane
to the carbon atoms of each monomer. Then the distance hetween the two parallel
planes was defined as the inter-molecular distance. For this purpose, we used the NL

REG program and the coordinates of the carbon atoms were directly extracted from

the gaussian ontput file. In Figure 1.6, two types of possible parallel planes obtained

by this method for the structure of 212 are illustrated. Each plane corresponds to a
fhnorene molecule in a dimer twisted by a torsion angle with respect to the neighbonr-

ing fluorene molecule. The inter-molecular distances obtained by this method are 3.1

effect

Aand 35 A for 2F1 and 2F2 respectively. Also due to the molecular pack

72 is decreased by about 57 relative

the torsion angle between the fluorene units in 2

to an isolated dimer F2

Since in the optimized structure of 2F1 the monomers are shifted relative to each

other, in order to estimate the size of this shift, we also found the distance between






Fignre 1.6: Parallel planes corresponding 1o the structure of non-honded fhiorene
dimer cluster obtained by the least squared distance method

the centers of mass of the two monomers and determined it to be 3.6 A0 By sim
ple trigonometric calenlation the amount of translation of the monomers relative 1o
cach other is about 1.2 AL In Table L5, the HONO. LUNO and £,

o o theses stre

tures are shown. A comparison hetwoen the values of £y, for these strictures with
their corresponding structures in the Table 11, which are single (gas phase) fuorene
monomer and ftorene dimer respectively clearly shows that the inter-molecular inter
actions between monomers and dimers decrense the [

sap’s value by 0L and 0.3 (eV)

respectively

I addition we plotted the energy as o funetion of the inter-molecular distance. as
obtained from rigid scan caleulations. for the two structures (Fignre 1.7). Comparing,
the enrve in Fignre 17 (a) with the previous similar calenlation using NMP2/CP level

for 211 [90]. the stable point is close to 3.5 A in both cases. However. the depth of
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Figure 4.7 Rigid scan of energy versus inter-molecular distance for two (a) non
bonded fluorene monomers and (1) non-honded fluorene dimers using BOTD/G-31G(d)



Table 4.5: The HOMO, LUMO and £,,, of the non-honded fluorene monomer and
non-honded fluorene dimer clusters using BY7D/6-31G(d).

Structure HOMO (V)
Non-honded Florene Monomers 16
Non-bonded Fluorene Dimers 13
ulinite 1D PF EY

the curve indicating the strength of interaction s very shallow in the MP2/CP level
compared to BITD caleulation. This agreement for 211 hetween theoretical results
obtained using two different aly intio approaches suggests that BO7D can e used to ac-
curately describe the interaction hetween the fluorene molecules. The obtained curve
for 22 also indicates that BO7D/6-31G(d) can give reasonable results for prodicting

inter-molecnlar distances for larger systems involving oligomer or polymer clusters.

To sce whether or ot the inter-molecular distance depends on the torsion angle
between the fluorene molecules in 2172, we performed a constrained optimization with
BITD by freczing the torsion angle in a range of 140-180 degrees. However, the

distance as indicated in Figure 4.8 (a) is not affected by torsional angle to an aceuracy

of 0.1 A, Considering the graph of encrgy as a function of torsion angle (Figure 1.8
(). we conelude that at this level of theory (DET/BO7D) and in the range of 130-180
degrees for torsional angle, 3.5 A is the most stable inter-molecular distance hetween

the fluorene molecul

This should be compared to experimental value of 115 A for

he 7 stacking distance found in thin PFO films [91

In summary, BITD/6-31G(d) can be useful to estimate the bulk structure of PF and
it gives well defined stable point at a reasonable inter-molecular distance for flhuorene

clusters. However, this functional is not very useful in estimating the [, since it



gives rather poor agreement with the corresponding experiment value,

4.4 Solid-State Calculations of PFs

I this seetion, we used 1D PBC-DEFT computations to study the effect of the planarity
of the back-bone of PF on the energy levels and the value of 1, of this polymer
The increased planarity is expected as a result of the inter-chain interactions in the
bulk form when the chains are close enough. It is also expected that as a result of a
wore planar back-hone the value of Fy,, will be decreased. Tn order to study the bulk

ceffects further, we extend our studies to 2D and 3D systems by including side-chains

and again using 0 DFT solid-state approach

4.4.1 PF With Planar Back-Bone

It is believed that the inter-molecular interactions in the erystalline phase of PEFs may

affect the geometry parameters of the back-hone such as the torsional angle hetween

the alternating units 23], These offects, which are part of so-called bulk effects, may
for example decrease the torsional angle hetween alternating units and result in a

more planar back-bone for the polymers which in turn may lead to their different

electronic and optical properties. In this section, we investigate the possible effects

of the planar back-bone on the electronic properties (Fy,,) of pure PF in 1D PBC

DET/B3LYP which is characterized by a unit cell as shown in Figure 1.3 (a)

First of all. we need to determine the smallest number of A points (one that does

not compromise the aceuracy of reciprocal lattice integrations and minimizes the



Iter-moleciir Disvacs (5)

. Torsion Angle ()
)

B0 W [ w0

Figure 4.8: (1) Inter-molecular distance versus torsion angle and (h) energy versus
torsion angle of the structure of 2F2 using BI7D/6-31G(d)



16

computational costs) to be used in solid state calenlations of PFs in 1D, Figure 1.9

show that for PI

n 1D, 32-k point caleulations are suflicient to model the hand
structure of these systems sinee after 32 & points the HOCO, LUCO and the band

gap do not change significantly i.c. they converge to their final values.

Next, for the purpose of comparison of PF with planar and non-planar back-hone, the
single point energy caleulations are performed to find the band structures of pure P17
in the optimized non-planar confignration with a torsion angle of 146 © between the

fluorene molecules, and in the non-optimized planar conlignration with zero torsion

angle between fluorenes. The results presented in Figure 10, still correspond to

isolated (gas phase) PF. This fignre indicates that the value of the hand gap encrgy

for the planar back-hone is decreased by 0.3 ¢ which is an expected result for these
polymers. Tn the following diseussions, we investigate the origin of the bulk effocts in

more detail

4.4.2 PF in 1D, 2D and 3D

To find the origin of bulk effects on the structure of PIs hack-hone, the first step
is to compare the geometry of pure PF in 1D, 2D and 3D. The structure of PF
(Figure 4.3 (a)) is optimized in all cascs using the PBC DIT/BI7D method. Tn

order to minimize the computational c

sts, side-chains were notadded at this step
even though they may affect the bulk structure. In Table L6, the torsional angles
and the inter-chain distances of the optimized structures in 1D, 2D and 3D are listed
Comparing these results to the experimental value of o, whichiis 4.15 A (for PFO). the
obtained distances in these cases are relatively large (see Table 1.6). Sinee all three
molecular systems give similar stroctures, their electronic properties are expected to

be similar as well
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Fignre 4.9: HOCO and LUCO energy levels of PI as a function of mumber of & points
at DET/B3LYP level.
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Figure 1.10: DET/B3LYP 1D band structure of non-planar and planar PF



Since it appears that bare back-hones (withont side-chains) prediet relatively large
inter-molecular distances for PF even in the 3D solid state caleulations. we need to
look for other reasons for the bulk effects (as those observed in experiments, e.g,
giving d closer to .15 A in bulk PFOs rather than 6.2 A). We consider the role
played by the side-chains in the bulk structure of PFs. In the following, parts of the

thesis, this role is investigated in more detail for the structure of poly(9.9-di-n-hesyl-

)

T-lluorene), or PFH, and FSBT (Chapter 5). PFH was chosen to be studied since

its experimental crystal structure is known. Henee comparison hetween experimental

and computational results can be made.

Table 4.6: Comparison of the torsional angles (TA) and the inter-chain distances (o

for the optimized structures of PEF in 1D, 2D and 3D using DFT/B9Y7D /6

&

TA (°) [ d spacing(X)
1D | 11 —
2D | 146.0 6.23 |
3D | 1161 621 |

4.4.3 The Crystalline Structure of PFH

Side-chains play an important role in the bulk structure of conducting polymers
Based on their morphologies, their lengths and /or the direction of their organiza-
tions, as explained in Chapter 1, different packing structures with the corresponding
clectronic and optical properties can be obtained for conducting polymers. Also. as it
was shown in Section 4.4.2, that without the side-chains the obtained optimized strie-

tures in 3D are pretty much the same as the structures in 1D or 2D, T this section,
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we report on the rosult of the solid-state optimization computation for the structure

of PF with hexyl side-cha

s, or PRH, in 3D and compare it with the experimental

data [91]

Table 4.7: Crystal parameters [a (along the main chain), b (side-hy-side direction)
and ¢ (r-stacking divection)] for the structures of PFH

Crystal Unit Cell | Fluorene Dimer

a(X) 16.92
WA 11.20
(k) [EAT]
o) i
3C) 0
12

exagonal

We nsed 3D PBC-DFT/BI7D/6-31G(d) method to optimize the strneture of PFH
The directions (a. b, ¢) and the angles (o, 3. ) relative to the fluorene dimer in
the crystal unit cell are defined in Figure 411, Table 1.7 summarizes the erystal
parameters obtained for the optimized structure. As illustrated in Figure 4112 (¢),
PEH forms the nearly hexagonal structure with the side-chains interdigitated hetween
the main chains. This structure is in a reasonably good agreement with the x-ray
diffraction study of thin film PFH in which the hexagonal structure is postulated
with [b]=e[= 124 A (with o = 4 — 90° and 5 — 120°) [91]. That is. PFH crystal
exhibits hexagonal symmetry and not the lamellar structure which is characterized

by 7 stacl

king distance close to 4 A as observed in PFO. Tt should he noted that since

e main chains of PFH erystal are far apart, fluorene units along the bac

»one have
the additional degree of freedom to rotate relative to cach other. Henee the polyvimer

back-hone is not planar and the chain has almost the

ame geometry as the gas phase

polymier. Therefore, we expect. the similar clectronic propertics for this structure s
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Figure 4.11: Crystal unit cell parameters for PIFH

for the gas phase polymer

I the next chapter, we investigate the role of side-chain longth on the bulk form of
FSBT
4.5 Conclusions

I this chapter we employed DEFT-D/BI7D, to properly account for properties that

depend on inter-molecular interactions such as inter-molecular distance and stable 31



Figure 1.12: Hexagonal structure of PEH, viewed along (a) the side-hy-side direction,
(h) the 7-stacking direction and (¢) the z-stacking direction from the top of 16,




bulk structure. It is found that BO7D does not give good values for /7, Therefore,
we nsed BITD to optimize the structures and B3LYT to determine the clectronic

s and the band structures. For the 2D and 3D structures of

properties such as /7,
PF without side-chains, BITD gives the d-distance (corresponding to the 7 stacking
distance) too large (about 6 A) compared to the experimental value of 115 A for

PFRO. For the bulk PFH near hexagonal crystal structure was obtained. Tn the hexag;

onal structure side-chains keep polymer backbones still far apart, hence hackhone

planarity in the bulk form is not observed in optimized 3D solid-state computations.
In fact, the hackhone strueture PRH in the bulk is similar (o the one observed in 11

gas phase computations,



Chapter 5

The Effect of Side-Chain Length on
the Solid-State Structure and
Electronic and Optical Properties
of Fluorene-alt-Benzothiadiazole

Based Conjugated Polymers

T this chapter, by using the dispersion corrected density functional theory (DI1
D/BI7D) approach, we have performed bulk solid state calenlations to investigate
the influence of side-chain length on the molecular packing and the bulk structure
of FuBBTs (where 1 is the number of CHy units in the alkyl side-chains) (Figure 5.1
also see Figure 13). Tn addition to obtaining bulk structural information of Ful3 s,
we study how side-chain length affects the inter- and intra-molecular interactions

between the back-bone and the side-chains. We also investigate the effect of side-



Figure 5.1: Chemical structure of FSBT with the dihedral angles defined as follows:
D1(1.234), 02(5.6.7.8), ¢5(9.6,10,11).

chain length on the band gaps (Fy,,) of the FaBTs. Finally, to study the excited
states of the monomer of FuBT, molecular non-optimized time-dependent DFT is

to

used on the initially optimized FaBTs in 3D with various lengths of side ch

find the Ultraviolet-Visible (UV-Vis) absorption spectra

5.1  Influence of the Side-Chains Length on the
Packing Structures of FnBTs

In order to investigate the effect of the side chain length (n) on the bulk structure

of FuB3T, different. flexible alkyl chains from ethyl group (Calls, n-2) to octyl group
(CsHyz, n=8) have been attached to the central carbon atom in the fluorence unit

and the structures were optimized using 3D PBC-DFT/B97D method. The results,



Figure 5.2 Crystal unit cell parameters for FuBT monomers: a (along the main
chain), b (side-by-side direction) and ¢ (z-stacking direction) with the corresponding

angles



Table 5.1: Crystal parameters [a (along the main chain), b (side-hy-side direction)
and ¢ (zm-stacking direction)] and the torsional angle (¢;) between the fluorene and
BT units for the structures of FuBT with different side-chain lengths (n). Encrgy
band gaps. determined as discussed in the text are also included.

oligomer 2T F3BT  FIBT IGBT 1
a(R) 12,9 12.9 X
b(A) 10.2 0.5 113
«(A) 85 10.1 18
a®) 19 120 121 19
3(°) "7 12 113 109 109 108
1) 80 86 96 118 98 100
crystal symmetry | triclinic | nearly hexagonal triclinic/Tamellar
o(°) 10 5050 16 6 -
(BI7D) (eV) 2.07 2 2.12 Lot 191 1.1 101
~15,(B3LYD) (V) 332 3.03 301 301 301
1 (Ex.[25])(eV) - 2.9

as summarized in Table 5.1, indicate two different packing structures depending on
the side-chain length: the nearly hexagonal and the lamellar structures, Figure 5.2
illustrates how the directions (a, b, and ¢) and angles (. 4, and ) are defined relative
to the single FSBT monomer (the same definitions are used for all FuBBT monomers).
In addition, the limiting case of no side-chains (FBT) is also included in Table 5.1,
It shows that due to the intra-molecular interactions along the main chain there is a
relatively large torsional angle (40°) between the Huorene and BT nnits which does

not allow for efficient 7 attractions between the main chain planes resulting in the

relatively large inter-chain distance (¢) and the relatively weak inter ininteractions.

In this case, the chain back-hone has a similar geometry to the optimized structure in

1D PBC-DFT/BI7D (single chain), hence essentially reproducing a gas phase result

(see also Figure 5.7 in which 1D and 3D band gaps are compared)

By adding side-chains with different lengths, the interplay hetween the intra- and



inter-molecnlar interactions of side-chains and main chains can determine which crys-

tal structure is more favorable in the gronnd state. For the stracture with shorter
side-chains, consisting of two, three and four carbon atoms, similar to the gas phase.
there is a large torsional angle (50°) between the fluorene and BT units. I this
case, the side-chains are interdigitated and organize themselves hetween the main
chains along the w-stacking direction cansing a relatively large inter-chain distance

(¢) as indicated for FABT in Figure 5.3 (note ¢ — d in the Figures 5.3 and 5.0 which

show optimized PBC-DFT bulk 3D structures) that increases with the length of the

side-chains (see Table ?

). Figure 53 also shows that the chains display alternating

structure with BT facing the Founit. The crys

symmetry in this case is almost
hexagonal. On the other hand, for the structure with longer side-chains consisting of

five to cight carhon atoms, the 7-stac

ing distance is essentially independent of the

side-chains length (see Table 5.1) while the distance along the side-hy-side direction

increases linearly as the length of the side-chains is increased. For these stroctures, the

side-chains arrange themselves along the side-hy-side direction, with no alternation of
BT and Funits, and display a lamellar packing with a considerably smaller 7 inter-

chain distances (see Fignre 5.4 and Table

1). These smaller 7 inter-chain distances

lead to more efficient inter-chain interactions resulting in a more planar hack-bone
(see Table 5.1 which shows that for longer side-chains the dibedral angles hetween 19

and BT are reduced to approsimately 15 from 5

) for the shorter side-chains)

Tn suwmmary, for the FuBBTs with longer side-chains, due to the signiflicant intermolecn
lar interactions between the side-chains, the packing of these polymers forms a lamellar
structure. On the other hand, for the FuB3T with shorter side-chains, the evlindrical

phase is more favorable and the corresponding erystals are almost hexagonal. Also, as

aresult of the eflicient inter-chain interactions for the lamellar structures, the dihedral



(c)

(out of plane) (out of plane)

Figure 5.3: The hexagonal structure of FABT (with shorter side-chains). viewed along,

(a) the side-by-side direction (chains are not in the same plane), (b) the m-stack

direetion from the top, and the w-stacking direction from the side (the in-hetweer

chains are ont of the plane of the page) of P4 units
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angle between the Fand BT wnits is reduced by about 30° providing a more plana
confignration for the back-hone. These different packing structures can be attributed

to the microphase separations hetween the flexible side-chains and the rigid hack-

Bones and are in agreement with provious investigations for other hairy-rod polymers

1.

In addition, the inter-molecular interaction energics were analyzed by carrying ont
rigid potential energy curve scans which employed single point energy 3D PBC
DET/BITD computations on optimized (also with 3D PBC-DFT/BITD) structures
(F2BT and FSBT wore chosen as representative examples) as a function of the inter-
molecular distance d along the 7 stacking direction. In these inter-molecular scans,

all the other variables (internal inte copt d, were

and intra-geometry parameters), «

kept fixed at the BOTD optimized values.

acking distance

A comparison of the rigid potential cnergy scans as a function of -5
(d) for the lamellar structure (as represented by FSBT) with the hexagonal structure
(represcnted by F2BT), as shown in Figure 5.5 (1) and Figure 5.5 (b) respectively.

illustrates that the gradient (energy /distance) on the right side of the minimum is

considerably steeper for FSBT (~ 2 ¢V/A near the minimum) than for F2BT(~ 0.1
V/A). This suggests that the inter-molecular interactions between side-chains and
the polymer back-hone for the lamellar structures are much stronger than those for

the hexagonal structures. In addition, a direct comparison of the energy curves in

Figure 5.5 (a) which correspond to the FRBT with and without side-chains, further
supports the conclusion that the longer side-chains are of paramount importance in

the formation of the (more) stable bulk structure of Ful3Ts,
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Figure 5.5: The rigid potential energy (eV) determined using 3D PBC-DEFT/BYTD
versus a-stacking distance (d. as shown in Figures 5.3 and 5.1) for the structure of

F2BT. FSBT and FBT (FSBT withont side-chains)
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The effect of side-chain length on the intra-molecular interactions in a single iso

lated chain was studied by performing fully relaxed potential energy surface scans

(with opt—modredundant keyword) on monomers (F2BT and FSBT were also nsed

as representative examples) with their geometries optimized at cach scan point usi

wolecular DFT/B3LYP approach. These surface scans involved caleulating the rel-

ative encrgies as a function of the two diliedral angles, ¢, and ¢y (see Figure 5.1)
To investigate the role of side-chains length in the intra-molecular interactions be-
tween side-chains and the back-hone, the relaxed potential energy surface scans as
function of two dihiedral angles of side-chains, ¢, and ¢y (see Figure 5.1) for the rep

resentative monomers of F2BT and FSBT are displayed in Figure 5.6. The cnerg

s indicated in the contour plot in Figure

differences of the corresponding monomers o
5.6 show a somewhat steeper descent to the minimum for FSBT near the central sta
ble point than for F2BT. This comparison again illustrates that the intra-molecular
(as well as inter-molecular) interaction are stronger for polymers with longer side-
chains. The comparison between Figures 5.5 and 5.6 (say for FSBT) also shows that

K-hones play

we

inter-molecular interactions hetween side-chains and polymer be

dominant role than the corresponding intra-molecular interactions in formation of

stable bulk structures
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Figure 5.6: The energy contour plots obtained wsing the fully relased potential energy
(V) surface seans (with DFT/B3LYP) versus the diliedral angles oo and oy as define

in Fignre 5.1 for the monomers of F2BT and FSBT



6l

5.2 Influence of the Side-Chain Length on the Elec-

tronic and Optical Properties of FnBT:

In this section, we investigate the effect of side-chain length on the band gaps (1,,,,) of
the FaBTs. I these electronic band gap studies, we carried out molecular single point
energy DET/B3LYDP or DFT/BI7D caleulations on the monomers of FuBTs whose
geometry parameters were fixed at the optimized values obtained in the fully relaxed
3D PBC-DFT/BI7D computations (referred to as B3LYP/BOTD or BOTD/BITD for
short). Tn this approach, the hand gaps of Ful3Ts were estimated as the energy
differences between the HOMO and LUMO energies as obtained in the molecular
DFT calenlations. As is shown in Table 5.1, the solid state packing of the structures
with longer side-chains (FuBT with n-5-8) leads to a decrease in the torsional angle
between fluorene and BT units providing a more planar confignration for the hack
bone in the lamellar structure. This physical modification in the geometry of the back
bones dircetly affects the energy levels and consequently the electronic and optical
properties of the FuBTs. In Figure 5.7, the LUMO-HOMO band gaps (F,,,'s) are
plotted as a function of side-chains length (n) for the monomers of Ful3Ts which, in
turn, were optimized in their ground states with the use of 1D and 3D solid-state

caleulations (see Computational Details seetion for methodology)

For the most part and as expected, the length of the side-chains does ot affect the
value of the band gap of the FaBT monomers in 1D cases (Fgy, for 1D FBT is slightly
higher (3.21 ¢V) in comparisou to the remaining values, all close to 317 oV, for the
other monomers with finite n). Also, as indicated carlier. the 3D and 1D hand gaps
for FBT give nearly the same value and henee we can say that in this case FBT bulk

structure is the same as the gas phase. In the 3D cases. due to the solid-state effects,



Fignre 5.7: The LUMO-HOMO band gaps (£7,4,'s) caleulated with DFT/B3LY P using
the optimized (with solid-state 1D (<) or 3D ( ) PBC-DIT/BY7D) structures
of the monomers of FuBT with different number (n) of CHy units in side-chains.

Experimental value [25] for FSBT is also shown
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the band gap is decreased by 0.2 and 0.3 eV for the lamellar structures corresponding
to polymers with longer side-chains relative to the gas phase (1D) and the hesagonal

structures with shorter side-chains respectively. It should be noted that the band gapy

for the nearly hex: increases by 0.1 eV on o its

gonal structure phase

1 compar

value which is unusual since most of the time bulk effects tend to reduce the band

sap values. However, in this case, this hehavior is not nexpeeted sinee, as can he

see from Table 5.1, the torsional angle between Fand BT actually increases in the

hexagonal packing relative to gas phase and it is well known that band gap values
inerease when planarity along the hack-hone is decreased. Also, taking the accmacy
of caleulated values to 1 decimal point, the value of the hand gap energy for the
lamellar structure of F8BT is off by 0.1 ¢V when compared with its experimental
result [25]. This indicates that not all the intra- and inter-molecnlar interactions are

acconnted for in the 3D PBC-DFT/BITD structural calenlations

xcited states of FuBBT

Finally to find the « we performed molecular, non-optimized

in,on the

, 80, 81,

enlations, ag;

time-dependent DFT, TD-DFT/B3LYD (78, 74

monomers in the various solid-state BO7D optimized structures (obtained in 11D PBC-

DEFT/BI7D for the gas phase, and 3D PBC-DFT/BI7D for representative hexagonal

and lamellar structures computations). Using the TD-DFT data, UV-Vis absorp
tion spectra were determined with the help of the $SWizard program [83]. Clearly
the molecular packing and conformational changes along the chain hack-hones must
also effect the absorption spectra in say photoluminescence experiments. Using the
TD-DIT approach as described in the Computational Details sections, three rep

They

resentative absorption spectra are obtained and are displayed in Figure
correspond o three different packing structures: the gas phase (FBT), hexagonal

(I4BT) and lamellar (FSBT). The spectra show two peaks associated with the two
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separate electronic transitions in corresponding FaBBTs. The spectrum for the lamellar
structure is shifted to longer wavelengths relative to the gas phase and the hesagonal

phase, not surprising considering the greater planarity of their chain hack-hones. A

pood agreement with the ¢

perimental result

9] (which is also included in Figure
5.8) is obtained for the absorption spectrum of erystalline FSBT. Both the computa
tional and experimental data for FSBT display a broader peak that is centered near

165 nmand the narrower one that is centered near

20 nim.

5.3 Conclusions

I conclusion, the dominant London forces (sce Chapter 2) hetween the side-chains in
the structures of FaBT with longer side-chains (n4) can induce a microphase separa-
tion hetween the flexible side-chains and the rigid back-bone, providing an organized
phase of side-chains along the side-hy=side direction and forming a lamellar phase with
a constant and smaller 7-stacking distance hetween the main chains. This molecular

packing leads to a more planar geometry of the back-bone which dircetly alters the

electronic and optical propertics of the system. For example it reduces the molecular

Band gap by about 0.2 ¢V

and 0.3 oV in comparison to the gas phase and the eylin-
drical phase respectively. Also, the absorption spectra for this phase is red shifted in
comparison to the other phases. On the other hand, for the eylindrical (hexagonal)
phase, the side-chains are too short to efficiently interact, Therefore, for this hexag-
onal phase side-chains interdigitate and are localized between the main-chains along
the a-stacking direction and, hence, cause a larger inter-chain distance and conse-
quently smaller inter-molecular interactions. These different packing structures are in

agreement with previous investigations for other hairy-rod polvmers |1
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Our results for the optical properties of FSBT in lamellar phase are in good agrecment

with the experimental data. The results obtained in this work also indicate that the

dispersion corrected functionals such as BO7D are important in determining correct

3D solid-state structures. However, the electronic and optical properties such as

band gaps and absorbtion spectra are best. described nsing a hybrid approach t
employs the PBC-DFT/BITD geometries in the molecular structure DFT/B3LYP or

TD-D!

[/B3LYP caleulations



Chapter 6

Summary and Conclusions

In this chapter, we summarize the major results of this work. Our caleulations indi-
cate the importance of the dispersion term included in BI7D functional for molecular
caleulations which results in physical structural deseription of non-bonded fuorenc
systems. In addition, a comparison between the results of the 11 solid-state fluorenc
polymers obtained from BI7D with those obtained from B3LYP shows that although

the geometry parameters of the optimized structures are close, B3LYD single point

calculations on PBC DFT/BY7D structures leads to more accurate results for esti

mating the energy levels and the hane

Further the intra- and inter-molecular interactions seem to affect the geometry paran:
eters of the fluorene and flnorene derivatives. For example. when the torsional angle
between the fluorene units is reduced in non-honded cluster of fluorene dimers, the
energy levels and electronic properties of the system can change. In polymers (with
lamellar bulk structure), the inter-chain interactions results in chains with more planar
back-bone and consequently reduced band gaps by about 0.2-0.3 eV. We investigated

the origin of these inter-chain interactions by performing 3D PBC DFT caleulations

70
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on the structures of PFH and FSBT. In particular, the role of side-chains length on
the crystalline structure and inter-chain packing of these structure was studied. For

the structure of PFH the nearly hexagonal structure were obtained with a relatively

ge inter-chain distance that is occupied by side-chains. For the bulk FuBBT where
n represents number of CHy units in the alkyl side-chains (studied systems n-2-8)

we found that depending on the length of the side-chains different packing forms were

obtained: for up to n—4 a eylindrical phase and from 1-5 upwards a lamellar form

was found. For the lamellar form a smaller torsional angle between the fluorene and

benzothiadiazole is obtained than for the eylindrical phase, resulting in a smaller hand

gap which is confirmed by excited state TD-DFT caleulations.

In conclusion, the detailed knowledge of the bulk structure of conjugated polyimers

(e.g. packing, crystal symmetry, the orientation of side-chains. ete.) is essential to

and clectronic properties as well as the charge carrier mobility

determine the optic

in these materials. This work has the potential to provide new physical insights into

the packing effects on structure and electronic propertics of conjugated polymers. In

particular, the crystal symmetry and inter-molecular packing information of FSBT
can be used to further study the charge transport and mobility simulation of this

polymer.
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