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Abstra~t

Alternating triphenvlamine-fluorene, TPAF, (n1=2.3), and Huorene-oxadiazole copoly-
mers OxIE,, (n=2.3) are nuportar  components of novel high-ctheieney multilaver
polvmerie blue light-cmitting diodes [1]. In this work we investigate their electronic
structure properties using a computational approach. For comparison and calibra-
tion purposes we also perform the calculations for poly(acetvlene) (PA). The hand
gaps (E,.,'s) and band widths (E,.z's) are studied with the Hartree-Foek (IT1F)
and density functional theory (DIFT) approaches. The polviners arve treated as one-
dimensional (1D) infinite conjugated chains with periodie houndary condition, We
consider a number of DFT exchar » correlation tunctionals: B3LY D, O3LYTP. OBY5,
PBEPBE, PBEIPBI and TPSSTPSS and cmploy the 6-31G* basis set and 32 k
points in most of our calculations. We comipare our results with experimental values
whenever possible. e results show that I method overestimates the band gap
of trans-PA by 2.0 ¢V while the DFT theorv underestimates it by 0.20 ¢\ or more.
In all DFT caleulations with various functionals, B3LYP, O3LYDP. OBY5, PBEPBE.
PBEIPBE and TPSSTPSS, all b [ gaps are diveet and the best agrecment with ex-
periiment is obtained with the B3LYT and OQ3LYP functionals for the Huorene-based
polymers. The variation of bond ler  h alternations (BLA'S) and dipole moments as

related to band  aps are discussed.
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Chapter 1

Introduction

1.1 Electroluminesc nt Polymers

Electroluminescence (EL) is a phenomenon often observed in amorphous, disordered
organic semiconducting materials. It was first observed in inorganic compounds (ZnS
plhosphors) in 1936 [2]. We confine the deseription of light-cmitting polymers to the
unique aromatic organic molecules that exhibit semiconducting behavior and give oft
light when electrically stimulated The majority of conjugated semiconductors ex-
hibit good hole-transporting properties [4, 5. Conjugated polymers have a framework
of alternating single and double ¢ ho-carbon (sometimes carbon-nitrogen) bonds that
are formed by a overlapping ol 1lar orbitals that are delocalized along a polymer
chain backbone. Organic conjugated polymers are also known for the photolumines-
cent. (PL) properties which are displayed when they are stimulated by long-wave
ultraviolet (UV) irradiation. Light is produced i the polymer by the fast decay of

exeited nwolecular states.

EL cflicicney can be nieasured by the number of photons emitted per clectron injected.



C'HAPTER 1. INTRODUCTION 2

Light emitting layvers are usually deposited by spin coating (a procedure that involves
the application of a uniform thin film to a flat substrate). Usually, the organic light-
cmitting device (OLED) is opera 1 on with the use of a continuous DCor AC
power. The efficiency of the basic OLIED (one consisting of one light-emitting laver
i combination with a anode and a cathode) is usually improved by the multilayered

device design [6].

The performance of polvineric light-emitting diodes (PLEDs) has been considerably
improved over the past twenty vears. For example. a Japanese group recently de-
signed a three-laver PLED [7]. In general, PLEDs ofter a low-cost. thin-film ap-
proach with reduced manufacturi- process complexity. Polvacetyvlene (PA) is the
stmplest of the organic conjugated polvmers and it is known to produce low PL
upon 7 — m* transitions.  Howev  one of the most studied polvimers for PLEDs
15 polv(phenylenevinvlene) (PPV). In 1990, the Cambridge group led hy Friend an-
nounced that thev have achieved green-yvellow EL using PPV in a single-laver device
structure [8]. In 1991, Heeger aud co-workers at the University of California reported
the EL application of a soluble derivative of PPV [9. 10]. More recently, K. Yoshi
andd co-workers prepared the wide-band-gap polymer polyfunorene (PF) using the fer-
ric chloride oxidative route [11] whicl is known to emit blue light. Many other reports
of advances in the field of PLocs have been made |77 130 14, 150 16, 170 180 19]. Over
the vears a munber of derivatives of PPV and other polvimers (such as PFs) llave been

proposed for use in PLEDs.

[ a light-cmitting device, optimal efficiency is achieved where the respective electrode
work functions closely match the - nee (ground) and conduction (excited state) en-
ergy levels in the polvier. Charge imbalance in the emissive lavers is one of the mam

reasons for low luminous efficieney and high operating voltage. Tang and co-workers



CuartTer 1. INTRODUCTION 3

cemploved a transparent hole-ingecting electrode of mxed-metal oxide indium tin oxide
(ITO) on glass to huprove the extraction of light [20]. TTO has a high work-function,
which matches the ITONO energy ler of PPV and makes it convenient tor hole in-
jection. The new technique of construceting multilayered assembly by consecutively

alternating absorption of polvelectrolyte has heen developed recently [21, 22].

Over the past decaded tlnorene-hased conjugated polyiers have emerged as a promis-
g class of blue Light-emitting materials beeause of their high PL and EL quantum
ctliciencies. Moreover, their thermal stability, good solubility and case of process-
ability arve of great importance du g their svuthesis. PFs and other luorene-based
polvmers are excellent filn forn s and are soluble in conventional organic solvents.
Thetr lowest unocceupied ervstal orbital (LUCO) and highest occupied erystal orbital
(HOC'O) energy levels can be obtained by Cyelie Voltammetry in conjunction with

UV /vis speetrometry [23].

As shown in Figure 1.1, a basic light-cmitting device mainly includes electron trans-
port lavers such as OxF, OxIy and hole transport lavers sucli as TPAL, and TPATY.
These thin-film structures of layers ave typically no more than 0.1 jan thick. In addi-
tion, optically transparent anode and metallic cathode and DC or AC power sources
are used. The conducting polvmer lavers are deposited on I'TO by spin-coating in
solution. EL occurs when a si et exciton. formed by the Coulombice combination of
clectron and hole pairs with opposite spin states, decays to the ground state of the

moleenle.

Given the brief history of PLEDs above, computer sinulations may play an impor-
tant role in the understanding of materials behavior at a microscopic level, provided
a certain level of reliability of the modeling and theoretical approach is guaranteced

[25. 26, 27, 28]. Towever, the theoretical models that deser e the complete and
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detailed physics of operation do not vet exist. Unlike ceryvstalline inorganic semicon-
ductor material. organie semiconductors are not well suited to the electronic encrgy
band structure calculations. It is the mam ann of this thesis to test the current com-
putational approaches on the organie polymers. . aat s, we compare computational
results as obtained from the electronie structure caleulations with the corresponding
experiniental values and determine which computational approach is best suited for

the electronice structure studies of these materials.

1.2 Current Research

In this thesis, we consider a tyvpical PLED device as designed in 2005 by Lu et al. [1].
The energy diagram of this PLED device is shown in Figure 1.2, On the left, TPAL,
and PEDOT are called hole-transport matertals while the other three layers refer
to electron-transport and light emitting materials. The upper energy levels (around
2 eV) are clectron affinities (EA) and the lower ones (around 5 ¢V) are ionization
potentials (IP). Electrons are injected from the low work function Mg/Ag cathode,
co through all lavers and then flow out from the high work function I'TO anode.
The light-cmitting officiency ¢l oy tied to the encrgy o of mx (LUCO-
HOCO) transitions. The color of the emitted light s controlled by 15, which is
the energy difference between 12 and EA. wiperimentally, the E,,, is related to the
wavelength of the Hrst absorption hand in the eleetron spectrum of the substance.
C'harge recombination within the chromophilic polviner results i excited states which
decay and emit photons. Unless the energy barriers between the anode (cathode) 1P
(EA) and the HOCO (LUCO) energy level of the polyviners arve closely matched. one
tvpe of charge carrier (either e or electrons) will be preferentially transpe d

and the recombination of a hole with an electron will decrease, resultin - in the lower
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Figure 1.2: The energy diagram of the PLED compounds [1].
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ethiciency of the devicee.

The theoretical /computational approach applied to conjugated polvmers involves
many methods, from the simple free-clectron molecular orbital approach to ab -
tio methods. For extended svstems such as polymers, one-dimensional, mhnite 7-
conjugated chains with periodic houndary condition (PBC) are used in solid state
calculations. More recently, some rescarch has been presented on the efleet of disor-
der, the inter-chain and three-dimensional cflect, lattice quantum Huctuations, doping
effects and the semiconductor-metal transitions [29. 30, 31, 32].

The properties of PAs and PFs have been well studied [33. 310 35]. The latest ex-
perimental investigations report considerable improvement of EL and PL efficiency in
PFs [36]. The computational approacl is a promising aid in the synthesis of materials
with low band gap or desired IP and EA. For fluorene-based polymers investigated in
this thesis, the novel aspect is the inclusion of oxadiazole group in the fluorene chain
(which increases its PL efficiencey sig ficantly) and the hydroxyl end groups (which

improves the cross linkage between the chiains) in the Huorene side chains.

We have emploved density function theory (DFT) for all the caleulations. We
calculated the electronie band structures of 11D nfinite conjugated organic chains.
The calculated results show a reasonably good agreement with experimental values.
The outline of this thesis 1s as follows. Chapter 2 mtroduces the general history and
hasic concepts of molecule orbital theory, HE and DFT methods. Major theorems
and equations have been listed, such as Born-Oppenlicinier approximation, basis set,

variational principle, and DFT exchange-correlation functionals ete.

Chapter 3 lists the computational details of Gaussian 03 calculations. The major
parameters discussed include theory levell DFT functional. optimization process, k-

polnt and hasis set.
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Chapter 4 diseusses the band structures of 1D PA isomers: trans-PAL cis-PA and
meta-PA. These caleulations are used as a simple test of DET caleulations before we
apply them to Huorene-based polviners. In the case of trans-PAL we also obtain the
Eop of infinite chain from finite oligomers. All calculations show that DT gives more
accurate results than HF. In particular, amongst DET functionals, PBEIPBE gives

the best agreement hetween the caleulated and the experimental 15, in trans-PA.

Chapter 5 and Chapter 6 present the energy and geometry results of OxF, and
TPAF,. The caleulated fluorene-based polvimers” band structures can be directly
compared to experimental results in four cases. For these systems. O3LYP and B3LYP
give the hest agreement with the exp  mental data (O3LYT underestimates the IS,
andd B3LYDP overestimates it). The En of fluorene-based polymers are much less

than those of PA and are very narrow.

Chapter 7 sumimarizes the conclusions of this thesis.



Chapter 2

Theoretical Ao proac..

In this chapter. we briefly sunimarize the theoretical approaches used in this thesis.
We review the molecular orbital theory with emphasis on IHHEF approximation and DFT
theory which are emploved for atomic and molecular systems. The ultimate goal i
to investigate the clectre © band  ruetu of conjugated 1D polvimer chains in the
gas phase. Hence, we also briefly discuss the application of IIEF and DT methods to

extended. infinite 1D systems.

2.1 Molecule Orbit.l Th >ry

Molecular orbital theory is concerned with obtaining properties of atomice and molec-
ular systems [37). The fundamental problem involves finding an accurate solution of
non-relativistic Schridinger equation [33. 39]. The Schirddinger equation is given as

follows

HU(F R BV R) (2.1)

9
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where 1 1s the Hamiltonian, ¥ is the wave function, 12 and 7 stand for all nuclear

and clectron coordinates and E is the total energy of the svsten.

The non-relativistic Hamiltonian for a svstem containing N clectrons and M nuelet

can be written as

H = T+1V (2.2)
AY ) M SR N N — Y
—~ — Il-v-h —— h=\7" A.\(‘_
7 . . LA
2 o
Al Al
Ny 9 AL N
\ " Z 1ZH(’“
+ - — s NP (2.3)
; ‘})—)7 477'(‘()1',‘1' ‘ ]?‘,”;

where 7' is the kinetic energy operator that consists of the eleetron and nuclet kinetie
cnergy terms, and s the potential energy operator that contains the nuclei-electron
attraction. the electron-clectron repulsion and the nuelei-nuclel repulsion terms. In
the g, 2,30 74 and 4 are, respectively, the charge and mass of the A, nucleus and
m, is the electron mass. The 12y and ;4 are the relative nuclear distance between
the -y, and 3y, nucleus and the distance between the 4y, clectron and ., nucleus,
respectivelv. The 1y, 1s the relative  stance between the i, and jy, clectrons, his

Planck s consfant and ey 1s the permittivity of free space constant,

2.1.1 Hartree-Fock Method

HE is an ab indtio method, the beginning of which was first introduced to atoms by
Hartree in 1928 [H0]. In this approximation, the total en for a molecular system

s ven by



CHAPTER 2. THEORETICAL APPROACH 11

Efnlu[ — EII[" + E‘r\"‘\’ (24)

where Eyppeois the clectronic HE energy and Eya s the mternuclear Coulumbic ve-
pulsion cnergy. The HE approach serves as an essential zeroth-order approximation
to the ground state of interacting electrons. The total electronie energy will he ob-
tained by applying the Born-Oppenheimer (BO) approximation. BO is the first of
several approximations used to simplify the solution of the Selirddinger equation (Eq.
2.1). The full many-body electronic wave functions can be expressed as a product of
single-particle wave functions (whicli hecomes a Slater determinant when the Fermi
statistics of the electrons is taken into account). This leads to a separation of clece-
tronic variables aud to the complete diagonalization of H in terms of single particle
molecular orbitals for the system. Since the mass of a nucleus is 1836 times than
that of an clectron. it is assumed that nuclei move much slower than eleetrons. In the
Born-Oppenlicimer approximation, the nuclear and electronic motions are separated.
Correspondingly, the total wave function caun be written as a product of electronic

and nuclear wave functions

9
\I} = \[j!‘[(‘l'h‘(ln.\' X \Ilnm‘lri' (2 ))

[n this BO approximation, the electronic Hamiltonian then becomes
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Since clectrons are fermions, theyv obey the Pauli exelusion principle. This requires
that the total electronic wave function  yocrons D0 antisyninetric with respect to
the interchange of the coordinates of the clectrons and can he written as a Slater

determinant for a 2n-clectron system [41]

Uy (Da(l) W (D) U, (1)3(1)
o~ i”, (2a W (2)9(2) W, (2)4(2) .
Ty(2n)a(2n) U, 20)F5(2n) .. W, (2n)H(2n).

The factor (1/v2n!) ensures the wave function to be normalized. Here the W(i) is a
function of the coordinates of i clectron with the spin o (1) or 4 ([). The function
W(i) 1s called molecular orbital (MO), and W(i, &) (£ = a or 1) is referred to as spin-
orbital for the iy, clectron. In this thesis, we are considering the close-shell systems

for which all spin orbitals :  doubly occupied [42].

2.1.2 The Rayle 2a-Ritz Variational Theorem

Given the electronic Hamiltonian (Eq. 2.6) and the electronic wave function (L.
2.7, the total electronic energy is given by the following general equation [13]
o HYdr

<] = 2.8
L] J w\dr (28)

where d7 stands for spatial and spin coordinate, daedydzdé. tor all electrons.

The variational theorem states that the energy caleulated with any arbitrary wave

functions must be greater than or equal to the  act L. ground-state (gs) energy
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calculated with the true ground-state IEF wave function [42]

E[V] > E[w!F]. (2.9)

qs

Applying the variational principle to Eq. 2.8, we obtain the n integro-differential HEF

cquations

F(r)Wi(r)  e(r)Wi(r) (2.10)

where F(r) is defined as

F(r)) = H" () + S (2J,(r1) = Ki(ry)). (2.11)

The J(r) is the coulomb operator and K(r) is the exchange operator (which we shall

discuss next).

2.1.3 The HF Electronic Encrgy and Equations

Substituting the Slater determinant for W and the explicit form of the Hamiltonian

operator H into Eq. 2.6 gave the following equation for the energy
| g l 2.

E=2N"H, Y ) (2, - Ky). (2.12)

_ i=1 j=1
H,; presents the electronic energy of a single electron in the surrounding force fiekl of

a nuclear core and is given by

H; = / (L) HO W (1) dw (2.13)
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where dy = dadydz. The next two terms in Eq. 2.9 account for the electron-clectron
interactions [L1, -15]. J;, is called the coulomb integral and it represents the electronic

repulsion between the eleetrons in states W, and W5, and it is given by

J, = /\1;;(1)\11,(1)(i)q/;(z)\pj(z)(/ul(/,/2. (2.11)

i
IV is velerred to as an exchange inteeral and it accounts for the exchange correlation
v} e o 5

hetween electrons of the same spin. It is given by the following equation [12]

K, = / q/;(1)\1J,(2)(i)\1/;(2)x1/.,(1)41/1(/,@. (2.15)

ij

2.1.4 Basis Sct

In 1951. Roothaan and Hall independently pointed out that MO's, W(7). can be
expanded as a linear ¢o 5" ation of basis functions, (often refer to as a lmear com-
bination of atomic orbital (LCAQO)) [16], that is,

1

=N (g i=1.23....m  (m MO) (2.16)

.\‘I(r N

A=
where ¢, are the molecular orbital expansion coeflicients and ¢, denotes the basis
functions. The widely used basis 7 ctions are Slater-type or Gaussian-type functions.

In our calculation, we are using the Gaussian-type basis functions [47].

2.1.5 The Roothaan- all Equations

Substituting the basts functions” expansions for the MO’ into the I equations (L.

2.10). we obtain a total of 10 x e equations,
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L Fr's('v.s'i =€ L Srs(rs'i (217)

s=1 s=1

where the Fock matrix clements F,, are

F.= / (f),.Fg‘)S(/I/ (2.18)

and the overlap matrix elements S, are

Sy = /(/),.(,")N([I/. (2.19)

In the Roothaan-Hall approach, the matrix form ot algebraic HE equations is

FC = SCe. (2.20)
The total HF energy is given by
m
E]ll = 2 s("sl Sr.wcsl(ij
S=1 s=1
r 1,2,3,...,m (for cach 7=1,2,3.....m) (2.21)

wlhere €5 are the elements of the Lagrange multiplier matrix (introduced during e

constrained minimization of the total energy) that arve velated to the molecular orbital
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energies. The Roothaan-Hall-Hartree-Fock equations are solved iteratively in a self
consistent way. The process starts from initial guess for the molecular orbital MO's
U and then the matrix elements Fry o d S,y are caleulated. The cigenvalues €;; and
cigenfunctions ' of equation Eq. 2.17 are obtained. This process is repeated until

the initial and final MO's are the  ne within the convergence eriteria [48].

2.2 r 4 Method

The main weakness of HF approximation is that it only accounts for part of clectron-
clectron interactions. The HF approximation is a tvpe of a mesn feld theory that
treats the exchange interaction between the electrons exactly, but it neglects the
interactions between the electrons with the same spin. The DFT is one of the post-
HE approaches that includes t1 - electron correlations bevond the HE approximation.
The main variable in DFT is the clectron density p = W W rather than the electronic

wave function W [49, 50, 51].

2.2.1 Hohenberg-Kohn Theorems

The basis of the DFT theory was tormulated by Hohenberg and Kohn in 1964 [52].
They stated two theorems. The first Hohenberg-Kohn theoren is an existence theo-
rem that says that any ground state energy of a molecular system is a functional of
the ground state electron density, po. moving in the presence of a external potential

v(r),

.= E[p]. (2.22)

The exact ground state nctional form is not known. . ae second Holienberg-
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Kohn theorem uses the variational principle that says that any trial electron density
gives energy higher than the true ground state encrgy calculated with the ground-state

electron density function, that is,

El’[/)l] > Ey [/’u] (

o
[
[~

where the E, is the electronic energy of the syste

2.2.2 Kohn-Sham Equations

The ground state electronic energy in DFT theory can be written as follows

E, = / po(r)r(vydr+ < Tlpo] > + < Vielpo] > (2.24)

where the < T[py] > is the kinetic energy of electrons, [ po(r)r(r)dr is the potential
energy due to electron-nucler  interactions, and V. [po] is the potential energy due to
the electron-electron interactions. The exchange-correlation energy funetional £ 1s
defined as the sum of the kinetic energy deviation from the reference system and the

clectron-clectron repulsion energy deviation from the classical systein

E.lp] = A< Tpo] > + A< Vielpo] > (2.25)

The use of the variational principle leads to the fornmlation of Kohn-Sham equations
[h3]

1

) v;’ +l/q/]'(l')]L/‘(1‘} ,»(/‘)(r) (22())

(N

which are similar to HF equations, except that the effective potential vp{r) 15 given
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hy

py . OE..
dr’ + —
r—r'| op(r)

ve(r) Ve + v(r) = v(r) +/

an expression that includes an additional exchange-correlation potential w2, which is
the functional derivative of exchange-correlation energy functional £,.. The Vi is the

classic term including the first two terms in the above equation.

2.2.3 The Exchan :-Corrclation Energy Functionals

The form of the exchange-correlation energy functional is unknown. and various ap-
proximations are used for E,.. for example. local spin density approximation LSDA
functional [54]. generalized gradient approximation (GGA) or hybrid functionals [55].
In general, the exchange-correlation energy term can be separated into two terms,

exchange and correlation cnergies: B, = E, + E.

The simplest approximation of E,. is the local density approximation (LDA) [56] or

local spin density approximation LSDA functional [54]

E. ] / €e[p)per (2.27)

where e, is the exchange-correlation energy for a homogencous electron gas with
density p [57). Tt applies to a uniform clectron gas with the nuclei fixed. An improve-
ment to LSDA functional involves GGA and hybrid functionals [55]. Tn most recent
applications, the hybrid functionals have given the most accurate results [58]. In this

work, we focus on the hybrid functionals.

In the Iivbrid methods, the exchar  + functional is a linear combination of the HF
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oxchange and a functional integral of the density and the density gradient [59)]

NC , N s N 3 OQ
E/r_l/hl'lr/ (”[’vEHF + (/)[",]‘E])I‘V[‘ (‘2')'(\)

where the e and ¢ppp are adjustable coefficients. One of the most often used hybrid
functionals is one due to Becke called B3LYP. It includes HE and DFT exchange along

with DFT correlation energies and has the form

E.[B3LYP) (1= ay—a)EJLSDA] +agE,[H.

ta, B [B88) + (1 — a Y E[VIWN] + a.EJLY D). (2.20)

The E,[LSDA] is the LSDA non-gradient-corrected exchange functional, £, [HF] is
the KS-orbital-based HIF exchange energy function, E,[B88] is the Becke88 exchange
functional, E[VIVN] is the VWAL term (VWN s the Vosko, Wilk and Nusair func-
tional introduced in 1980 [57]) and E.[LY P] is the LYD correlation functional (due to
Lee. Yang and Parr which includes both local and non-local terms [60]). The ag, Ra,,
i, are parameters that give the best {it of the caleulated energies to experimental

molecular ene [

In 2001, Handy and Cohen in - duced a new exchange functional called optimized
exchange functional (OPTX) that mcant to correct the failures of the current ex-
change functionals in describing the m-conjugated systems. The OLYT functional as
defined by Handy and Cohen [62] essentially replaces B88 by OPTX in Eq. 2.29. The
optimized exchange O3LYT is claimed to be supertor by Garcia [63. 64]. s similar
to B3LYD but with slightly different mixing coetlicients (in particular, the coetlicient

for HE exchange is reduced from 0.20 to 0.1161) Both B3LYD and O3LYP can be
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written as

B3LYP = 02x NHF 408« XS +0.72+x XD+ 019+« VIV N+ 081« LYy P
O3LY' P = 01661« XHF +0.9262% XS + 038133« OPTYN

+0. 19« VIENS + 081+ LY (2.30)

where the XIF is the HF exchange, XS is the Dirac-Slater exchange, other terms
are defined as hefore in Eq 2.29 [64]. Compared with B3LYP, O3LYDP has a re-
duced HF-exchange contribution, a larger coefficient multiplying OPTX compared to
B8s. and a different local correlation functional, VWNS compared to VIVNL Other
functionals that we have employed in our calculations are: the B9S correlation fune-
tional that stands for Becke's 7-dep  dent gradient-corrected correlation funetional
[65): PBEPBE which is the exchange functional proposed by Perdew, Burke and

Ernzerhof in 1996 [66): and the TPSSTPSS (meta-GGA) [67] and PBEIPT™ [68].

2.3 Solid State Electronic Band Structure Calcu-

lation

I solid state physics. energy bands are formed by splitting the atomic energy levels
when the atoms approach one another in a erystal or a polviner [69] (sce Figure 2.1).
The band gap (E,,,) is defined  the energy required for one electron to jump from
the top of valence baud to the bottom of conduction band. In this way. we can divide
materials into insulators. senmiconductors and conductors. Most semiconductors have

hand gaps less than 2.0 eV, For conducting pol s. the latest research reports the
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where k ranges through the N values in the first Brillouin zone, and the ¢(r + R)
can be atomic or molecutar spin orbital. The atomic orbital can then be expanded 1
terms of a lincar combination of N basis functions. This approximation is referved to
as LCAO method in solid state [69]. The substitution of expanded wave function into
the Schrodinger equation results in HE or K3 like eigenvalue-cigenfunction equations
depending on the level of approximation used [70]. Because of the translational
svinetry i 1D polymer case, the HE or KS like equations are solved m a self-
consistent. way in the first Brillouin zone with —7/a < A < w/a where the « is the

translational vector along the chain backbone [T1, 72, 73].

In addition to the solid state approach. the band gaps can be approximated as the
cuergy diflerences between EA and IP energies, where the values of IP and EA energies
are obtained by taking the negative of the highest occupied (HOMO) and lowest

unoccupied (LUNMO) molecular orbital eigenvalues in molecular system caleulations.



Chapter 3

Computational vetails

All caleulations in this thesis have been performed with Gaussian 03 software package
[74] available on the cluster of Silicon Graphics, Inc (SGI) machines at Memorial
University ACEnet facilities and the computers at Westgrid at University of Calgary.
The average CPU usage on Ace-net machines is 4 CPUs per job and the requirenient
of the memory is 128-200 MDB for cach (PU. The ACEnet machiues support parallel
jobs which can speed up our calculations. For PA isomers, it normally takes two hours
or half a day, while it may take a week or even weeks for fluorene-based polymers

caleulations to complete,

We Lave performed both HE and DFT solid state caleulations for trans-PA. For other
polviners only DFT caleulations were performed [75]. As was discussed in Chapter 2,
the following DFT exchange functionals were nsed: B3LYDP, O3LYD, OB95. PBEPBE.
PBEIPBE and TPSSTPSS. The basis sets 3-21G, 6-31G and 6-31G* were employed
in this thesis. The main basis set used in this work is the polarized split-valenee
hasis set 6-31G*. It comprises a linear combination of six gaussian primitives for the

inner-shiell functions. and three and one gaussian primitives for the two valence shells
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(76, 77]). The asterisk * dicates the addition of the six d-type primitives to 6-31G

hasis set to take into account the polarization effect [78].

We use the kevword PBC to specify the 1D solid state caleulations in the Gaussian 03
input files. This requires that in addition to the nuclei coordinates, the translational
vector (Tv) must be included in the input files. We also specify the number of k
points to be used in integration i reciprocal space. We have found that the minimal
requirenient, for k points is 32 i the band structure caleulations. Total energy (Eq.r)
is the suin of all kinetice energies and potential energies. All the E; . mentioned in
the thesis refers to the total ene - per unit cell. For the purpose of displaying the top
occupied and unoccupied bands i the first Brillouin zone, we use the keyword I0p.
This kevword IOp(5/103= -1) writes five occupied and unoccupied cigenvalues into
the output tiles which can then be plotted as functions of k points. The analysis of
the band structure focuses on the B, and E, g properties. There are two types
of Dand gaps in solid state: direet and indirect gaps. The former one refers to the
hand gap where LUCO and HOCO occur at the sane k point in the reciprocal lattice
space; the indirecet one occurs at ¢orent k points. The 15,,, 1 obtained as the
minimal energy ditference between two hands: HOCO and LUCO, and it is related
to the cnergy barriers for clectron transport. The Eg g 15 the difference hetween
maxinmm and mininum for a particular band, the width of which indicates the

degree of delocalization inside the systen.

All PBC caleulations were geometry optimized (mostly using the keyword fopt) in
order to find the lowest energy state for the ground state. This involves searching for
the global minimumn on the potential energy surface (PES) which is satisfied when
the eradient of energy with respect to the nuclear coordinates is @ . That is, the

stable point or the lowest energy point is obtained from the first- and second-order
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derivatives of energy with respect of the nuclear coordinates [48] that satisty the

following conditions

O*E
3.2
B, > 0 (3.2)

In fopt approach, both the first- and second-order gradients of energy are determined,
while the keyword opt which we used occasionally specifies the caleulation of the first-

order gradient of energy ouly.

The criteria of the self consistent force (SCF) convergence are defined as follows: the
maxinm component of the force is helow the cutoff valne 0.00045 N the root-mean-
square of the foree is below 0.0003 N; the caleulated displacement for the next step is
smaller than the cutoff value 0.0018 A; and the root-mean-square of the displacem  t

for the next step is below 0.0012 A [48)].

Both the input and output geometries of the systems have been obtained with the
nse of Gauss View 3.0 software [79]. This visualization software can be used to set
up or measure the bond lengths, bond angles, dihedral ares, and svinmetries. As

well for the PBC caleulation, it aids in setting up the size (Tv) of the unit cell.

The bond length alternation (BLA) measures the degree of the conjugation along the

chain. BLA (A7) of trax  ?A systewm is defined as

T Ar 0 (3.3)

where the R, . is the longer single carbon-carbon bond and the r.—,. is the shorter



CHAPTER 3. COMPUTATIONAL DETAILS 26

double bond. For larger monomers, T A is calculated from the average value of R, .
- I'e—e pairs along the fixed direction of Ty,
m

BLA = Ar = 1/m(S (R_y — reze)) (3.4)

=1
where m s the number of Re_, - re—, pairs. In OxF; m=5, in OxF, m=9 and in OxI%

m=13. For the TPAF,,, mis 8, 12 and [6 for n=1, 2, 3, respectively.

The magnitide and direction of dipole moment give the information about the charge
[} [}
polarizations in the polvier. The dipole mowment is defined as the sum of the products

of the charge and the distance between the two charges

p=3Y QR (3.5)

It is expected that the biggest component of the total dipole moment is along the Tv
due to the charge redistribution along the chain backbone. All the caleulations are
dealing with the close-shell neutral polymer systems. The symmetry for all systems

is C'L point group.



Chapter 4

The Electronic Structures of PA

In this chapter we apply 1D solid state DFT method to obtain the electronic band
struetures of PA isomers: trans-PA . meta-PA and ¢is-PAL Tn the case of trans-PAL
we also inclide 1D solid state HE ¢ ulations. and briefly discuss the finite system
approach of extrapolating the infinite chain band gap from the oligomers. Since all
hand structures are closely related to geometries of the svstems, we discuss the geo-
metrical parameters such as bond lengths, bond angles and dihedral angles including

BLA and Tv. The dipole moment trends are also investigated.

4.1 trans-PA

Trans-PA is the simplest zig-zag conjugated carbon-carbon chain [S0]. - Two unit
cells consisting of four CH units of trans-PA are shown in Figure (L1 In this figure.
cach carbon atom is connected with two adjacent carbon atoms and one hydrogen
atom. I the initial structure. all bonds are set to be equal along the chain backbone.
The geometry optimization modifies the intra-cell and inter-cell bonds to achieve the

lowest enerev state. The resulting structure has alternating shorter and lounger bonds
5. o O o)

-1
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Figure 4.1: Molecular structure of trans-PA (two unit cells are displayed).

along the backbone.

4.1.1 k Points Analysis

Ideally, the number of k points for an extended system is equal to the number of the
primitive unit cells [69]. Typically, this is a very large numnber for bulk systems. For
the purpose of computing, smaller number of k points is used. For example. Pino
and Scuseria [36] employed 1024 k points for 1D PA system. The number of k points
determines the accuracy of reciprocal lattice integrations in solid state computations.
However, since we are dealing with relatively large molecular unit cells, it is not
feasible to perform computations with a large number of k points for fluorene-based
polymers. In Table 4.1 (whose data are also plotted in Figure 4.2), we show how the
Egqp changes as a function of k points for B3LYP and O3LYP DFT approxiumations
for PA. This table illustrates that even for a very small molecular unit cell such as
the one corresponding to PA, a relatively small number of k points is sufficient for

(reasonably) accurate caleulations of 1ost of its solid state properties.

Table 4.1 and Figure 4.2 show that, for PA, even 32 or 64 k points calculation produces



CHAPTER 4.

PA

Table 4.1: IPs, EAs and Eg,,’s (in eVs) are given as a function of number of k points
for BBLYP and O3LYP approximations for trans-PA.

DFT B3LYP UoLII
| no. of k nginfc IP | EA Egap IP | EA E_qap
4 546 1 1.60 | 3.86 | 5.07 | 1.85 | 3.22
12 4311269 162|401 ]290 ] 1.12
32 4.12 1 2.88 | 1.24 | 3.86 | 3.06 | 0.80
64 412|287 1.25 13.86| 3.18 | 0.68
128 4.11 1289|122 ]3.81 1310 0.71
256 4.11 1290 1.21 | 3.81 | 3.10| 0.71
512 4.11 1290 | 1.21 | 3.81 | 3.10 | 0.71
Ega
N gap
JCO
3 —m— HOCO
24
1]
? O
A
D -1
=
o
g -
34
-4 a—u— ® [ | [ ]
=
i
-5 I
— T T T v T . .
0 100 200 300 400 500 600

number of k points

Figure 4.2: HOCO and LUCO energy levels and Eyq,’s of trans-PA as a function of
numb  >f k points at B3LYP/6-31G* theory (DFT) level.
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Table L1 and Figure 4.2 show that, for PA, even 32 or 64 k points calculation produces
B, to within 0.1 ¢V of the final conve  »d value. Considering the size of the Huorene-
hased polvmers” unit cells. we will use 12 and 32 k points for their band structure
calculations since 12 or 32 k points produce results that are accurate enough for the

purpose of this thesis.

4.1.2 HF 1D Solid State Calculations

The 1D sohd state HE energy results are given in Table 4.3, The HE 1. 18 0.9
hartrees higher than DET Ey . The HE E,,, 15 7.24 ¢V which is approximately 5
tines larger than the experimental value of 1.5 eV for bulk PA. The reason for this is
the fact that the I (negative of HHOCO cigenvalue) is overestimated by approxinated
L7 eV iwhereas EA (negative of LUCO eigenvalue) is underestimated by 3.0 ¢V, Henee,
there is no error cancelation which occurs in DFT calculations. The result is that
E, . has a big deviation from the experimental value at the HEF level. The inclusion of
perturbation correction at a MIP2 (M@ller-Plesset second-order perturbation theory)
level [83], gives the I5,,, for trans-PA to be 3.0 ¢V. The inclusion of further correlation

cffects deceases ™, ¢ 1 more [8-4].

HE geometry optimization  ves C'=C bond equal to 1.33 A and C-C equal to 1.45
A along the PA chain backboue (see Table -1.2). This results in 0.12 A for BLA
which is 0.04 A higher than experimental value of 0.08 A [85] (with C'—C bond equal
to 1.36 A and C-C' equal to 111 A). HE optimized Tv is 2,16 A, In summary, the
HF calculation clearly illustrates that the inclusion of correlation effeets bevond 1TEF
level is essential for more aceurate electronic band gap caleulations [86, 87, 3, 89].

cor the remaining of 77 thesis, we cimploy DEFT in the calceulations.
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4.1.3 DFT 1D Solid State Calculations

Table 4.2 lists the Tv, BLA and bond length values for trans-PA for the DFT (32

k-point) 1D solid state calculations.

Table 4.2: Geometry parameters of trans-PA as obtained from 32 k-point 1D solid
state DFT caleulations. Tv’s, CC bhond lengths and BLA's (all in A) are listed.

M C=C | BLA
HF;v-01u zoru | Laou ) 1.330 ] 0.120
B3LYP/6-31G* 2473 1 1.423 | 1.371 | 0.053
O3LYP/6-31G* 2476 | 1.419 | 1.377 | 0.042
OBY5/6-31G* 2476 1 1.397 1 1.398 | 0.001
PBEPBE/G—MG* 2481 1 1.403 | 1.400 | 0.003
PBEIPBE/G-31G* | 2,466 | 1.423 | 1.365 | 0.058
TPSSTPSS/6-31G* | 2480 1 1406 1 1397 | 0.010
j Bt T Vs 136 | 0.08

The structure of the electronic energy bands are determined by the systems” optimized
geometries.  As shown in Table 4.2, the carbon-carbon bonds as obtalned at the
B3LYP level with 32 k points are 142 A and 1.37 A which are somewhat closer to
the experimental 1.44 A and 1.36 A bouds thanu the HF values. Similarly, O3LYD
gives BLA of 0.042 A with the corresponding bonds, 142 A and 1.38 A. The best
agreement with the experimental data is eiven by P PL 0 approximation which
gives 142 A and 1.37 A for bond lengths. Other DFT approximations give BLA's
close to zero sinee their optimized ca  on-carbon bonds along the chain backbone are
nearly equal (all are approximately 1.40 A). This result does not compare well with

the experimental observation. . ae corresponding Tv's are also listed in Table 4.2

Table 1.3 gives the results of energy caleulations at the DET level. As expected, the
E, i 18 rather insensitive to various DFT functionals and 1s close to -77.4 hartrees.

The six DFT functionals give different values for band gap. BE1PBE gives the best




CHAPTER 1. THE ELECTRONIC STRUCTURES OF PA 32

Table -L.3: Eyyw, IPCEA, E , and max-gap values for trans-PA. 15, 1s in hartree,
all other energies are in eV,

wviethod F... | IP | EA | E,, | max-gap

12 k points
B3LYP/6-31G* Siietr ol o209 | 162 12.G5 |
Q3LVDP/G-R1% ST L0 2,90 | 112 11.39

32 K ]T)ilus '

HEF/6-31G* —10.89 1 6.20 | -L.u4 | 724 19.41
B3LYP/6-31G* STTAL 412 2.88 ] 124 12.03
O3LYP/6-31G* 7738 ] 3.86 | 3.06 | 0.80 11.39

OBY5/6-31G* -77.39 | 3.66 | 3.37 | 0.29 Lo.17
PBEPBE/G-31G* | -77.31 | 3.71 | 3.42 | 0.29 10.21
PBEIPBE/G-31G* | -77.31 | 4.35 | 2.83 | 1.52 12.72
TPSSTPSS/6-31G* | -77.-42 12641232 (.31 10.61

| rxpt [85. 91] | +.0u | 000 | 1.50 10.00

agreement (152 V) with the experimental value of 1.5 eV for E .. It should be noted
that, lor an appropriate comparison ol 1D solid state calculations with experiental
values, it s necessary to correct them for the bulk 3D eteets. Tt has heen shown
that the experimental value for oy, for 1D trans-PA is closer to 183 eV [90] rather
than 15 eV, The B3LYDP gives a 1.24 ¢V E,,,, and O3LYP gives a 0.80 eV K0 T o
band gaps with OB95, PBEPBE and TPSSTPSS arc around 0.3 ¢V, In general, DET
calculations undere  imate the observed band gap. This is in contrast to HE which
overestimates then. However, the DFT deviations are not as large. The main reason
for this improvement. is the better agreement of 1P and EA with their corresponding
experimental values. This is due to the fact that, in most cases in DFT. hoth IP and
LA are underestimated (with EA more than the 1) and the difference between the
underestimations reduced the deviation of caleulated band gaps with experimental
datafor DET versus HE. Tvpic 7 0 7 rmax-gap is 5-8 times - ger than the minimum

E,.,. The max-gap can be used to estimate the Toad width of the TP and ™ bands
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since max-gap minus E,,, s approximately the sum of the two band widths. In the

gup
DFET calculations, it can be seen from Table 4.3 that that top band widths are of the
order of 5 - 6 ¢V. For example for B3LYDP, IP band width is 5.4 ¢V and EA band

width is 5.7 V. All approximations, including HF, give similar band widths.

1.6 7 PBE1PBE

N
o~
}

B3LYP
O3LYP

PBEPBE TPSL.. S
o J’I l
0.00 004

0.01 0.02 0. 03
BLA (A)

Egap (eV)
[an} o (@] o —_ N
[N I » w o )
L O 1 | | ]
. |

0.06

Figure 4.3: E,,,,'s of trans-PA as a function of BLA's as obtained from various DEFT
functionals (with 6-31G* basis set and 32 k points).

In addition to the above. the variation of DFT results for Ey,, with BLA'S and Tv's

are plotted. Figure 4.3 displays the Eg,, values as a function of BLAs. As expected,

lareer BLA corresponds to lareer B,,,. This is because the oceurrence of the hand
o 1 5 yaj

oap is a direct consequence of the presence of unequal bond lengths.  Figure d.1

8a] { { 8

illustrates the variation of 1wl gaps with Tv. This figure ~ ws that smaller units

cells correspond to larger E,,,'s
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Figure 4.4 E,.,% of trans-PA as a function of Tv's as obtained from various DFT
functionals (with 6-31G* basis set and 32 k points).
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Figure 4.5: The DFT/B3LYP 1D band structure of trans-PA with 6-31G* basis set
and 32 k points. For clarity, diffe 1t colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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Finally, a typical example of the band structure is displayed in Figure 4.5 for the
trans-PA in the B3LYDP approximation. Figure 4.5 shows five HOCO and LUCO top
hands: HOCO-1, HOCO-2. ... HOCO-5 and the LUCO+1, LUCO+2, ... LUCO+5.
The max-gap minus E,,, 1s of the order of 11 ¢V {or trans-PA as shown in figure -1.5.

Then it follows that the two top E, s are of the order of 5.5 ¢V,

4.1.4 Finite System Method

11 addition to the solid state approach, there are alternative methods to compute
the band gaps (sce for example, references [92, 93, 94, 95]). In one study [93]. the
HOMO-LUMO gaps were plotte — against the inverse chain length for CgHy, through
('3 Hai. The extrapolated infinite chain band gap of 1.57 ¢V was obtained which,
in turn, compared relatively well with the extrapolated experimental value of 1.83
oV for 1D trans-PA. In this thesis, as an example, we consider oligomers from 11y
through CxHys to perform similar analysis.

Table 4.4 BLA's and dipole moments for C, H,, 44 (with n = 4—18) at B3LYD/6-31G*
level. BLA's (in A) and dipole moments (in debye) are listed.

Molecuie | bLA s nnanle
Cano 0.57 | -0.15.-v.19,0.00
C'OH10 046 | 0.0C..-0.04.0.00
C8F 0.37 | 0.00,-0.16.,0.0(
C10H14 0.33 | -0.07,-0.17,0.0
C'14HIS 0.19 | 0.13.-0.15,0.11
CI16H20 0.18 | 0.14,-0.49,0.09
C18H22 0.13 | 0.22,-0.16,0.08
CnHy 0.05 | 000000,0.00

— =

)

Expt [85] N NOR vl
A SR S R - 1]
Table 4.4 shows that the BLA’s decrease with the inereasing ol 1 size, idicating

strong finite svstem effects for these rather short oligomers. The oligomers also have
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finite dipole moments. The three components of dipole moments stand for the three
directions along the backbone. perpendicular and out of the polvmer plane. Table
4.5 shows that the Dand gaps decrease with increasing number of carbon atoms. The
(' 11, 1s the estimated result with 1D PBC caleulation with trans-PA unit cell (n
stands for the number of carbon atoms in the chain). These Eg,, values are plotted
as function of 1/n in Figure 1.6, The extrapolated value as obtained from Figure 1.6
gives a band gap of approximately 3 eV for an infinite chain which ditfers Hy more
than I eV in comparison to the expected experimental value L8 eV for 1D trans-PA.

Table L.5: Ejp. [P, EA and E,,, values for 1D acetylene oligomers at BSLYP/6-31G*

lovel. Ky 18 in hartree, all other eneregies are in eV,

[Moieciue | Ejy | I oA | By,

Cano 15722 1 6.35 | 075 | 710
C'6H10 -234.62 | 5.68 | 0.53 | 5.15
(C8H12 -312.03 | .32 0.93 | -1.39
CI10H!I4 | -38940 | 538 | 1.02 | 4.30
CI4HIS | -514.15 1 501 | 1.49 | 3.52
C16I120 | -621.54 | H.0L | 153 | 3.8
C1sH22 | -698.94 | 500} 1.55 | 3.15
o HOn STT AL L2 288 | 124

i LXPU V1] I_ L5000 5.00 1 1.50

4.2 cis-PA

The two isomers, aromatic and quinoid. of ¢is-PA are presented in Figure 4.7 and
[igure 1.8 respectively. There are four carbon atoms in cach isomer’s unit cell of

¢is-PA (only two carbon atoms arve in the unit cell of trans-PA).

If one assumes that the experimental single bonds in ¢is-PA isomers are of the same

length as in trans-PA and are 144 A and the double honds are 1.37 A [85], then the
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Figure 4.6: Encrgy differences, IP-EA (obtained with B3LYP/6-31G*) of acetylene

oligomers as a function of 1/n, where n is the nuber of carbon atoms.

Figure 4.7: Molecular structure of an aromatic isomer of cis-PA (two unit cells are
displayed).
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Figure 4.3: Molecular structure of quinoid isomer of ¢is-PA (two unit cells are dis-
played).

Table 4.6: Geometry parameters of cis-PA isomers as obtained from 32 k-point 1D
solid state DFT calculations. Tv’s, CC bond lengths and BLA's (in A), dipole mo-
ments (in debye) are listed.

Aromatic | 1v [C-C| C=C|BLA | Dipole
B3LYP/6-31G* | 4.46 | 1.44 | 1.37 | 0.07 | 0,-0.0001,0
O3LYP/6-31G* [ 4.49 | 1.43 | 1.38 | 0.06 | 0,-0.0001,0
0OB95/6-31G* 4.50 | 1.42 | 1.38 | 0.04 | 0,-0.0001,0
PBEPBE/6-31G* | 4.48 | 1.43 | 1.39 | 0.04 | 0,-0.0002.0
PBEIPBE/6-31G* | 4.50 | 1.42 | 1.37 | 0.05 | 0,0.0002,0

| TPSSTPSS/6-31G* | 4.48 | 1.43 | 1.38 | 0.05 | 0,-0.0001,0
| Quinoid .7 | C-CTeé=C|BLA| Dipole
B3LYP/6-31G* [ 446 | 1.44 | 1.0¢ | 0.07 | 0,0.0002,0
O3LYP/6-31G* [ 4.49| 1.43 | 1.38 | 0.06 0.0,0
OBY5/6-31G* 450 | 1.42 | 1.38 | 0.04 | 0,0.0003.0
PBEPBE/6-31G* | 4.48 | 1.43 | 1.39 | 0.04 | 0,0.0005,0
PBEIPBE/6-31G* |4.44 | 143 | 1.36 | 0.08 | 0,0.0003,0
TPSSTPSS/6-31G* | 4.48 | 1.43 | 1.38 | 0.04 | 0,0.0004,0
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experimental value for ¢is-PA’s BLA is close to 0.07 A. As shown in Table 1.6, most
DEFT approximations underestimate this BLA value somewhat. For both isomers, the
BLAs are in the range of 0.04-0.09 A. The Tv for both isomers are also very similar.
The reason for this closeness of structural results for both isomers is the fact that the
quinoid isomer for ¢is-PA is not stable in nature and when geometry optimization is
performed the final structure is an aromatic one for all DFT functionals (this can he
clearly seen from the CC bonds in Table 4.6 where the inter-unit C'C bond is more like
a single bond). Not surprisingly, the dipole moments for both aromatic and quinoid
isonters are also similar and are cither zero or nearly zero whicli is the same result as

for trans-IPA.

Table 1.7 lists the energy results for cis-PA. The DFT/6-31G* with 32 k points has
been applied in all the band gap calculations for the cis-PA isomers. The IS, of
cis-PA isomers is close to -18 5 hartrees per unit cell. The two isomers give results
that are nearly degenerate.

The values of E,,,,'s range from 0.7 - 2.0 ¢V, These values are somewhat higher than
the corresponding numbers for trans-PA (see Table 4.3). Since the difference hetween
the max-gap and E,,, is approxin  ely the sum of the valence and conduetion band
widths, Table 1.7 clearly illustrates that optinized band widths of the quinoid isomer
are shmilar to that of aromatic isomer. The Eu afects the efficieney and mobility
of electrons in the bands. The average band width of ¢is-PA isomers is smaller than
that of trans-PA, which predicts lower conductivity for ¢is-PA in agreement with most

expoerinients.

I summary, two cis-PA isomers give similar energy results. In fact, the experimental
observations show that quinoid cis ..\ is not stable and so far has not heen observed

i the lab [96]. The quinoid ¢is-PA isomer must change into aromatic structure.
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Figure 4.9: E,,,,'s of aromatic cis-PA  a function of BLA’s as obtained from various
DET tunctionals (with 6-31G* basis set and 32 k points).
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Figurc 4.11: The DFT/B3LYP 1D band structure of aromatic cis-PA with 6-31G*
basis set and 32 k points. For clarity, different colors have been used for different
energy bands corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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Figure 4.12: The DFT/B3LYP 1D band structure of quinoid cis-PA with 6-31G*
basis set and 32 k points. For clarity, different colors have been used for different
energy bands corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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Tv's are also similar to those obtamned for cis-PA. Both BLA s and Tv's are relatively
insensitive to the vartous DEFET functionals. Stinilar to ¢is-PA and trans-PA. meta-PA
has a vanishing dipole moment.

Table £9: By, I, EAL E ), and max-gap values for 1D meta-PA as obtained from

32 k-point 1D solid state DFT calculations. E; . 15 in hartree and other energies are
m eV,

Method Eiora v na | By, | max-gap
I3.'3LYP/(5-31G* =3009.624 | 4.31 ] 2.78 | 1.53 0.006
O3LYDP/6-31G* -300.510 | 4.00 | 3.00 | 1.01 5.00

0OBY5/6-31G* -309.532 | 3.76 | 3.35 | 0.41 4.2:4
PBEPBE/G-31G* | -309.215 | 3.82 | 3.38 | 0.1 1.24

PBEIPBE/G-31G* | -309.243 | 1.53 | 2.73 | 1.81 6.06
TPSSTPSS/6-31G* | -R0G 684 | 3.77 | 3.27 | 0.50 4.36

In Table 4.9 the E;y 0 for a repeat unit cell of meta-PA consisting of 8 C'H units is
around -309.00 hartree which is 4 times than that of the value obtained for trans-PA
(-77.00 hartree) sinee four unit cells of trans-PA consist of 8 CH unmits. The B3LYDP
and O3LYD, together with PBEPBE show that the E,,, 15 close to 1 eV oor s greater
than T V. With the same basis set. 6-31G*. and 32 k points. the O3LYTDP gives a
E,., 1.007 ¢V, B3LYD 1.530 7/ and PL_.'BE 1.805 V. The other three functionals
give values of order 0.5 eV for the E . cae Cooo gives 0411 eV Eg,,. PBEIDP <
gives 00D eV oand TPSSTPSS gives 0.50 oV E,,,. The HOCO and LUCO bands
shift to narrow the energy gaps in these cases. I Figure 4,130 B, 1s plotted as a
function of BLA. The BLA's for OB95 and TPSSTPSS are much smaller than that
with B3LYD and O3LYP which in turn correspond to lower energy gaps for Q1395
and TPSSTPSS than for B3LYP and O3LYP. The band gaps of meta-PA and eis-PA

are shghtly Targer than those of traus-PA. For con | cteness also include a plot of

E,p as a function of Tv's (see Figure -1.15).
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As can be seen from Table L9 (also from Figure 4.16). the max-gap of meta-PA is
roughly 3-1 times the E,,,, while the trans-PA is 8 times the E,,,. This indicates
that the top band widths of meta-PA are smaller than those of trans-PA by a factor
of two. That is, the Eygn of meta-PA is of the order of 2 ¢V in comparison to -5

eV for trans-PA. The typical band structure for cis-PA is displayed in Figure -4 16.
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a 1.0 4
Q
o
o]

TPSSTPSS
05- PBEPBE
osgsl |
OC _T_I_ - T T T
0.03 0.04 0.05 0.06 0.07 0.08 0.09

Figure 4.14: E,.'s of meta-PA as a function of BLA's as obtained from various DFT

gap *
functionals (with 6-31G* basis set and 32 k points).

4.4 Conclusions

In this Chapter the strue l ctronie band structu  fthe ¢ moos

of PA were investigated using the 1D solid state caleulation. Experimentally, it has
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Figure 415 E,,,'s of meta-PA as a function of Tv's as obtained from various DF'T
functionals (with 6-31G* 1 s set and 32 k points).
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Figure 4.16: The DFT/B3LYP 1D band structure of meta-PA with 6-31G* basis set
and 32 k points. For clarity, different colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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been determined that the hond lengths for trans-PA are approximately in the range
of 1.35-1.45 A. These values are best reproduced by B3LYP, O3LYP and PBEIPBE
functionals. In general, it has been found that the greater BLA's produce larger
energy gaps. The E,,,'s of all PA isomers are in the range of 0.3 - 1.8 ¢V. The
PBEIPBE, B3LYT and O3LYD functionals give results that agree best with exper-
immental value of 1.8 eV for 1D trans-PA. In order of agreement with experimental
E,., for trans-PA we have: PBEIPBE > B3LYP, O3LYDP, TPSSTPSS > PBEPBE >
0OB95. For meta-PA from largest to smallest band gaps we obtain the following order:
PBEPBE > B3LYD > Q3LYP > TPSSTPSS > PBEIPBE > OB95. For aromatic
cis-PA,| the same order (fromi la st to smallest band gaps) is PBEIPBE > B3LYP >
O3LYP > TPSSTPSS > PBEPBE > OB95, and from largest to smallest band gaps
for quinoid cis-PA. it is B3LYDP > O3LYDP > PBEIPBE > TPSSTPSS > PBEPBE
> OB95. OBY5 gives the smallest Eg,, in all cases. The different performance of
DEFT functionals are due to their differences between the various approximations of
exchange-correlation energy functionals. The above results are summarized on Fig-
ure 4.17 where results of 1D solid state DFT calculations with B3LYT and O3LYD

functionals with 6-31G* and 32 k points are displayed.






Chapter 5

The Electronic band Structures of

OxF,,

A typical multilaver PLED device may be composed of a hole transport. laver such as
triphenyvlamine-fluorene alternating copolyvmer (TPAF,) and electron transport and
cntting laver such as Huorer  wadiazole alternating copolvimer (OxF,) together
with anode such as Induim .1 Ox: - (ITO) and cathode such as Mg-Ag alloy

To increase the PL and EL efficiency, PLEDs may also ciploy additional hole and
clectron transport favers.  he main role of these additional lavers is to better mateh
the 1P and EA encrgies of these materials with the anode and cathode top energy
levels respectively, As discussed in the introduction, Cyelic Voltammetry is one of the
methods that can be used to determine the top energy levels of the organte polviiers
and eathode and anode materials [98, 99, 100, 101] (see Figure 2.2 for example).

In chapter 5, we nvestigate the electronie structure properties of OxF,, (n=1,2,3)
with the use of 1D solid state DET caleulations. We compare the computational
results with the experimen * observations as given in reference [1]. .« ae bond lengths

for OxF, (1 ..2.3) are given in the Apper
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Figure 5.1: Chemical structure of OxE,, unit cell,

5.1 OXFl

It has been found that all OxI7, (n=1,2.3) have direet band gaps and their band
structures are closely related to their geometries. We begin the investigation of OxI7,
with the simplest compound OxEFy. o As shown in Figure 5.1, OxF; consists of one
Huorene and one oxadiazole group. In our computations, the Huorene side groups (R's)
arc made of short ethyl groups (Culds) instead of the longer CxHyr chains to reduce
the computation time. This replacement did not significantly « ange computational
results for band structure of OxF. OxF, unit cells are not. planar due to rotation

around the bond joining fluorene with oxadiazole ring,.

Tables 5.1 and 5.2 clearly illustrate that for a large unit cell like that for OxEFy. 12
and 32 k-point DFT (with 6-31G* basis set) calculations give very similar results for
the geometry parameters and energios. BLA'S are computed for the thiorene group.
Table 5.1 shows that all Tv's are of the order of 11.8 A, Depending on the DIFT
approximation. BLA varies from -0.003 A to -0.009 A. Figures 5.3 and 5.1 display
with BLAS and Tv's. Band gaps increase with the increasing

the variation of By,

maenitude of the BLA's. There does not seern to be much correlation hetween the
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Figure 5.2: Molecular structure of OxF; (one unit cell is displayed).

Table 5.1: Geometry parameters of OxF isomers as obtained from 12 and 32 k-point
1D solid state DFT calculations. Tv’s and BLA’s (in A), dipole moments (in debye)
are listed.

Method Tv BLA Dipole

12 k noints

B3LY r/6-31G* 11.86 | -0.0C., | 0.00,2.02,0.05

O3LYP/6-31G* 11.79 | -0.0062 | 0.00,1.95.0.04

0OBY5/6-31G* 11.84 | -0.0058 | 0.00,1.77,0.05

32 k points
B3LYP/6-31G 11.0ou | -0.0075 | 0.00,2.02,0.05
O3LYP/6-31G* 11.79 | -0.0062 | 0.00,1.95,0.04
0OB95/6-31G* 11.84 | -0.0058 | 0.00,1.77,0.05
PBEPBE/6-31G* | 11.89 | -0.0030 | 0.00,1.88,0.04
PBE1PBE/6-31G* | 11.81 | -0.0086 | 0.00,2.04,0.05
TPSSTPSS/6-31G* | 11.89 | -0.0042 | 0.00 1 950 05
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Table 5.2 Eiyqr, 1P, EA, Ep and max-gap values of OxFy as obtained from 12 and
32 k-pomt 1D solid state DFT calculations. Egy is in hartree and all other energies

are i eV,

Methad 'R, TIP | wA | B, | max-gap
1z & pormns . |
B3LYD/6-s51G" | -v10.d0 | 5.50 | 230 ] 3.2 192
O3LYDP/6-31G* -916.45 | 5.24 | 2.53 | 2.70 4.43
OB95/6-31G* SO1818 | .82 ] 2.83 1 2.00 3.60
32 k points
B3LYDP/6-31G* ~utsAu a0l | 230 3.20 4.0
O3LYDP/6-31G* SOLGAS | 524 1 253 | 2.70 LAT
OBY5/6-31G* SOI818 | 482 ] 2.83 | 2.00 3.6
PBEPBE/6-31G* | -917.27 | 1.89 | 2.92 | 1.97 3.60
PBEIPBE/G-31G* | -9.,.35 | 5.7 | 2.22 | 3.52 5.3
TPSSTPSS/G-R1G* 1 -9IRAT | 489 | 2.82 ] 2.00 3.70

size of the band gap and the magnitude of Ty, Actually, not unexpectedly, for all

svstems, there 1s no obvious correlation between band gaps and Tv's. There is a fin

dipole moment along the chain backbone.

Table 5.2 shows the energy results of OxFy at DFT level. E;y vanies from -918.6
hartrees to -916.5 hartrees per OxEF) unit cell. E,,,, ranges from 2.0 to 3.5 ¢ VoIt will he
shown helow that B3LYP and O3LY  DFT funetionals give the best agreement with
experiment valies for E,,, for OxI' and OxF;. The E,, of OxE'yat O3LYD (B3LYD)
5 2.70 (3.20) ¢V with IP and EA as 5.2 (5.50) eV and 2.53 (2.30) ¢V respectively.
Compared to these values PBEIPBE overestimates E,,, at 3.52 ¢V, Other functionals
like OB95. PBEPBE and +28STPSS all underestimate the band gap and give its
value at approximate 2.0 ¢V, The max-gap values (which are approximately eqgual
to sum of the HOCO and LUCO band widths plus the band gap) of O3LYT and
B3LYD ditfer by 0.05 eV and indicate that E,q's of the top levels of OxIy are less

than 0.9 e\ and henee the band wid'' are a lot narrower than those of PA 1somers
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(which are of the order of 4-5 ¢V). That is, the HOCO and LUCO bands are very
flat, almost parallel to cach other. In general, fluorene-based polymers are known to
present. Hatter energy band structure due to large unit cells as clearly illustrated in

Figure 5.5.

PBE1PE™

3.5
B3LYP
O3LYP
TPSSTPSS
1.5 L

-0.010 -0.009 -0.008 -0.007 -0.006 -0.005 -0.004 -0.003
BLA (A)

w
o

Egap (eV)

Figure 5.3: E_,,'s of OxF; as a function of BLA's as obtained from various DFT
functionals (with 6-31G* 1 5 set and 32 k points).

5.2 OXFQ

The molecular structure of OxFy unit cell is shown in Figure 5.6. In this case, one

more fluorene group is added to improve the clectron transport efhiciency.

Table 5.3 shows the geometry properties of OxFy. The opthmized Tv at O3LYD is
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Figure 5.4: E,.,'s of OxFy as a function of Tv's as obtained from various DFT
functionals (with 6-31G* basis sct and 32 k points).

Table 5.3: Geontetry parameters of OxFa isomers as obtained from 32 k-point 1D
solid state DFT calculations. Tv's and BLA's (in A), dipole moments (in debye)} are

histed.

Metheao
Sy e
O3LYP/6-31G*
0OBY5/6-31G*
PBEPBE/G-31G*
PBEIPBE/G-31G*
TPSSTPSS/6-210+*

I

Tv bLs +  uipole
2u.00 | -0.01uz | -0.00,2.29,-0.30
20.00 | -0.0 -0.07,0.15,-2.16
19.96 | -0.0138 | 0.02,1.70.-0.86
20.05 | -0.0104 | -0.00,2.09.-0.29
19.91 | -0.0173 | -0.00,2.27 -0.28
190,62 1 -(.0153 | 0.04,-0 AR - RO
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LUCO->LUCO+4

EA=2.30eV
IP=5.55eV
Egap=3.25eV
HOCO->HOCO-4
5 10 15 20 25 30 35

k

Figure 5.5: The DFT/B3LYP 1D band structure of OxF; with 6-31G* basis set and
32 k-points. For clarity, diffe 1t colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).

Figure 5.6: Molecu - ruct e of OxFy (one unit cell is displayed).
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20.00 A which is approximately 8 A larger than the corresponding value for OxF).
This difference gives the length of fluorene group along the chain. Similar to OxI.
the unit cell of OxFy is not planar. In fact OxF, is more distorted, for example, the
mter-ring torsional angle bhetween oxadiazole and fluorene groups is in the range of
29-3.4 doegrees. O3LYD gives the largest magnitude of BLA of 0.017 A and PBEPBE
comes with the siallest magnitude of BLA of 0.010 A. The average magnitude of
BLA for OxF, is 0.0133 A | roughly twice that of OxF ;. Figures 5.7 and 5.8 display
the variation of Ey,, with BLA'S and Tv's. Similar to OxF). band gaps for OxI
still increase with the mereasing magnitude of the BLA's in most cases. There are
exceptions, for example, E ., of B3BLYT is 0.48 ¢V larger than that of O3LYD however
its BLA is 0.0008 A smaller.  Again, there does not seem to he much correlation
between the size of the bawd gap and the magnitude of Tv. As before, there is a
finite dipole monent of the order of 2.0 D along the chain backbone.

Table 5.4 Ejp IPCEAL E,,, and max-gap values of OxF, as obtained froun 32 k-

point 1D solid state DFT caleulations. Ei.g is n hartree and all other energies are

eV,

Method .\ ro.y | TP | EA[E,, | ma ) |
B3LYD/6-31G* | -1000.88 | 0.31 [ 2.02 | 3.28 dLus |
O3LYP/G-31G* | -1572.46 | 5.06 | 2.26 | 2.80 3.57
OBY5/6-31G* | 1L, 5. | 468 | ~55 | 2.13 2.85
PBEPBE/G-31G* | -1573.89 | 4.72 | 2.66 | 2.06 2.79
PBEIPBE/G-31G* | -1574.06 | 5.55 | 1.95 | 3.60 4.38
L 2SSTPSK/B10% | I576.16 | 4.73 | 2.49 | 2.24 2.02

_7}?3\'1)1@1] |7 ) | 2,94 l

Table 5.4 shows that the E,p of OxFy 15 -1575 hartrees, 660.0 hartrees larger thau

that of OxFy. The E,,,'s of OxFy are approximately 0.1 eV larger than those of

OxIy. For this compound a direct comparison with experimental data can be made.

Clearly, the B3LYTP and O3LYT approximations give the best agreement with the
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observed values for band gaps.  3LYP predicts 3.28 ¢V for E ,, (0.34 ¢V larger than
the experimental value) and O3LYD predicts 2.80 eV for E,,,, (0.14 ¢V smaller than
the experinental value). With respect to experimental IP and EA values things are
not as clear cut. Both B3LYP and O3LYD give reasonably  od agreenient with
observed IPs, however I LEIPBE gives even better agreement. And for EAs, OB95.
PBEPBE and TPSSPTSS all give better agreenient. with the experiimental EA value
than B3LYDP and O3LYDP. The E, s of OxF, are even smaller than those of OxFy,
for example, for B3LYD, the valance band is (.14 eV and the conduction band is 0.08

eV as shhown in Figure 5.9, Similar to OxFy, all bands for OxE, are quite flat.

PBE1PBE
3.5
B3LYP

E 3.0
o O3LYP
(]
(o))
w

2.5l

.. SL,., 3o
0OB95
F EPE
| |
-0.018 -0.016 0.014 00 - -0.010

BLA (A)

Figure 5.7: E s of OxFy as a funetion of L._A's as obtained {rom various DIT
functionals (with 6-31G* basis set and 77 k points).
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Figure 5.8: E,,,'s of OxFy as function of Tv’s as obtained {rom various DEFT func-
tionals (with 6-31G* basis set and 32 k points).
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Figure 5.9: The DFT/B3LYP 1D band structure of OxF; with 6-31G* basis set and
32 k-points. For clarity, different colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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5.3 OXF3

In Figure 5.10, the OxF3 unit cell is shown with one more fluorene group i comparison

to OxFs.

Figure 5.10: Molecular structure of OxF3 (one unit cell is displayed).

Table 5.5: Geometry paramcters of OxF; isomers as obtained from 32 k-point 1D
solid state DFT calculations. Tv's and BLA's (in A), dipole moments (in dehye) are
listed.

Metwnoa v DLA Dipole
B3LYP/6-31G* 25.47 | -0.0184 | -0.01,2.49,-1.32
O3LYP/6-31G* 27.18 | -0.0165 | 0.00,3.20.-1.18

0OB95/6-31G* 27.29 | -0.0162 | 0.01,3.16,-1.25
PBEPBE/G-31G* | 27.42 | -0.0134 | 0.00,3.19.-1.16
PBE1PBE/6-31G* | 27.31 | -0.0162 | -0.01,3.19,-1.05
TPSSTPSS/G-1* | 27.39 | -0.0150 | 0.00,3.30,-0.98

Tables 5.5 and Table 5.6 show the geometry parameters and energy results respec-
tively. From Table 5.5 it can be seen that OxF3 has a T'v equal to approximately 27
A which is 7 A larger than Tv for OxF, and 16 eV larger than Tv for OxF;. As
before the unit cell of OxFj is not planar. There is a rotation of the order of 36-45
degrees between fluorene groups and 29-34 degrees between oxadiazole and fluorene

groups. This OxFy unit cell is more polar than umt cells of OxFy and OxF,. This is
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reflected inits inereased dipole moment along the chain hackbone (of the order of 3
D instead of 2 D as was seen lor OxFyp and OxF,). Figures 5.11 and 5.12 displav the
variation of E,,, with BLA's and Tv's for OxFs. Similar to OxFp and OxFa. band
gaps for OxFy inercase with the increasing magnitude of the BLAs. And, there does
not seem to be much correlation between the size of the hand eap and the magnitude
of Tv.

Table 5.6: E,pa. I EAL E, ., and max-gap values of OxFy as obtained from 32 k-

point 1D solid state DFT calculations. I 13 in hartree and all other energies are
in e\

vietnou E i IP | EA | E,,, | max-gap
B3LYP/6-31G* -2233.34 1 5.29 | 1.78 | 3.51 3.30
O3LY'P/6-31G* 220 T34 504 2,04 3.00 3.31
OBY5/6-31G* -2232.74 | L.66 | 2.34 | 2.31 2.60
PBEPBE/6-31G* | -1 30.50 | .69 | 246 | 2.23 2.03
PBEIPBE/G-31G* | -2232.74 | 4.65 | 2.35 | 2.29 2.59
TPSSTPSS/G-31G* | "7°33.76 | 4.67 | 2.35 | 2.31 2.61
Expt [1] a 5.61 ] 2.58 [ 3.03

In Table 5.6, the E, . for OxFy 15 of the order of -2230 hartrees. The data for OxEy
combined with the results for OxI9; and OxFs indicate that the addition of a fluorene
group adds approximately 660 hartrees to the magnitudes of their respective total

clergies.

For OxFy, similar to OxFy. a direct comparison with experimental data can be made.
Again the B3LYP and O3LYD approximations give the best agreement with the
observed values for band gaps. B3LYP predicts 3.51 eV for E,,, (0.48 eV larger than
the experimental value) and O3LYP predicts 3.00 ¢V for I, (0.03 ¢V smaller than
the experimental value). Also. w' 7 respect to experimental IR and 1EA values things

are not as clear cut. Both B3LYT and O3LYP 1Ps give reasonably good agreement
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with observed 1Ps. B3LYP gives the best agreement. And for EAs, OBOS, PBEPL |
PBEIPBE and TPSSTPSS all give better agreement with the experimental EA value
than B3LYP and O3LYTP. The K,z s of OxE; are even smaller than those of OxE,

as shown in Figure 5.13. Similar to OxI) and OxF,, all bands for OxFy arve very flat.

Theoretically speakine. DFT can provide detailed theoretical prediction in simulating

| 8 8

large molecules. B3LYTD gives 3.51 ¢V E,,, with 178 eV EA and 5.29 ¢V IP. The

0.48 eV overestimates of E,,, occurs with 0.4 eV higher EA and 0.6 eV lower 1P, Note
(](II

that O3LYDP ends with E

gap 2.99 ¢V 0.04 eV less than experiment value. The best
result is obtained at O3LYT level here. The experimental E,,, s 3.03 ¢V, O3LYD
gives EA and IP deviations as 0.67 ¢V and 0.54 eV, However, individually, B3LYP
of EA s better than O3LYDP while O3LYP gives better TP result. It is proved that

B, aceuracy 1s less sensitive to k points for large molecnlar systems. OB9% and

TPSSTPSS are still poor in ving reliable energy levels.

5.4 OXF1_5

In order to ivestigate the effeet of the henzene ring in the OxE,, polymer, we gen-
erated a new polvimer labeled as OxE 5. The OxIy 5 is formed by adding a benzene
ring into the OxF; unit cell as shown in Figure 514, Tt is expected that OxF5's

hand structure will have properties between those of OxFy and OxF,.

Isolated benzene is characterized by a six-member ring whose CC bonds are all equal
(90]. After inserting the henzene ring into OxFy unit cell, charge delocalization leads
to aromatic benzene structure (CC bonds are somewhat different). Table 5.7 lists the

ccometry paraineters of OxFys.

Not surprisingly, the Tv of OxFy 5 is between those of OxI9) and OxF,. However, its
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Figure 5.11: E,,,’s of OxFy as a function of BLA's as obtained from various DFT
functionals (with 6-31G* basis set and 32 k poluts).

Table 5.7 Geonetry paramete  of OxF) 5 isomers as obtained from 32 k-point 1D
solid state DFT ealeulations. Tv's and BLA's (in A), dipole moments (in debye) are

listed.

TPSSTPSS/6-31G* | 15

Method v
B3LYP/6-31G* 15.94
O3LYP/6-31G* 16.01

OBY5/6-31G* 16.04
PBEPBE/G-31G* 5.94
PBEIPBE/G-31G* 5.97

._]qlnl—\

SYRVELY
-0.0184
-0.0205
-0.7759
-0.0270
ANADINS

v Dipole
U.20.1.16,1.79
-0.02,-1.69,1.72
0.00,2.05,0.63
0.00,-1.87,2.31
0.16.2.02,1.33
00N 1 RG 9D AN




CHAPTER 5. THE ELECTRONIC BAND STRUCTURIES OF OXF, 08
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Figure 5.12: E,.,’s of OxFy3 as a tunction of Tv's as obtained from vartous DEFT
functionals (with 6-31G* basis set and 32 k points).
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Figure 5.13: The DFT/B3LYP 1D band structure of OxFj with 6-31G* basis set and
32 k points. For clarity, different colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).

Figure 5.14: Molecu ructure of Oa. | 5 (one unit cell is displayed).
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BLAs are larger than those of either OxEp and OxFy. This indicates that charge 1s
more localized in this structure. Its dipole  Hment s similar (somewhat smaller) to

those of OxI'y and OxI,.

Table 5.80 . 1P EACE,,,, and max-gap values of OxF| 5 as obtained from 32
k-point 1D sohd state DFT calculations. Ey . 18 1 hartree and all other energies are
m eV,

Erora roa e 1nax-gap

wlevnoa

ir
BovL P/6-31G* -1149.45 | 5.49 IRy 4.40
O3LYP/6-31G* 11000 5.22 | 2.39 | 2.83 3.92
0OBY5/6-31G* 14907 | st | 2.67 ) 2017 3.14
PBEPBE/G-31G* | -1148.01 | 5.08 | 248 | 2.60 3.24
PBEIPBE/G-31G* | -1148.14 | 5,74 ] 2.05 | 3.69 476
TPSSTPSS/6-31G* | -1148.65 | 5.07 | 2.38 | 2.70 3.34

As shown in Table 5.8, the Ej 0 of OxFy 5 s around -1148 hartrees. Its IE,,,,'s are
nearly the same as those found for OxF,. Figure 5.15 displayvs its band strueture.
As previously observed its bands are relatively fat. For example. the E,, g of the

valence band is 0.33 ¢V and the conduction band is 0.35 ¢V for the B3LYDP functional.

5.5 Conclusions

OxF,, polviner lavers are used to improve the clectron transport of PLEDs by better
matching their BA energy levels to the cathode one. Experimentally OxE, reduces
the energy barrier with the cathode more than OxFy. In general DFT caleulations
have been able to prediet that trend. However the magnitudes of the EAs as obtamed
by the DFT calculations are off by 0.5-0.8 ¢V. The nmagnitudes of IPs show better
agreement with experim - aly 1 (differences are of the order of 0.4-0.7 ¢V'). Both

O3LYT and B3LYD give the best agreement with experimental data for E,,'s. As
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Figure 5.15: The DFT/B3LYP 1D band structure of OxF, 5 with 6-31G* basis sct
and 32 k points. For clarity, different colors have been used for different energy bands

corresponding to the top 10 bands { )CO-4 to LUCO+4).
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shown in Figure 5.16, the experimental Egq, value lies between the B3LYP and O3LYP
results. The Eg,,'s of OxF,, (n=1,2) obey the same order in energy, that is, from
smallest to largest Egqp, the order is: PBEPBE < OB95 < TPSSTPSS < O3LYP <
B3LYP < PBEIPBE. This order for OxFj is as follows: PBEPBE < PBEIPBE <
TPSSTPSS = OB95 < O3LYP < B3LYP. For OxF, s, the Egq,'s are in the order of:
0OB95 < PBEPBE < TPSSTPSS < B3LYP < O3LYP < PBE1PBE.

2.80 2 nn jap(eV)

202 " ~e A Te nNnA

Energy (eV)

LUCO(eV)

R NA
5| .saq -HOR .5 20

HOCO(eV)

T T T T r T T T T T '
OxF2-B OxF20 OxF2-Exp OxF3-B OxF30 OxF3-Exp
System

Figure 5.16: E,u,’s, IPs and EAs of OxF,, with B(O)3LYP/6-31G* and 32 k-points.
OxF2-B stands for OxF, with ™77 ""P/6-31G* method and for and OxF2-O stands
for OxF, with O3LYP/6-31G* method, the same for OxI;.



Chapter 6

The El-ctronic pand Structures of

TPAF,,

In this Chapter. we focus on investigating the electronic band structure properties
of alternating triphenylamine-fluorene copolymers  PAF, (with n = 1 = 3) with ¢
use of 1D solid state DET caleulations.  As previously discussed in Chapter 5, we
compare the computational results with the experimental observations as given in
reference [1). We also perform caleulations for TPAF,. However, because of its large
size, the DIT calculation was performed on the finite oligomer instead of the nfinite
ID TPAI, chain. TPAF, is typically used to mmprove the hole transport in PLI
This is because it has heen found experimentally  at its [P value matches the 2
of ITO (the anode) better than other organic conjugated polyvmers. Experimentally
Cell 1, OH and Cilly; chains have been used as side chains (R and R respectively in
Figure 6.1) ou Huorene units in TPAF,,. The hvdroxyl end group (-OII) reacts with a
cross-linker (sucli as TBPA) to produce a cross-linked network that is very important
tor the formation of stable multilaver devices. It our calculations, similar to what

was done in Chapter 5 we replace (with one exception) the long chains with shorter

3
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Figure 6.1, the chemical structure (as used experimentally) of TPAF, is shown. The

bond lengths for TPAF, (with n =1 — 4) are given in the Appendix.

R = n-Caly TPAF2, x=0
R =n-UH,;0H TPAF3, x=1

Figure 6.1: Chemistry structure of TPAF,, unit cell.

6.1 TPAF,

Figure 6.2: Molecular structure of TPAF isomer 1 (one unit cell is displayed).

Figure 6.2 shows the molecular structure of TPAF, with CHj side chains which is
designated as isomer 1. In this figure (as in all molecular structures of TPAF,,), the
TBPA group is the one that includes three benzene rings attached to the nitrogen
atom (N). The molecular structure of TPAF, with -OH group replacing one of the H

in the methyl group is displayed in Figure 6.3. It is labeled as isomer 2.
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Figure 6.3: Molecular structure of TPAF| isomer 2 with hvdroxy end group (one unit
cell is displayed).

Table 6.1: Geometry paraimcters of TPAF; isomers as obtained from 32 k-point 1D
solid state DFT calculations. Tv’s and BLA’s (in A), dipole moments (in debye) are

listed.

Method Tv BLA Dipole
TPAF, isomer 1
B3LYP/G-31G* 7.33 | -0.0159 | 0.00,-0.61.-0.40
O3LYP/6-31G* 17.21 | -0.0153 | 0.00,-0.¢ . ,-0.39
CTI5/6-00 .29 | -0.0129 | 0.00,-0.81,-0.42
PBEPBE/6-31C .35 | -0.0100 | 0.00,-0.6¢ 1.36
PBEIPBE/6-31G* | 17.24 | -0.0165 | 0.00,-0.65.-0.44
TPSSTPSS/6-31G* | 17.33 | -0.0130 | 0.01,-2.57 1 26
TPAF, isomer 2 o
B3LYP/6-31G* 7.33 1 -0.0158 | 0.02,-2.62,1.26
O3LYP/6-31G* 735 1 -0.0151 | 0.02,-2.76,1.15
0B95/6-31G* 17.30 | -0.0129 | 0.02,-2.67,1.15
PBEPBE/6-31G* | 17.35 | -0.0162 | 0.01,-2.52,1.23
PBEIPBE/6-31G* | 17.24 | -0.0114 | 0.01,-2.66,1.23
TPSSTPSS/A-21x* 1 17235 1 -0.0129 | 0.01,-2.57,1.26
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Figure 6..1: E,,,"s of TPAF; isomer 1 as a function of BLA's as obtained from various
DFT funetionals (with 6-31G* basis set and 32 k| ints).
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Figure 6.5: Eg,p's of TPAF) isomer 1 as a function of Tv's as obtained from various
DFT functionals (with 6-31G* basis set and 32 k points).
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Figure 6.6: E,,,"s of TPAF) isomer 2 as a function of BLA's as obtained from various

DFT functionals (with 6-31G* basis set and 32 k points).
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Fieure 6.7: E,.,'s of TPAF, isomer 2 as a [unction of Tv's as obtained from various
I} yap 1
DFT functionals (with 6-31G* basis set and 32 k points).
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Figure 6.8: The DFT/B3LYP 1D band structure of TPAF, isomer 1 with 6-31G*
basis set and 32 k points. For clarity, different colors have been used for different
energy bands corresponding to the top 10 bands (HOCO-4 to LUCO+4).
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Figure 6.9: The DFT/B3LYP 1D band structure of TPAF, isomer 2 with 6-31G*
basis set and 32 k points. For clarity, different colors have been used for different
energy bands corresponding to the top 10 bands (I 1CO-4 to LUCO+4).
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Table 6.2: Ejorar, 1P, EA, Egq, and max-gap values of TPAF, isomers as obtained
from 32 k-point 1D solid state DFT calculations. E,uq is in hartree and all other
energies are in eV.

Method E, .. o | RATE . max-gap
TPAF,-isomer 1 |
B3LYP/6-31G- | -13Zr.00 | 4.0 | 1.28 [ 3.49 3.84
O3LYP/6-31G* -1324.44 | 4.50 | 1.53 | 2.96 3.31
0B95/6-31G* -1327.02 | 4.10 | 1.87 | 2.22 2.53

PBEPBE/6-31G* | -1325.67 | 4.15 | 1.97 { 2.18 2.50
PBEIPBE/6-31G* | -1325.81 | 5.00 | 1.20 | 3.80 4.16
TPSSTPSS/6-31G* | -1327.61 | 4.12 | 1.84 | 2.28 2 (1

TPAF -isomer ?

B3LYP/6-31G 147776 | 4.64 | 1.11 ] 3.52 3.89
O3LYP/6-31G* -1477.23 1 4.33 | 1.28 | 3.05 3.40
0B95/6-31G* 147739 | 3.98 | 1.71 | 2.27 2.58

PBEPBE/6-31G* | -1475.93 | 4.03 | 1.81 | 2.22 2.54
PBEIPBE/6-31G* | -1476.06 | 4.87 | 1 3| 3.84 4.22
TPSSTPSS/6-31G* | -1478.02 | 4.01 | 1 3| 2.33 2.6

6.2 TPAF,

Figure 6.10: Molecular structure of TPAF, with side chain R (one unit cell is dis-
played).

Figure 6.10 shows the molecular structure of TPAF unit cell with side chains R and
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R In this figure, the R and R side chains are of the same length as the ones used

experimentally as discussed above.

Table 6.3 Geometry parameters of TPAE, as obtained from 32 k-point 1D solid state
DET calculations. Tv's and BLA's (in A). dipole monments (in debye) are listed.

Methiou v BLA Dipole
B3LYD/6-31G* 25.36 | -0.0165 | 0.00,2.87,-1.2.
O3LYP/6-31G* 25.38 | -0.0154 | 0.00,2.73,-1.36

OBY5/6-31G* 25.50 | -0.0160 | 0.00,2.44,-1.37
PBEPBE/G-31G* | 25.61 | -0.0136 | 0.04.2.51-1.59
PBELIPBE/G-31G* | 25.58 | -0.0189 | -0.0-1,2.92.-1.19

TPSSTPSS/6-31G:* | 25.60 | -0.0150 | 0.02.2.65.-1.40

In Table 6.3, the geometrical parameters of TPAF, are given. The average magnitude
of BLA of TPAF, is 0.0159 A, which is 0.0019 A wger than the average value for
TPAF; isomers. The optimized Ty is approximately 25.1 A, The variation of BLA
and Tv with E,,, for TPAF, is displayved i IFigures 6.11 and 6.12. As noted above,
in general larger magnitude of BLA is associated with larger E,,, there 1s no clear
correlation between Ty and E,,,. Table 6.3 also shows that the dipole moment has
two significant components. ..ae lareer one points  ong the chain backbone and the
smaller one is associated with the presence of the hyvdroxyl groups. The magnitudes
of the respective components are sinnlar to those obtained for TPALEF, somer 2. This
again illustrates that the results of our calenlations are relatively insensitive to the
length of the side chains R and R

Table 6.3 and Table 6.4 show the geometry and energy caleulation results. Table 6.1
shows that the average Eyq 15 -2055 hartrees. The experimental By, of TPAL, is 2.89
eV Both B3LYP and O3LYD give the best ¢ eement with this experimental result.
B3LYD overestimates it by 0.44 oV and O3LYD underestimates it by 0.1 V. Other

functionals give larger deviation  (except for PLUIPBE all underestimate E,,,,). All
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Table 6.4: Ejpra, 1P EA, E ) and max-gap values of TPAF, as obtained from 32
k-point. 1D solid state DFT caleulations. E, 0 1s in hartree and all other energies are
m eV,

wvietnoa ... |1 TP I FA TR , l max-gap

B3LYDP/6-31G* -2UDV.0S | 402 | L4y | .03 3.44

O3LYDP/6-31G* | -2052.19 | 153 | 174 | 279 | 2.92
2

OBIY5/6-31G* 056.10 | 4.12 ] 7 I8 | 2.05 2.17
PBEPBE/G-31G* 15405 | 4.16 | 2,15 | 2.01 2.15
PBEIPBE/G-31G* | -2054.26 | 5.05 | 1.42 | 3.63 3.0
TPSL L 28S/6-31G* | -2057.00 | 4.14 | 2.04 | 2.10 29l

Expt [1] nIG | T927 1 980

DFT approximations also underestimate both the IP and EA when compared with the
experimental results of 5.16 ¢V and 2.27 eV respectively. For example, for B3LYDP. IP
s underestimated by 0.34 eV and EA by 0.78 ¢V in comparison to the experimental
values. In general the deviatic 5 for EA are larger than those for 1P In Figure 6.13.
the band structure of top levels of TPAF, for B3LYP approximation is displaved.
Once again all bands are very flat. This can also be deduced from the difference
between max-gap and E,,, which gives an indicat:  about the Eqp s (which must

be of the order of 0.05 V).

6.3 TPAF;

The molecular structure of TPAFE; is shown in Figure 6.1, In ..ble 6.5, the average
Tv of TPAF3 is 32.85 A . comparable with OxFy3 case. The average magnitude of
BLA for TPAF; is 0.0181 A. The magnitude of BLA using O3LYP is 0.0185 A and
0.0210 A using B3LYP. For TPAF, calculation, I~ A is still proportional to E,,, as
seen - F e 20150 Tv does not correlate with E

gap (sce Figure 2.16). The largest

component of dipole moment is along the chain hackbone and is of the order of 3 D.
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B3LYP

O3LYP
oBos B TPSL.PSS
PBEPBE
1

-0.017 -0.016 -0.015 -0. 014 -0.013
BLA (A)

function of T'™ \'s as obtained from various DFT
and 32 k points).

Table 6.5: Geometry parameters of TPAFy as obtained from 32 k-point 1D solid state
DFET calculations. Tv's and BLAs (in A). dipole moments (in debye) are listed.

wiewnod

Tv A 1 npole

B3LYP/6-31G*
O3LYP/6-31G*
OBY5/6-31G*
PBEPBE/G-31G*
PBEIPBE/G-31G*

TP

3) b() (J vzZ1u U.UU,U.()T,—B.()“I
ST 67 1 -0.0185 | 0.00,0.15.-3.01
32.83 | -0.0174 | 0.00,0.17,-2.95
32.94 | -0.0158 | 0.00,0.09,-3.11
32.95 | -0.0211 | 0.00,-0.34,-3.02

{ 71| 0.01,1.32,-2.84
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Figure 6.12: E,,,'s of TPAF, as a function of Tv's as obtained from various DFT
functionals (with 6-3LG* basis set and 32 k points).

Table 6.6: Ejar, 1P, EA, E, ., and max-gap values of TPAL 5 as obtained from 32
) gar 8 3

k-point 1D solid state DET calculations. Eyya is in hartree and all other energies are

incV.

| Method E,tmul IP EA E_,}(LI, I g X =van |

boL1 0/6-31GF | 263540 [4.82 [ 1.54 [ 328 | s |
O3LYP/6-31G* | -2629.76 | 4.56 | 1.79 | 2.77 2.86
OBI5/G-31G* 263481 [ 417 | 11 2.06 2.14
PBEPBE/G-31G* | -2632.16 | 4.22 | 2.21 | 2.01 2.09
PBEIPBE/G-31G* | -2632.44 | 5.05 | 1.48 | 3.58 3.67
TPIATPSK]/G-R10C3F | 2263507 1 1.19 | 2.09 1 21N 2 1R

. T | 521 [ 321 /8y N
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Figure 6.13: The DFT/B3LYP 1D band structure of TPAF, with 6-31G* basis set

and 32 k points. For clarity, different colors have been used for different energy bands
corresponding to the top 10 bands (HOCO-4 to LUCO+4).

Figure 6.14: Molecular ructure of TPAF;  ne unit cell is displayed).
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We follow the same discussion as with TPAF,. Table 6.6 lists the energy results
of TPAF,. The average Ej of TPAF; is -2633 hartrees. The experimental E,,,
of TPAF; is 2.89 ¢V. Both B3LYT and O3LYD give the best agreement with this
experimental result. B3LYT overestimates it by 0.39 eV and O3LYT underestimates
it by 0.12 ¢V. Other functionals give larger deviations (except for PBEIPBE all
underestimate Eg,,). All DET approximations als  underestimate both the I[P and
EA when compared with the experimental results of 5.21 and 2.32 ¢V respectively.
For example, for B3LYP. IP is underestimated by 0.39 ¢V and EA by 0.78 ¢V in
comparison to the experimental values. And again, in general the deviations for EA
are larger than those for IP. In Figure 6.17, the ban - structure of top levels of TPALE,
for B3LY'P approximation is displaved.  Once again all bands are very flat. This
can also be deduced from the difference between max-gap and E,,, whichi gives an

indication about the Ez's (which must be less than 0.05 V).

6.4 TPAF, Finite Molecule C lculations

Because of limited computational resource, TPAF, baud structure is ivestigatoed
1 )
using Hnite oligomer method. This is milar to our attempt for trans-PA oligoniers,

The molecular structure of TPAE, monomer 15 displaved in Figure 6.18.

Table 6.7: Encrgies of TPAF, oligomers at O3LYDP/6-31G* level. By, is in hartree,

others are in eV,

No. of monomer E.... .« | EAE,,

1 —ozuo.oz | w0l 1172 2.89

201 -6429.91 | 4.81 | 1.51 | 330

Energy results for TPAF,'s Ey,,,'s are given in Table G... IP band increases with e
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Fieure 6.15: E,.,'s of +2AF; as a function of BLA'S as obtained from various DFT
s} gay 3
functionals (with G-31G* basis set and 32 k points).
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Figure 6.16: E,,,’s of TPAF; as a function of Tv’s as obtained from various DFT
functionals (with 6-31G* basis set and 32 k points).
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oligomeric size while EA band decreases. TPAF with one monomer produces E,,,

2.89 eV and it is close to that obtaiued for TPAF,.

6.5 Conclusions

Experimental results show that two alternating triphenylamine-flnorene copolymers
(TPAF,,. n1=2.3) hearing hydroxyl groups on the side chains, and a cross-linker TBPA
form twisted conjugated chains which in general agree with the corresponding conpu-
tational results. All E s of TPAF,, are of the same order of energy. From smallest
to largest K, with various DFT functional is: PBEPBE < OBY5 < TPSSTPSS <
O3LYP < B3LYDP < PBEIPBE. The experimental E,,,, value always stayvs between
the B3LYP result and O3LYD result. And PBEIPBE, as mentioned before, gives

the largest B, among six functionals. The B3LYDP and O3LYDP cnergy results are

stmmarized and compared with experimental values in Figure 6.19.
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Summaries and Conc usions

Chapter 7 lists the major conclusions of this thesis. But first, because both B3LYTD
and O3LYP. on the whole, give the most accurate vi1es for baud gaps and reasonable
values for IPs and EAs (as ndicated above in chapters 5 and 6), they will be discussed

in greater detail below before the main conclusions arve stated.

7.1 B3LYP Calculations

The geometry paramceters and energies as obtained from B3LYTD computations are
summnarized in Table 7.1, The magnitudes of BLA's of PA isomers are larger than
the OxF,, and TPAF, values. For all system, the magnitudes of BLAs mmercase with
the size of the unit cell. For example. the addition of fluorene group changes BLA
from -0.008 A to -0.013 A from OxF; to OxFs. The negative sign of BLA'S of
Huorene-based polymers indicates the aromatic structure in fluorene-hased unit cells.
In contrast to the magnitudes of BLA’s, E,,,'s of PA isomers are smaller than I,

of Huorene-based polvmers.
B3LYP wnderestimates the E,,, in comparison to the experimental value by 0.6 eV

95
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Table 7.1 By, IP, EAL E,,,, max-gap and BLA values of PA and fluorene-based
polviners at B3LYP/6-31G* level, Ejpp is in hartree , BLA is in Aand all other
energies are in eV, Aromatic cis-PA and TPAF, isomer 1 are listed. The experintental

values are available shown in the brackets.

Malecnlar | E, IP EA I D max-gap | BLA
| trans-ra -77.41 1.12 285 1.2+ (1.80) 12.03 0.050
cis-PA -154.81 4.-49 2.63 1.86 9.-12 0.070
meta-PA -309.62 1.31 2,78 1.h3 H.66 0.070
OxF, -y18.40 5.50 2.30 3.20 4195 -0.008
OxF, -1575.88 | 5.31 (5.73) | 2.02 (2.79) | 3.28 (2.91) 1.03 -0.016
OxFy | 22056 10 1820 (5610 1178 (2.58) | 351 (3.03) | 280 | -0.018
TPAEF, [ 132000 | 404 1.28 3.19 st | 0017
TPAL, -2056.63 | 4.8 (H.16) | 149 (2.27) | 3.33 (2.89) 344 -0.017
TPAT. L osas a0 LA (R | 154 (2.32) 1328 (2.89) | 336 | -0.021

for trans-PA and overestimates it by approximately 0.4 ¢V for OxF,, OxEFy, TPAL,,
and TPAL;. Compared to cis-PA and meta-PA| E,,, of trans-PA is smaller due to
its raised IP and lowered EA. The Eun’s of trans-PA and ¢is-PA are similar
magnitude (4-5 ¢V) whereas the Egm of meta-PA is smaller (closer to 2 ¢V) due
to its larger unit cell. For the fuorene-based polymers, the band widths are quite
Hat (less than 0.7 eV). The IP is 5.50 ¢V for OxF,, 5.31 eV for OxI7y and 5.29 ¢V
for OxI'y which should be compared with the experimental 5.73 eV and 5.61 eV for
OxF, and OxFy respectively. The IP differences are of the order of 04 V.o EA s
2.30 oV for OxF, 2.02 ¢V for OxIFy and 1.78 ¢V for OxF; which should be compared
with the experimental 2.79 eV and 2 5 eV for OxF, and OxFy respectively. The EA
differences are of the order of 0.8 eV which are larger than those for the IP by a tactor
of two or so. The 1P 1s 177 ¢V for TPAF,, .1.82 ¢V for TPAF, and 4.82 eV for TPAF;
which should he compared with the experinental 5.16 ¢V oand 5.21 eV for TPAF, and
TPAF; respectively. Again, the IP differences ave of the order of 0.4 eV EA is 1.28

eVior TPAF,. 149 oV for .. AL . and 1.54 ¢V for TPAF; which should be compared



C'HAPTER 7. SUMMARIES AND C'ONCLUSIONS N

with the experimental 2.27 oV oand 2.32 oV for TPAF, and TPAL; respectively, As
hefore, the EA differences arve of the order of 0.8 oV which are larger than those for

the IP by a factor of two or so.

7.2 O3LYP Calculations

The geometry parameters and energies as obtained from O3LYTP computations are
sumiarized in Table 7.2 As for B3LYD, the magnitudes of BLA™s of PA isomers are
larger than the OxF,, and TPAF,, values. For all svstemns, the magnitudes of BLAS
increase with the size of unit cell. For examiple, the addition of luorene group changes
BLA from -0.006 A to -0.017 A from OxF; to OxFy. Again, the negative sign of
BLA’s of Huorene-based polymers indicates the aromatic structure in Huorene-based
unit cells and i contrast to the magnitudes of BLA s, E,,,'s of PA 1somers are smaller
than I5,,,'s of Huorene-based polymers.

Table 7.20 E w0, IPC EALE,,,. max-gap and BLA values of PA and Huorene-based
1)()1)’111(~1> at O3LYP/6-31G* level. Ejp s in hartree, BLA is in Aand all other

energies are i eV, Aromatic cis-PA and TPAF) isomer 1 are listed. The experimental
values are available shown i the brackets.

[Molecuiar + e LS ‘ EA E,., max-gap | BLA
trans-PA o i 3.06 .80 (1.80) 11.39 0.040
cis-PA -154.75 1.18 2.87 1.31 R.72 0.060
meta-PA -309.51 4.00 3.00 1.01 5.09 (0.0060
OxIy -916.45 5.24 2.53 2.70 J.A7 -0.000
OxF., -1572.46 | 5.06 (5.73) | 2.26 (2.79) | 2.80 (2.91) 307 -0.014
OxFy S2228 44 | D OL{RAT) | 2.04 (7 ",\\ R.00 (3.03) IR -0.017
TPAF, | -1324.41 +ou | Lo 2.96 5.1 -0.015
TPAF, -2062.19 | 4.65 (5.16) | 1.83 (2.27) | 2.82 (2.89) 2.94 -0.015
TPAF; -20629.76 | 456 (521 | 179 (932) 1977 (2.8 2.86 -0 1Y

In all cases. O3LYTP underestiniates the E,,,'s in comparison to the experimental
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values by nearly 1 eV for trans-PA and approximat 0.1 ¢V for OxF,, OxFy, TPAF,,
and TPAF. Again, the E,iqp's of trans-PA and ¢is-PA arve similar in magnitude (4-5
eV) wherecas the E gz of meta-PA is smaller (closer to 2 V) due to its larger unit
cell. As before, for the fuorene-hased polvmers. the band widths are quite Hat (less
than 0.7 V). The IP 15 5.24 ¢V for OxFy, 5.06 ¢V for OxF, and 5.04 for OxFy which
should be compared with the experimental 5.73 eV and 5.61 ¢V for OxFy and OxFy
respectivelv. For O3LYP, the 1P differences are of the order of 0.6 ¢V which are
somewhat larger than for B3LYP. EA 15 2.53 ¢V for OxFy, 2.26 ¢V for OxF, and 3.00
eV for OxFy which should be compared with the experimental 2.79 ¢V oand 2.58 ¢V for
OxFy and OxFy respectively. The EA diflerences are of the order of 0.5 ¢V which are
comparable to those for the IP d are smaller than those for B3LYP. The 1P 1s 4.50
eV for TPAF,. 1.65 ¢V for TPAF, and .56 ¢V for TPAF; which should he compared
with the experimental 5.16 ¢V and 5.21 eV for TPAF, and TPAF, respectively. Again,
the 1P differences are m the range 0.3-0.5 ¢V which is comparable to B3IYTD result.
EA is 1.B8 oV for TPAF,. 1.83 ¢V for TPAF, and 79 oV for TPAF; which should
he compared with the experimental 2.27 eV oand 2.32 ¢V for TPAF, and TPAT;
respectively. Tence, the EA differences are of the order of 0.5 eV which are similar
to those for the I and again are smaller than those for B3LYD. For the fuorene
hased polvmers, it appears that O3LYD gives bet - agreement with experimental
values {or botlr the band gaps and EAs (for IPs the discrepancies are similar). This
is clearly illustrated in Figure .1 where the magnitudes of the ditferences between

the experimental and theoretical hand gaps for B3LYTP and O3LYP are displaved.
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Fioure 7.1: The magnitudes of band gap differences (between the experimental and
theoretical values), |AE,q,|'s for OxFa, OxFy, TPAF, and TPAF; at B(O)3LYP/6-

31G* levels and 32 k-poin — are displaved.
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Figure 7.2: The magnitudes of band gap differences (between the experimental and
theoretical values), |AE,,,|'s for trans-PA, OxF,, OxFy and  PAF, at B3LYP/6-
31G* level with 12 and 32 k-pc .
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Figure 7.3: The magnitudes of band gap differences (between the experimental and
theoretical values), [AE,,,!'s for trans-PA, OxFy, OxFy and TPAF, at O3LYP /G-
31G* level with 12 and 32 k-points.
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7.3 k-points Euect

Table 7.3 gives the actual values for IPs. EAsC E, s and max-gaps for 12 and 32 k

points 1D solid state B3LYP and O3LYDP calenlations. Fignres 7.2 and Figure 7.3

show the [AE,,,|'s for trans-PA, OxF,. OxFy and TPAF, also for 12 and 32 k points
ID solid state caleulations respectively. The ditferences for |[AE,,, s between 12 and
32 k points are ouly significant for PA, for the Huorene-based polymers the deviations

from the experimental band gaps are nearly the sar -+ for hoth the 12 and 32 k pomts.

This is due to the fact that Huorene-based polviners have nmch Larger unit cells.

7.4 -H vs -OH End Group wifect

In TPAL| 1somers’ caleulations, 1t was shown that the inclnsion of -OIH group on the
one of flnorene side chains makes the compound more polar and itroduces signifi-
cant. dipole moment component not only along the chain backbone but also in the

trausverse direction in the plane of the molecule,

7.5 Conclusions

We sunnnarize the energy and the geometry structure results as obtained from e
1D DFT calculations for all compounds studied in this thesis. For all compounds
studied, the magnitudes of BLA's correlate well with the size of the band gaps, that
is, the bigger the magnitude of BLA, the larger the E,,,. For Tv's, there does not
scem to be a significant correlation between their magnitudes and the size of the
Egaps. All fluorene-based polymiers are nonplanar. Inall compounds, the largest

dipole montent. component is  ong v direction. For the Huorene-based polyniers,
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the inter-ring bonds are mostly C-C' single bonds which means that their unit ce

liave arontatic structures. Oxadiazole group in OxF,, (n = 1=3) lowers EA bands thus
increases the electron-transporting efficiency of PLED. The energy levels of TPAL,
(n L — 3) contribute in two ways in inercasing the performance of PLED: hrst,
their IPs are ratsed (relative to other conjugated polymers) and hence increase their
hole-transport. properties, and second, their EAs are also raised and enhance their
clectron blocking property. The combined effect of the inclusions of these two materi-
als is & more efficient PLED. DFT computations performed in this thesis reproduced
well the trends as observed in E,,,'s0 EAs and IPs for the Huorene-based polymers.
In the best cases involvit - B3LYP and O3LYP DIFT approximations, the Eg,,'s are
reproduced to within less than 0.5 ¢V in most cases. It should be pointed out that
the experimental results are for 3D bulk systems, whereas computations are for 1D
polviers. It is known that (Just as in the case of trans-PA) the 3D E,q,’s would
need 1o be inercased by approxic — ely 0.2 ¢V to obtain the corresponding 1D B, 's.
This would give even better agreement hetween theory and experiment for the band
structures for the fuorenc-hased polymers. For EAs and IPS, the disagreement be-
tween the theory and experiment is in the range of 0.3-0.8 ¢V. All E,,,,,'s are direct.
For all Huorene-based polymers, due to their large unit cells, their Iy g s are narrow
and the band structures llave ~ - ap]  arance of molecular energy levels rather than
hroad energy bands. In general, DET gives reasonably good results for the electronic
baud structures for the fluorene-based polymers. O3LYP appears to give the best

agreement with experimental values.
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