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Abstract

CHARACTERIZATION AND RELAXATION DYNAMICS OF
THE NONLINEAR OPTICAL PROPERTIES OF THIOPHENE
BASED POLYMERS

by

David L. Harris

Advisor: Professor Roger Dorsinville

Conjugated polymers are fast becoming more complex with greater potential for
a host of important effects such as light emission and detection. They can also be
processed at room temperature and coated virtually on any surface.

[n this thesis. picosecond and femtosecond laser pulses are used to study the
magnitude. dynamics and sign of the third order nonlinear optical susceptibility
¥ in a series of oligothiophenes using degenerate four-wave mixing and z-scan
techniques. The effects of conjugation length, quantum confinement. and packing
on the third order nonlinearity are investigated for the first time. Fluence effects
on the dynamics of nonlinear optical properties of thiophene polymer films are
reported. A detailed model of the diffusion processes in polydithieno(3.2-b:

2°,3’-d)thiophene (PDTT) thin films is given.
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Chapter 1

1.1 Introduction

Nonlinear optics is the study of phenomena that occurs because of the
modification of the optical properties of a material system by the presence of
light. The concept of nonlinear optics is considerably older than the lasers.
Interactions involving two or more quanta, eg. two-photon absorption and
stimulated Raman scattering were described theoretically as early as 1931 by
Goeppert-Mayer. However, the advents of high power laser pulses four decades
ago have produced fascinating effects and have contributed greatly to our
knowledge about the interaction of light with matter, and created a revolutionary
change in optics and photonics. Nonlinear optics was first observed in second
harmonic generation by Franken and coworkers in 1961}, and since then has
grown continuously. The field of nonlinear optics now ranges from fundamental
studies of the interaction of light with matter to applications such as laser
frequency conversion and optical switching. Nonlinear optical phenomena are
“nonlinear” in the sense that they occur when the response of a material system to
an applied optical field depends in a nonlinear manner upon the strength of the
optical field. For example, second and third harmonic generation depend

quadratically and cubically on the strength of the applied optical fields.
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respectively. The importance of nonlinear optical processes in optoelectronics
and/or photonics will be realized in the twenty-first century, the same way that
nonlinear electronic processes such as modulation or frequency multiplication are
key phenomena in well-developed electronics.

Among various possibilities of materials to be used in devices in
optoelectronics and photonics, conjugated polymers have many advantages such as
large optical nonlinearity, ultrafast response. processability. high optical stability.
and chemical stability.

The nonlinear optical response can be described by expressing the
polarization P(t) or the dipole moment per unit volume as a power series in the

field strength E(t) as

P(t)=y ' E(t)+x *E’(t)]+x *E*(t)+x * E*(t)+x ° ET(0+ - (1.1.1)

[n the case of conventional (i.e. linear) optics. the induced polarization depends
linearly upon the electric field (Fig. 1.1 b) where %‘!! is the constant of
proportionality. The quantities ¥, 3, ™), and ¥*® are known as second-.
third-, fourth-, and fifth-order nonlinear susceptibility, respectively. For
simplicity, we have taken the fields P (t) and E(t] to be scalar quantities in

writing Equ. 1.1.1. The nonlinear optical interactions described in terms of the

nonlinear polarization given in Equ. 1.1.1 apply only to lossless and
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dispersionless materials. In the more general cases of materials with dispersion
and/or losses, the polarization and field are vectors: %‘!) is a second rank tensor.
¥?) is a third rank tensor, etc.

The physical processes that occur as a result of second-order polarization

ey 2)=» .. -
P2'(t) = x*)E*(t) are distinct from those that occur as a result of the

third-order polarization P'*'(t) = me’(t). Second-order nonlinear optical

interactions can only occur in noncentrosymmetric materials. that is. materials
that do not display inversion symmetry (Fig. 1.1 d). Second-order nonlinearity is
responsible for second harmonic generation, sum and difference-frequency
generation, rectification, two photon absorption. optical parametric oscillation
and amplification, and Pockels electro optical effects. On the other hand. third-
order nonlinear optical interactions (ie. . those described by a ' susceptibility)
can occur both from centrosymmetric (Fig. 1.1¢) and noncentrosymmetric (Fig.
l.1d) material. Typical third order nonlinear processes are third harmonic
generation, phase conjugation, two-photon absorption. Raman scattering. self-
focusing, Kerr effects, four-wave mixing. self-phase modulation (SPM) and

cross-phase modulation (XPM).
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In section 1.2, we introduce the nonlinear polarization and nonlinear
optical susceptibilities. Section 1.3 gives the thesis statement, and section .4

describes the thesis organization.

1.2 Nonlinear Optics
An optical pulse propagating in a nonlinear medium is governed by

Maxwell's equations for the electric and magnetic fields E(r.t) and B(r.t)*:

VXE=- - =——,
c Jt
1aD 4
v =21
XH= ———+ —1, (1.2.1)
V- D = 4np,
V-B=0

where J (r,t) and p(r,t) are the free current and charge densities. respectively. In
nonlinear optics, we are often interested in the solution of Maxwell's equations in
regions of space that contain no free charges and currents. so that J(r.t) = 0 and
p(r,t) =0. For nonmagnetic materials. we also have B = H.

The electric displacement D(r.t) is given by the constitutive equations®

D=¢E =E + 4rP, (1.2.2)
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where the constitutive parameter € is known as permittivity tensor. and P is the
electric polarization. From the first two equations in Equ. (1.2.1). the wave

equation that governs optical wave propagation in the medium can be obtained:

ok N LYy (1.2.3)

Vx(Vx)+—1T -
cc dt- c-

where P is a function of spatial coordinates and time. and is the only time-
varying source term.

When the electric and magnetic fields are not strong, the quantity € can be
assumed independent of the fields. That is the case of linear optics.

In this case, P takes a simple linearized form

(e °]

Pirt)= [ x' (r=r't—t)-E(r't)dr'd (1.2.4)

—— 0

where !’ is the linear susceptibility. If E is a monochromatic plane wave with

N

E(rt) = E(kw)=A(k,w)exp(ik ‘r—int) (1.2.5)

then Fourier transform of (1.2.3) yields the relation

Pko)=x'" ko) E ko)

with
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x'Vkw)= [ x'V(rt)exp(—ik -r — icot)drdt (1.2.6)

-0

The linear dielectric constant £(k,®) is related to ¢‘!) by

gkw)=1 + 4nx' ! (ko) (1.27)

In the electric dipole approximation, %‘!)(r.t) is independent of r. and hence both
%' "(k,w) and g(k,w) are independent of k.
In the nonlinear case, the electric polarization P can be expanded into a

power series of E:°
Pirt)= [ x "(t=t)-E(rt)dt

3

(t=t =t ) E(rt JE(rt,)de dt, (1.2.8)

+f X 3 :(t_tl ;t—tz.’t—ts)'E(r’tl )E(r’tz)E(r’ts jde, de,de;+--

where ¥™ is the nth-order nonlinear susceptibility. If E can be expressed as

oo

E(rt)= f E(ro)do with E(rm)=exp(—iwt), (1.2.9)

then, the induced polarization in a medium can be expressed as

P(r.t) = PU(r,t) + PA(r,t) + PO)(r, 1) (1.2.10)
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where

Pirt)= [ x'"'(t=t)-E(rt)dt,

—_00

P (rt)= Mlit—t g—t. ;- t—t \-E(rt \E(rt, " "E(rt \de dt_--dt
X ( i 2 n) ( l) ( -) ( n’ 1 2 n

=] x'"(0=w +0,+ 0 jE® E(,) E® jdo do, do .
(L2110
and the nth-order susceptibility is

XM [ttty =t = [ ettt exp i (-t

29
+ia)2(t—t2)+"'+ icon(t—tn)'dcolda)2 rdw .

(1.2.12)

we note that, strictly speaking, only for a set of applied monochromatic fields can

we write

P‘“’(r,a))zx‘“’(m=col+a)2+---+con):E(a)l)E(col)---E((on) (1.2.13)

In the case of instantaneous response (corresponding to a dispersionless medium)

P (rt)=y'""- E(rt)® (1.2.14)
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The linear and nonlinear susceptibilities characterize the optical properties of a
medium. If ™ is known for a given medium. the n-th order nonlinear optical
effects in this medium can be predicted from Maxwell’s equations. Physically.
x™ is related to the microscopic structure of the medium and-can be properly

evaluated with a full quantum mechanical calculation.

1.3 Thesis Statement
The objective of my thesis is to use time resolved degenerate four-wave

mixing and a single beam z-scan technique as a spectroscopic tool to investigate

the nonlinear dynamics of conjugated polymer systems. The work will be divided
into four parts:

[I]  The determination of the relaxation of free excitons under the influence of
intensity in thiophene based polymer films will be made for the first time
to understand how intensity affects diffusion processes. Theoretical
calculations of the bimolecular rate coefficient. diffusion coefficient. and
hopping rates are reported.

2] Using the absolute values for the third-order nonlinear optical
measurements obtained from degenerate four-wave mixing in Poly[3-(6-
tetrahydropyraniloxyhexyl)]-2,5-thienylene Langmuir Blodgett films. the

effects of packing density on the third-order nonlinear susceptibility is
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investigated.
[3]1 Single beam z-scan is used to determine the sign and magnitude of the
nonlinear optical susceptibilities in a series of oligothiophene.
[4] The dependence of the third-order nonlinear susceptibility with respect to
conjugation length is investigated in various oligothiophenes. Comparison
between the absolute third-order susceptibility |x*) obtained from DFWM

experiment and the square of the real and imaginary parts of ‘-’

(3)

2 3 2 . .
I(x )T (;(( )im) | obtained from z-scan experiments are reported.

Preliminary studies on the effects of quantum confinement on the third-order
susceptibility in thiophene based polymers is discussed brietly in chapter eight.
The study is inconclusive because an incorrect fabrication procedure (spin
coating) was used to deposit the film unto the substrate. Improvement into this

research is mentioned.
The information obtained in this thesis is important to the development of
photonics devices and applications. The knowledge gained may lead to new

materials with enhanced nonlinearity.

1.4 Thesis Organization

This thesis is organized into eight main chapters.
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The first chapter present a brief historical background on the subject of optical
nonlinearity and its origin. The subject of nonlinearity as it relates to Maxwell's
equation is also addressed.
The second chapter describes the experimental techniques used to investigate
third-order nonlinearities. The fundamental principles of those techniques are

discussed.

The third chapter is divided into two main sections. the first section describes the
decay mechanism from free excitons to self-trapped excitons to polarons and
finally to possible bipolarons in conjugated polymers. The second section
discusses four techniques which can be used for enhancing the nonlinear optical

response in conjugated polymers.

In the fourth chapter, time-resolved degenerate four-wave mixing shows that
bimolecular decay via exciton-exciton annihilation dominates the temporal
response at high intensities. Estimates of the singlet-singlet annihilation. exciton

diffusion coefficient, and hopping rate are given.
The fifth chapter demonstrates that most of the nonlinearity x'*' is associated

with the nt-electron polarizability along the conjugated chain. These results were

obtained from anisotropy %‘*) measurements of Langmuir Blodgett thiophene
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films. Different polarization components in the plane of the film were calculated.

In the sixth chapter, the sign and size of %3’ in four new oligothiophenes.
dissolved in chloroform, are determined by the single beam z-scan technique.

The results are in good agreement with a one dimensional semiconductor model.

The seventh chapter compares the %' (where [x'I° = | x‘3’R|2 + 7~(3)im'2 )

values obtained in the previous chapter (Chap. 6) to degenerate four-wave
mixing measurements presented in this chapter. DFWM only determines the

absolute value of ¥‘.{ie. | ¥®I}. where as z-scan determines the real and

imaginary parts of %, {ie. X'y and PN S

The eighth chapter summarizes the major conclusions of this thesis

and proposes future directions.
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Chapter 2

Experimental Methods

2.1 Introduction

In order to improve nonlinear optical materials for the development of photonic
devices, certain parameters such as size. temporal response. and anisotropy of the
nonlinear susceptibility have to be investigated. Additional information such as
dispersion, temperature and light intensity dependence. and the contribution of
both real and imaginary parts of ‘¥ are meaningful to the development of
optical devices. Various techniques have been used to investigate the different
behaviors of the third-order nonlincar optical coefficient ¥'*' in materials:
Degenerate four-wave mixing (DFWM), which gives the magnitude and the
response time of y3); optical Kerr effect (OKE), which is sensitive to the real
part of x*, but can be modified to determine the imaginary part, Z-scan. which
gives the size and the sign of the nonlinearity. third harmonic generation. which
probes the purely electronic component of the nonlinearity: and electric field-
induced second harmonic generation, used mainly in liquid to measure the
reorientational component of the nonlinear response. Degenerate four-wave

mixing (DFWM) and the single beam Z-scan technique have been used in this
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thesis research to investigate the behavior x‘3.
A home-made intracavity dispersion compensation dye laser was used for
the DFWM experiment, while a spectra physics Ti-sapphire laser was used for the

z-scan experiment.

2.2 The Laser systems

The laser system used in the DFWM set-up consist of a less than

< 100 picosecond actively mode locked Coherent Nd: YAG (Neodymium:yttrium-

aluminum-garnet) laser. The lasing wavelength at 1.064 pum produced pulses at
76 MHz with an average power of 26 Watts. The generated 1.064 um pulses
were then frequency doubled after passing through a Potassium Titanyl phosphate
(KTP) crystal producing 4 Watts at 532 nm. One percent (180 mW) of the
residual 1.064 pm was send into a home-made regenerative amplifier while the
remaining ninety nine percent (99%) was dumped. The [% seeded pulses were
directed into the amplifier after reflecting off a polarizing beam-splitter (BS).
The polarizing BS ensures that only p- polarization is reflected into the cavity.
The beam then travels through a quarter-wave plate and Pockel’s cell system.
Together they work to switch the pulses in and out of the cavity. The trapped
pulse was amplified after making several round trips. The amplified pulse from

the regenerative amplifier (2 mJ per pulse at | KHz repetition rate) passed
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through a second harmonic generator crystal (KTP), generating a frequency
doubled beam at 532 nm. The beam was then used to pump a two and three
stage dye amplifiers. The 4 Watts at 532 nm produced from the Nd:YAG was
divided into two 2 Watts laser beams and used to synchronously pump a
Rhodamine 6G linear and/or an intracavity-dispersion compensation dye laser.
The two dye lasers provided pulses with temporal duration of 1-2 psec for the
linear cavity laser and 150 fs for the dispersion compensated laser. with 250 mW
and 50 mW average power, at 76 MHz respectively. The output from each dye
laser was amplified after passing through separate dye amplifiers.

The linear cavity laser used a three-plate birefringent filter as a tuning
element, providing pulses between 570 nm and 600 nm. The intracavity optical
dye laser was basically a modification of a linear cavity laser system. The
modified system made use of two pairs of AR-coated SF18 prisms separated by a
distance of 6.6 cm. Two flat mirrors were used to aid in the cavity alignment.
The distance between prisms (6.6 cm) was calculated based on the amount of
dispersion from all other components that must be compensated for with the SF18
prism. The modified design was based on a approach attempted by Nakazawa!.
where the total phase delay through the optical compressor is constrained by:

(0)+ ¢ () =0. (2.2.1)

¢prisms cavity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

where Q)pnis ms(@) is the delay due to the two pairs of prisms and 0. i (@) 15 the

phase delay due to all other components in the dye laser cavity. A schematic of

the amplified dye laser system is shown in Fig. 2.2.1.

The system used for the Z-scan experiment consisted of a commercial

mode-locked Titanium-doped sapphire (Ti:Sapphire) laser pumped by a

continuous wave (cw) diode-pumped neodymium yttrium vanadate (Nd:YVO )

laser. Laser pulses at 800 nm wavelength with 80 femtosecond pulse duration

and a repetition rate 80 MHz are produced.

635 nm. 150fs,. 50 mW

AY
‘t’ d\V__ﬂ/Bv‘
Dye Lasers
BS =5 7. EEN
M- 587 nm. < 0.8ps. 250 mW
2, | Ckrd m -
= D
5= PB 15 . 90:.5.'90'5
s = KTP == 2=
s E = - ZE| *E
2 = g | $£,8%
- A J = = = =
< o~ > = = =
M < A = -’%| = 5
532nm| Mode-Locked
1064nm Nd:YAG
Four-wave
mixing
Fig. 2.2.1  Set up of the amplified laser system

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18
2.3 Degenerate Four-wave mixing

Four wave mixing refers to a nonlinear process with four interacting
electromagnetic waves. In the weak interaction limit, it is a third-order process
and is governed by the third order nonlinear susceptibility x'*'. Unlike second-
order processes, a third-order process is allowed in all media, with or without
inversion symmetry.

Four-wave mixing has many interesting applications: when more than one
tunable laser is used for pumping. multiple resonances of ¥‘*' can be excited. In
the degenerate case (i.e., all four interacting waves have the same frequency) it is
used for wavefront reconstruction in adaptive opticsZ. it can be used as a
powerful tool for material studies. Its advantages over other techniques are in
the capabilities for high resolution. for elimination of strong fluorescence
background. and for time-resolving measurements of ultrafast dyvnamic
properties. In this section we will cover the fundamentals of degenerate four-
wave mixing spectroscopy.

In media with inversion symmetry, x(3’ is the lowest-order nonlinearity

allowed under electric-dipole approximation.?

The four-wave mixing process is
directly related to the third-order nonlinear susceptibility x‘3 ),
The theory of DFWM follows closely the general theory of optical mixing.

For simplicity, we will assume a cubic or isotropic medium. Let the input beams
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be: Em((nm) = Eom exp(ikm °r - icomt) with m = 1.2.3. The output field is

(see Fig. 2.3.1) Es(a)s) = Eos exp(ikS er - i(z)st), with O =0+0-0=0.

Ej

nonlinear
E, — optical —— E

medium
E, I l

z2=0 z=1L
A
1 A2 A3 AS
Fig. 2.3.1

shows the geometry and energy diagrams describing degenerate four-

wave mixing.
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Es is governed by the wave equation

», 95 _ S (3
\V/ +—7€((DS)E = —-——=P ’(ms)

c2 S c2
where PY(k o) =3 (k= ktk,tk,0=0*0to):Ek.0) Ek,o)
Ek,.0). E*(kq,co) denotes the complex conjugated of E(k,.w). With the usual

slowly varying amplitude approximation,* negligible pump depletion. and

simplifying boundary conditions: the solution of Equ. (2.3.1) vields:

2Tt0)2 = — 1AL - -
E =— sy 3E EYE. [1—e ik z]gm02 (2.3.2)
0s (Ak -z |k C2 gk 12731
S

where ijkl denote the polarization direction of the components. ¢ is the

attenuation coefficient of the waves along z, and Ak = kit k,xk,xk, isthe

wave-vector mismatch. Enhancement in the signal output is achieved when phase
matching condition is satisfied Ak = 0). By using different propagation
directions of the three input beams, phase matching conditions can be achieved in

a number of ways. The preferred choice however, depends on the practical

situation. In this research, only the forward folded boxcar geometry will be
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discussed. The set-up used to perform the FWM experiment is shown in Fig.
2.3.2. The amplified dye laser beam was subsequently split into three separate
beams by two beams splitter (BS) and directed through variable and fixed delay

lines toward the sample. Temporal information was obtained by delaying the

arrtval time of the probe beam with respect to the pump beams.

_——*M A

Variable *BS »\

delay

Fixed
delay

COMPUTER BOXCAR —@_‘/

Fig. 2.3.2 Degenerate four-wave mixing set-up: M - mirror. BS - beam

splitter, L - lens, S - sample, A - aperture, D - detector. Sig. - signal beam .
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The folded boxcar geometry enforces a three-dimensional phase-matching
geometry which enables spacial discrimination of the signal wave from the input
beams. The wave-vector diagrams for the Folded Boxcar is dipicted in Fig.

2.3.3.

Fig. 2.3.3 k-vector diagram for the folded boxcar geometry.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

L8]

Figure 2.3.4 shows a schematic of the beam geometry on the exiting side of the
sample. The three incident beams are labeled 1, 2, and 3, with 4 being the output
beam, which is generated by the input beams via x*). Beam 2 is time delayed

(T d) or advanced relative to beams | and 3. This allows for the determination of

the temporal response of ¥*). Beams 1. 2. and 3 all coincident in time and space.
Beam 4 emerging from the sample are shown to be spatially separated from the
more intense incident pulses (1, 2, 3). making the detection of the signal beam
free from background noise. This is important for degenerate four-wave mixing

experiments because all the beams have the same frequency.

1@ Os

2 (o) O+
Fig. 2.3.4 Schematic of

the optical beam geometry in the plane of the material for the DFWM process.
The dashed and solid line represent the two population gratings produced by

beams | and 2 and beams | and 3 respectively.
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. . . . . . 2
The total incident intensity is proportional to |[E + E,+ E,I°. and terms such as
IE‘I2 and mixed terms such as E,* E, will appear in the intensity - dependent

part of the dielectric constant. Two gratings are responsible for the combination

that gives rise to the signal beam (4). They are Gl (k, - kl). which 1s due to
EZEI* and is represented by the dashed horizontal lines in Fig. 2.3.3. and
G2 (k, - k), which is due t0 E3El* and is represented by the solid vertical lines

Fi

(Q

2.3.3. Mixed terms such as E,"El produce population gratings in the

sample from which the other beam (in this case beam 3) can diffract: that is. the
third beam sees an index and /or absorption grating that is due to the intensity -
dependent part of the complex dielectric function, and the diffracted beam is

therefore beam 4.
2.3.1 Magnitude measurement
Assuming a gaussian waist and a Sech temporal profile, the incident electric field

in the sample have the following spatial and temporal dependence:

Em = Eom (p.t) exp(ikm °r - i(omt) (2.3.3a)
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(OF]
%)
o
A

E o (p,t) = Am exp(—pzlpoz) sech(at). (2.
Here m = 1, 2, or 3; A_ is a constant, p is the transverse (cylindrical)
coordinate; p_ is the beam waist; and a determines the pulse width of the laser.
Since the generate field E | has the same frequency dependence as the incident
fields, one can now write a general expression for E o in the sample for the case

under consideration as follows:

dE o
exp(1k4-r)d_;=c { X;32’3E1E2E3 exp[x(k[+k2-k3) -r}
+ ADE ES By explitk —k, k) T } (2.3.4)

To obtain the total contribution to the fourth beam leaving the sample. one must
integrate Equ. 2.3.4 (with respect to z) from one surface of the sample to the
other and then integrate it over the cross section of the beams. When the phase

matching condition is satisfied, the following expression for x‘3' can be deduced

from Equ. 2.3.2 26

2
Aopo
20L

8 JE E,E,

'[45] ES 172 ol
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where L is the sample length, o is the absorption coefficient of the investigated
sample and n the index of refraction of the sample. When equation (2.3.5) is
used to determine ¥, accurate knowledge of the temporal and spatial

dependence of the optical fields is required. In practice. the third order
nonlinear coefficient of new materials are determined by comparing with well

investigated reference material. such as carbon disulfide (CS,). Equation 2.3.6 is

(¥}

used under identical excitation conditions to determine the new ‘.

S CS.

- 3) (3’
X2 =X
$.NXXX CS.xxxx
: lnCS: LS

n L l E 1/2 -a,L.

J E . e—ats:[-cs:

the subscripts S and CS,, are the sample and reference sample.

2.3.2 Time Resolved Measurements
The time information of the fourth beam can be obtained by considering a simple
two level system and that the pulse duration is shorter than the relaxation of the

3)

process determining x The magnitude of the signal beam E 4 With the probe

pulse (beam 2) delayed by T 4 With respect to the excitation pump pulses is given

by:
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E,0=K|E,0 | dvE,(t+T,)E () fite)

t :.
+E2(t+Td) f dt’ E3(t')El(t’)f(t,t')i (2.3.7)

—_ O

where f(t,t") = exp[(t’-t)/T ]. T, is the lifetime of the excited state. and K is a

complex constant. Equation 2.3.7 is obtained if all three beams are polarized
parallel to each other (XXXX geometry), thus giving rise to at least two temporal
components. A fast component limited by the laser pulse duration and a longer
decay due to the medium response. The fast component usually contribute a
strong coherent peak due to the bound electronic response of the medium at zero
delay. The slower component can be separated from the electronic response and
allow for the investigation of the other components. When the beams are
polarized parallel to each other, three gratings are formed. one grating is from
the two pump beams (1 & 3) and the other two gratings are created by each one
of the pump beam and the probe beam. By setting the polarizations of both the
probe and signal perpendicular to the polarizations of the two pumps (XYXY
geometry), only one grating is formed by the two pump beams and the probe is

diffracted by this grating. The magnitude of the diffracted signal beam E 4 is then
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t
E4(t)=E2(t+Td) [ dt E3(t')El(t') f(et) (2.3.8)

—_ 00

for the experiment described here the fourth beam is detected with a photodiode

that has a response time much greater than either the laser pulse duration or T,.
Thus we can approximate the signal S (T ) trom the photodetector as the integral

of IE4I2 over all time:

S4(Td)= f fE4(t)§2dt. (2.3.9)
2.4 Z-Scan

The z-scan technique. shown in Fig. 2.4.1. is a simple and sensitive single beam

technique for measuring the sign and magnitude of n,. [t is based on the

principle of spatial beam distortion. In this method a single focused beam is used
to illuminate the sample. The transmittance through an aperture placed some
distance from the focal plane of the beam is monitored as the sample is scanned

along the optic axis. From this measurement both the size and magnitude of n,

can be determined.
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Aperture

Gaussain
Beam

Detector

Fig. 2.4.1 Single Beam Z-scan Set-up

In general. a gaussian beam is focused into a thin nonlinear medium. The
transmittance of the nonlinear medium is measured through an aperture placed in
the far field as a function of the sample position z with respect to the focal plane.

Assuming that the nonlinear material has a negative n, and very thin ( thickness

less than the diffraction length of the focused beam). then as the sample is

translated from -z to +z its behavior will be that of a thin lens with a varying
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focal length. At points well before the focal plane (-z) the irradiance will be
relatively low and little nonlinear refraction will occur and the transmittance
remains constant. As the sample approaches the focal plane the irradiance is
increased and self-focusing occurs. A negative self-focusing action before the
focal plane causes a collimation or narrowing of the beam which in turn increases
the transmittance at the aperture. The same effect will result in the reduction of
the transmittance when the sample is on the +z side. If the sample has a positive
nonlinearity, the opposite effect, ie.. lowered transmittance for sample at the -z
and increases in transmittance for the sample at +z is expected. Below a
theoretical analysis of the z-scan technique is given.

The index of refraction n is expressed in terms of the nonlinear indexes n,

(esu) or Y (m*/W) through

n, |
= —E|I- = = 2
n=n,+ - [El" =n,+Y/ =n,+An (2.4.1)

where 7 is related to x®) by

X'?'=2nle cy (2.4.2)

where n, is the linear index of refraction, E is the peak electric field (cgs). and |

represents the irradiance (MKS) of the laser in the sample. The relationship
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between n, and Yis n , (esu) = (cn0/401t)y(rn2/W) where ¢ (m/s) is the speed of

light in vacuum. Also note that n, is related to x‘3 ) by:

12
n,=—— '3 (2.4.3)
n

2
0

Assuming a TEM ,, beam with a Gaussian spatial profile (and beam waist radius

of w,) traveling in the +z direction :

"o exp|— r? _ ikr? —iQ 1zt
H"(Z) ‘1’2(2) 2R(Z)

E(Z,r,t)zEO(t)

where wz(z) = woz(l + 22/ 202) is the beam radius. R(z) = z(1 + zO2 / 22) is the

. b . . ope .
radius of curvature of the wavefront at z. z_, = kw,~/ 2 is the diftraction length

0

of the beam, K = 21 / A is the wave vector and A is the laser wavelength in free

space, E; is the field at the focus.

Any change in the index of refraction An will result in a change of the phase of
the field A¢:

4o

=2n/A An. (2.4.5)
dz
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The phase shift A¢ at the exit surface of the sample for a given position z is:

Ao

Aq) (I‘,Z,t)= __70_76—21"/0)'12) (2.4.6)
1+z~/z(-)
with
9) _a~—0oLlL
AG, ()= Z=an (1)1=€ (24.7)
A 0 o

where L is the sample length and An(t) is the instantaneous on axis index change

at the focus (z=0). The input beam is traced through the optical apparatus to find
the normalized transmittance at the aperture (normalized Z-scan).

The electric field at the exit surface of the sample at z, now contains the

nonlinear phase distortion.

E’(r.zl,t)zE(r,zl,t)e—aL/zeiA(b(r‘z"[> . (2.4.8)

Using the “ Gaussian decomposition” (GD) method’, where the complex electric
field at the exit plane of the sample is decomposed into a summation of Gaussian

beams via a Taylor series expansion of the nonlinear phase term.
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(40, (z0)]"

eldd (zr,t)_ e—2mr*/w?(z) (2.4.9)

the resultant electric field pattern at the aperture is reconstructed as

(2.4.10)
_ * IAQ (zt) ™ ow 2l
bEa(r,t)=E(Z,r=O,t)e s Z - - ! J m "eXp|— 1—, — +16
m=0 m. W w- 2Rm M|
m !

y

propagating each Gaussian beam to the aperture plane. The propagation distance
in free space from the sample to the aperture plane is defined by d and all other

parameters are expressed as

g=1+d/R(z) (2.4.11)
9
2 W"(Z)
wo = 2.4.12
m0” 2m+ 1 (1)
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d — mO ) -~
m 5 (2.4.13)
2_ 2l a2, d?]
W _meg'g +t— (2.4.14)
] m
. . _
and
d/d
O=tan™' m (2.4.16)

Spatially integrating E _(r,t) up to the aperture radius r, results in the transmitted

power through the aperture. giving

ra
P_(Ad,()=ce n T g E_(rt) *rdr (2.4.17)

where €, is the permittivity in vacuum. The normalized Z-scan transmittance

T(z) is calculated using
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[ P (A¢®)dt
T(z)=—2 (2.4.18)

S [ P.(0dt

- 00
where

— 2
P.()=mw I,(t)/2 (2.4.19)

1s the instantaneous input power in the sample and

S=1- exp(—2ri/wi) (2.4.20)

is the aperture linear transmittance, with w, as the beam radius at the aperture in

the linear regime. Figure 2.4.2 is a calculated Z-scan profile which exhibits such
features as the valley-peak (v-p) sequence for positive nonlinearity and a peak-
valley (p-v) sequence for negative nonlinearity.

From the difference between the normalized peak and valley transmittance.

LD

defined as ATP_V = TP—TV, one can estimate the value of n, (or ¥ ') without

performing a detailed fit to the experimental data. Within a 0.5% accuracy. for

-ul

€

small aperture (S = 0) and for phase distortions IA(DOI = KAn l—oc < m. the

relationship of the difference between the normalized peak and valley
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transmittance ATP_v and n, is given by:

5 (1-e®] (2.4.21)
04

'Tm,,
AT _ = A[80,|~A|2IE

where | is the sample length, a is the absorption coefficient and A is a constant

which may depend on the aperture size.

1.08
. 1.04
-~
2 .00+
g r =
=
0.96
0.92 =T T T 1
-6 3 0 3 6
z/zg

Fig.2.4.2  Calculated Z-scan transmittance for third order nonlinearity with

either a negative or positive polarity and a small aperture.
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When CS, is used as a reference under the same excitation conditions. the

value of 3 from the sample can be obtained:

(ATp_vnO)
2 (AT

3 (2.4.22)

p-v“o)c:s2

where, AT should be obtained from the normalized transmittances for both CS:

and the sample.

Materials with large nonlinear refractive response often times are
superimposed by absorption components due to the presence of single or
multiphoton resonances. saturation of the single photon absorption. or free
carrier dynamic absorption. To account for any absorption component the third
- order nonlinear susceptibility can be considered complex and is represented by

areal ¥ and an imaginary part ¥’ as follows
X R (= y p 1

(3)—ap(3) sy 13)
X —XR ‘*‘lXi . (

19
A
19
LS

Assuming two photon absorption (TPA),the imaginary part 1‘3 )i is related to

TPA coefficient B through
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and the real part is related to y through

(3)=9p2 N g~
Xg =2nge cyY (2.4.25)

The absorption and the refractive contributions to the z-scan profile are coupled.
By removing the far-field aperture (S=1) the z-scan transmittance is no longer
influenced by the beam distortion (refractive component) but is only a function of

the nonlinear absorption. For a temporally Gaussian pulse and Iq,| <I. the open

transmittance is expressed in terms of the peak irradiance as 8
> -q,(z0)™
TzS=1)=) - % = (2.4.26)
m=0 (m+1)32
where
[ (t)L
q,zn=" 0 (2.4.27)
72
1+ 5
Zo
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Chapter 3

Dynamics and Magnitude of the Nonlinear Optical Response

3.1 Introduction

The continued motivation to develop new conjugated polymer with

ultrafast responsivitivity (< 1 psec). enhanced nonlinearity ( > 107 esu ). process-

ability, high optical and chemical stability (months - years), makes it necessary to
understand the mechanism (or mechanisms) underlying their nonlinear
susceptibilities. This is essential for the design and development of new and better
systems. In order for m-conjugated materials to be used in NLO based devices.
the values of %‘> have to be at least two orders of magnitude larger than
currently reported. Fast responses have been obtained in several systems such as
polyacetylene and polythiophene!™, in principle any NLO processes involving
virtual states are inherently ultrafast.

In this chapter we will focus on the dynamics of the NLO response of

conjugated polymers.
3.2 Dynamics of the Nonlinear Optical Response in Conjugated

Polymers

Various third-order nonlinear processes, such as the degenerate four-wave
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mixing>, picosecond and femtosecond pump and probe®’ and femtosecond
absorption spectroscopy® have been used to focus on the ultrafast dynamics in
thiophenes®!3. The dynamics of thiophenes are in part explained in terms of
self-trapped excitons (STEs)>. Thiophene polymers are from one of the two
classes of polymers that are distinguished in terms of their ground state. namely
degenerate and nondegenerate. Because their ground state is weakly lifted (Fig.
3.2.1), these polymers are said to be nondegenerate'*. A sketch of the molecular
structure shown in Fig. 3.2.1 (upper) illustrates that the structures representing
phase A and phase B are not energetically equivalent. Phases A and B are the
local minimums for the energy versus distortion parameter diagram. [t is well
established that systems with nondegenerate ground state possess polarons and
bipolarons as dominant charge species! 8. Fig 3.2.2 shows the structure of self-
trapped exciton. polarons (P* and P") and bipolarons (BP**) in polythiophene?.
Self-trapped excitons (Fig. 3.2.2a) are sometimes call neutral bipolarons. since
they are neutral in charge. Positive and negative polarons are formed from
relaxation of self-trapped excitons (Fig 3.2.2b). The fusion of two positive or
negative polarons during relaxation can result into a positive or negative

bipolarons.
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Fig. 3.2.1 The schematic diagram of polythiophene in which the ground state
degeneracy is weakly lifted, energetically form A and B are not equal as shown in
the diagram at the bottom of the figure where a plot of the energy versus the

distortion parameter u.
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Figure 3.2.2  shows the molecular structure of self-trapped exciton. polaron
(P*+ and P-) and bipolaron (BP++) in polythiophene. QO and @-

represent an electron - hole pair, double dots 3" represents a lone pair. and

single dot *'*” represents a unpair electron.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44
3.2.1 Relaxation of Self-Trapped Excitons in Conjugated Polymers

Self-trapped excitons are basically free excitons that are relaxed by the
emission of lattice phonons. The mechanism behind self-trapping, is one in which
the binding energy becomes the kinetic energy of the lattice oscillation. The
formation time of STE depends on the energy redistribution from the strongly
coupled phonons to other phonon modes®. The formation and decay time
constants of ST excitons in several polymers are listed in Table 3.2.1. The
transition of energies from free exciton to ST exciton was noticed by Kobayashi
et al. as a shift in the absorption spectra to lower energy.

The dynamics of one dimensional systems such as polythiophene (PT) can
be explained by using the model proposed by Kobayashi et al. {Ref 8}. The
relaxation kinetics and adiabatic potential surface for this model is shown in Fig.
3.2.3. The potential curves of the ST exciton starts from the minimum of the
free exciton. The curve then become substantially lower in energy than that of
free exciton potential because of electron - phonon coupling. As a result. the
potential curves of the ST exciton and the ground state intercept at a point that is
elevated only slightly above the minimum of the ST exciton potential curve.
From the model shown in Fig. 3.2.3, it can be seen that excitons after tunneling
through or crossing over a barrier between potential minima of the free exciton

and ST exciton, the excitons relax to a lower energy state. The radius of
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curvature (Fig. 3.2.3) of the potential of STE is larger than those of G and FE
states in order to take into account the reaction coordinate '°.

[n one dimensional systems the formation of the relaxed excitons is expected to
take place within the period of the coupled phonon cycle?®. Self-trapped exciton
can relax to the ground state by either (1) tunnelling through the barrier between
the STEs and ground-state potential. or (2) relaxing to long-lived species such as
polarons and bipolarons as previously mentioned. These polarons and bipolaron
are known to give rise to localized vibrational modes that are connected with the
local structure distortions and the appearance of symmetric gap states =!-22-2%. [n

chapter 4, we will investigate diffusion processes of free excitons and self-trapped

excitons using time resolved relaxation measurements.

Table 3.2.1

The formation time T, (fs) and decay T, (ps) of Self-Trapped (ST) Excitons.

Polymer Formation time T f(fs) l Decay Time T g (ps)
PDA-3BCMU 150 £ 50 | 20+0.2
PDA-4BCMU < 200 ’ 3.0

P3IMT 70 £ 50 0.8 £0.07
P3DT 100 + 50 | 0.45
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Fig. 3.2.3 Model of the relaxation kinetics and adiabatic potential surface of
excitons in polythiophene. Numbers 1, 2, and 3 indicates FE, and STE before the
emission of phonons, and STE after the phonon emission.

G - ground state , FE - free exciton, STE - and self-trapped exciton.
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3.3 Magnitude of the Nonlinear Optical Response
In this section, we address the enhancement of the nonlinear optical
properties of conjugated polymers. Typically four techniques can be used to

enhance the nonlinear optical response: packing, confinement, conjugation length

and phonon resonance.

3.3.1. Packing

First we will discuss packing, by packing we mean the fabrication of
compact monomolecular films, where film pinholes are eliminated. as shown by
dielectric measurements (Barraud and Rosilio, 1970). This process can be
achieved through the Langmuir Blodgett technique. Thus. providing highly
ordered molecules with alignment in a single direction (dipping or drawn
direction). Liming Wang et al. >* have shown that control of the packing
density using LB techniques. enhances the nonresonant third-order nonlinear

optical properties of poly(p-phenylene benzobisthiazole) film. and that the

(3)

X '(xxx Vvalue increases dramatically with fabrication surface pressure. In

chapter 5, we will show that the nonlinear optical response of a LB film (packed
film) is enhanced by one order of magnitude when compared to a | um thick
polythiophene film measured simultaneously under the same conditions.

Nonlinear optical responses are expressed through the relationship of the
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polarization P(t) of a nonlinear medium in an intense optical field E(t):

Pt) = xVE®) + YPEXt) + xOE 1) + ... (3.3.1)

Each term in the macroscopic polarization of Equ. 3.3.1 can be expressed as a

microscopic nonlinear optical response

P(t) = oE(t) + BE(t) + YE3 (V) + ... (3.3.

(O8]
I
19

where O is the linear polarizability. and  and Y are the second and third order

nonlinear electronic susceptibility, respectively. Considering the third-order

terms from equation 3.3.1 and 3.3.2, the nonlinear polarization AP L.

L] ‘N
')
LS

NL ‘.3 w w w
P =X E; ECE (

originates from the microscopic third-order polarization p~L of individual

®
oce

molecules. The individual molecules are driven by local field E{., thus /)N Lis

3.4

(9

givenby  PU=Yyjp lEfgc lJ (Elcgc,kv [Egc]y' (

The local field can be related to the macroscopic field by the local-tield

. @
correction ICIISO['f s’

(S}
(7S
(V]

[Egloc]iF(f?]i.j.Ej?- (3.3.5)
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In the Lorentz-Lorentz model, f¢ is a scalar given by

f"’:ﬁ%‘_m)_ (3.3.6)

where n @ is the refractive index at frequency .

The macroscopic polarization PN is a sum over microscopic polarization. taking

into account the local field at frequency .

where the summation is over all N molecules within a unit volume. R® is the

rotation matrix transforming the molecular frame to the laboratory frame.

Combining Equ. 3.3.4 and 3.3.5, and Comparing like terms of (E}DE E)E;o) with

Equ. 3.3.3. The third order macroscopic nonlinear susceptibility x'*' can be

related to the corresponding microscopic susceptibility Y by considering an

ensemble average over the orientational distribution and local field correction

factors
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X;j?d):N '<Rim'Rjn'Rko'R1p' S Yejrr fjvlfff‘lo> (3.3.8)

where N, the number density of molecules, < > represents an average over the

orientational distribution of molecules. Equation 3.3.8 shows the relation
between x(3) and N. The LB technique allows for the enhancement of 73 by

controlling the packing density through the surface pressure during fabrication.

3.3.2. Quantum Confinement in one dimensional svstems
A strong effect on the nonlinear optical susceptibility is expected as a
results of quantum confinement when the microcrystalline size is close or below
l 7

. . . . - . . Bl
the exciton diameter. A semiconductor superlattice is a periodic structure-'---.

(-A(Bv-)m, consisting of alternating layers (x and y) of two semiconductor with

unit cells A and B and different bandgaps EaA and E? (E} > E}). Insucha

periodic structure, the small gap semiconductor (B) forms a series of potential
wells and the large gap semiconductor (A) form a series of potential barriers in

the direction of periodicity. The height of the potential wells form depend

primarily on the magnitude of the gap difference, AEg = E? - E?. [n a

superlattice (SL) structure the barrier thickness (d ) 1s small enough for charge
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carriers in adjacent wells of width (dy) to interact; otherwise. the periodic

structure is a multiple quantum well (QW). In polymers the required SL or QW

structure, (-AxBy-)m, is a multiblock conjugated copolymer containing

sufficiently long blocks (x > 1 and y > 1) of repeating unit cells A and B of the

conjugated homopolymers (-A-)m and (-B-)m. with energy gaps E‘;\ and EB

Samson A. Jenekhe et al2’. have discussed theoretically the relationship
between semiconductor superlattices and quantum wells in organic polymers and
nonlinear optics. The important property of semiconductor superlattices and
quantum wells is the phenomenon of quantum size effect. This phenomenon
arises from the spatial confinement of charge carriers in semiconductor

structures of small sizes. Based on the predicted quantum size effects: (1) the

. . ; A ; B .
effective superlattice bandgap E? (E ™ > E? 2 E ) will decrease as the well

width (dg or y) increase or alternatively, the lma( of the lowest energy

absorption band will increase with increasing y, ie. a progressive spectra red shift
as the copolymer block length y increases. (2) new structures will appear in the
electronic absorption spectrum due to excitonic excitations or discrete quantum
states in the valence and conduction bands.

In block copolymers with barrier thickness (d A~ 3 - 4A) that is too small
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to confine charges to a potential well that is equally too thin (dg ~ 3- 4A). have

resulted in the formation of block segment band gaps E b"\ and E“bB as the

L]

copolymer block length increases. Note that E bA and E bB are not necessarily

(L]
(]

identical to the homopolymer bandgaps E.,A and EOB. Absorption bands due to
these two characteristic energies of block conjugated copolymers. Eub‘* and EubB.

are expected to appear in the electronic spectra provided that the block length is

large enough. In addition to the two-band structure due to E b‘* and EﬂbB.

ne

quantization of the conduction and valence bands due to the potential barrier

AE_=E should lead to additional absorption bands with energies

A B
b'Eb

e

uq

between the two block segment bandgaps. The formation of additional absorption
bands with energies between the two block segment bandgaps have shown to

exhibit very large cubic optical nonlinearities 26-7.

3.3.3 Length dependence in conjugated svstems
Earlier theoretical studies show the dependence of m-electron contribution
to the nonlinear polarizabilities of conjugated chains3®. Using a simple free-

electron model, the respective influence of chain length on optical nonlinearities
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were analyzed. Consider a degenerate electron gas with 2N electrons confined in
a one-dimensional box (-L <r 2 L) of length 2L by infinite barriers. In order to
calculated y for this system, the fourth-order perturbation energy E‘. induced
by the electric-dipole interaction H'!) = -eEr. where E is the electric field
component along the chain must be evaluated. In the usual Rayleigh-Schrodinger
perturbation theory one has to do infinite sums over intermediate states to obtain
perturbation energies in orders higher than one. However. in simple systems

such as a one dimension box

Hy = gy (3.3.9)

where the wavefunction (r) is the solution to equ. (3.3.9). Neglecting

. i .
potential energy, H = p~/2m, and p is the momentum. From quantum theory p

may be represented by -ih d/dr so that

v(zL)=0, (3.3.10)

[t is simpler to solve the inhomogeneous differential equation
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H® - EO) gy = EMhyO 4 EO-D D o p(BD - HODYy D (33.01)
to obtain eigenstates in successively higher orders, than to do an infinite sum over

intermediate states.

If one chooses the phases of ¥ ™ such that
<y = S 4

it can be shown that

s T
<Wzs)|H(l>|W(r!>= Z OE¢p+q+l:<W4s—q;lwer-—p;>‘ (3.3.17)

q:() p=

Due to the parity rule E‘D = 0, equation 3.3.11 can be solved for n=1 knowing
y', E® and EY can be obtained from Equ. (3.3.12). y'* is found next by

solving equ. (3.3.11) for n = 2. Finally E* is evaluated using Equ. (3.3.12).

The method can be continued to successively higher orders. However Y can be

9
expressed as 28

N 4 (4)

1 d’E_

VY= =2)Ye
n=1 dE
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where a,="h" /me~ s the atomic Bohr radius.

The summations for large N to the lowest order in (I/N). result in

256110

: (3.3.14)
2
4523 n°N’

Equation 3.3.14 shows that Y for a free electron like system increases

significantly with the L (length of the one dimensional box).

3.3.4. Phonon resonance
Due to nonlinear quantum lattice fluctuations stimulated by vibrational resonance.
nonlinear response is expected to be greatly enhanced by the photoexcitations that
produces lattice distortions around photogenerated carriers.

The idea behind resonance enhancement of the nonlinear optical
susceptibility is shown schematically in Fig 3.3.1 for the case of non-degenerate

four-wave mixing.
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Fig. 3.3.1 Schematic showing a four-wave mixing process with ®| — @, at

resonance.

The derivation of the nonlinear optical susceptibility is based on quantum-
mechanical perturbation theory of the atomic wave function *°. The atomic wave

function y(r,t) is assumed to describe all properties of the atomic system and is

the solution to the time-dependent Schrédinger equation

Here H is the Hamiltonian operator.
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The third-order susceptibility x‘® can be derived from the perturbation

31 In general. ¥ consists of 48 terms.
g 4

calculation using the Feynman diagrams
While ¥ is governed by the symmetric properties of the materials. each term
follows the selection rules on its matrix element. Near resonances. only a few

terms of x‘3) are resonantly enhanced through the resonant denominators.

Assume three input pump frequencies ®,, ©,. and ®, (Fig. 3.3.1). Single

resonance of ‘3 occurs when any of the frequencies or their algebraic sums

approach a transition frequency of the medium. From Fig. 3.3.1. ¢
singly resonant at ®, — ®, =w_and can be written in the form”

X(3) — a
¢ (“)1“(‘)2‘“)1-]+irg‘g

where a=—N(Ma. ](MS ](P —P

: ]/T\ is independent of ® and ©,

nq
0q
([}

and ®,—®,. Here N is the density of molecules, and I is the characteristic

relaxation time between the states <gland <g’l.

MS and M? are Raman matrix elements,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



_ <g’lerk ln> <nler1 !g> 3 <g'|er1!n> (nlerklg>
n ’ﬁ[col——cong' h{0,+o,]

-
S
uQ

ferj n){nler,/g) <{g"eriin){nerg)

i j'e
n i_ 2h(ma“mng 7:’((1)3-'.(0@]

| Y ——

In my thesis, I will report on and discuss the effects of packing and conjugation
length as they affect the nonlinear optical susceptibility. Quantum confinement
and phonon resonance will be addressed as part of future direction in the final

chapter.
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Chapter 4

Excited-State Dynamics of Thiophene Thin Films Studied by

Time - Resolved Degenerate Four-Wave Mixing

4.1 Introduction

A continuing problem has been to develop new conjugated polymers with
enhanced nonlinearity and stability!. Polythiophenes belong to a relatively new
class of m-electron conjugated polymers that show large and fast electronic 1‘3'.
comparable with those of polydiacetylenes™>. Like polyacetylenes and

polydiacetylenes they also possess the C,, point group symmetry. The &

electrons are delocalized along the main chain. providing high electronic
nonlinearity.

In this chapter, thin films of polydithieno(3.2-b; 2°,3’-d)thiophene (PDTT)
were used. The structural model for PDTT consists of a typical ribbon-like
polymer chain, packed together at a distance d=(3-4)A®. The molecular structure
of PDTT is shown in Fig. 4.1. The magnitude and sign of the nonlinear optical
coefficient of this and other thiophene based thin films have extensively been

studied by Dorsinville et al.”-8. The dynamics of the excited states of similar
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thiophene based polymers have also been studied by Z. Vardeny?. Prasad'? and
Kobayashi'! using picosecond and femtosecond pump and probe techniques. [t
has been suggested!! that in similarly electrochemically prepared films of poly(3-
methylthiophene) {P3MT}, free excitons (FE) relaxed to self-trapped excitons
(STE) with a time constant of 70 £ 50 fsec and the self-trapped exciton relaxed at
(800 + 100) fsec. After the 800-fsec relaxation. a long decay component of a few
tens of a picosecond was observed and attributed to polaron and bipolaron
dynamics. Vardeny et al.? have measured in polythiophene films a single 300 fs
fast component (attributed to self trapping) followed by a long (~3 ns) slow
component. However, the pump intensity dependence of the excited state
dynamics of polythiophenes has never been addressed. In this chapter. we report
on direct measurements of the effect of fluence on the dynamics of the nonlinear

optical response of a thiophene based polymer.

/N

- S _1n

N

Fig. 4.1 Molecular stucture of Polydithieno(3,2-b;2',3'-d)thiophene (PDTT).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

4.2 Experimental Set-up

The second harmonic of a continuous wave (cw) mode-locked Nd:YAG
was used to synchronously pump a Rhodamine 6G home made intracavity-
dispersion compensation dye laser. The output of the dye laser was
synchronously amplified to 10 microjoules per pulse at 1 KHz repetition rate
through a multiple stage amplifier dye chain that is pumped by the second
harmonic of a regenerative Nd:YAG amplifier. The amplified beam was
subsequently split with beam splitters and directed through variable delay lines
toward the sample. The DFWM experiments were performed using a folded
boxcar geometry which has been discussed in detail elsewhere!>. The temporal
response is measured by delaying the arrival time of the probe beam with respect
to the pump beams. The signal wavelength was selected by a spectrometer and
detected with a cooled PMT via fiber coupling. The intensity of the input beam
was varied by the use of calibrated neutral density filters at the wavelength under
study.

The sample used in this experiment was made by electrochemical
polymerization on an indium tin oxide (ITO) glass substrate. The thickness of the
sample was ~ 2mm. Details of the sample preparation process have been well

established elsewhere!3-13.
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4.3 Results and Discussion

Figure (4.2) shows the DFWM signal at 635 nm as a function of delay in

the case of copolarized (Il) beams and in the cross polarized (L) case. By simply

using the XYXY configuration (probe beam cross with respect to the two pump
beams) we were able to reduce the electronic response at the zero delay and allow
for the investigation of other components of the DFWM signal. PDTT showed
no significant change in the DFWM signal when rotated. indicating that the film
is isotropic. A semi-log plot ( fig. {4.2} insert) of the XYXY configuration
reveals two distinct slopes in the decay curve. One can extract an acceptable
approximation of the longer live component if the decay curve is fitted to a
double exponential. This results in a fast time of (9 £ 1) ps and a slow time of
more than 40 ps at pumping energy less than 0.1 pJ (1.3 X 10°> W/em? ). the fast
component reduces by a factor of four (to about 2 ps) as the intensity increases by
one order of magnitude. According to the model proposed by Kobayashi et. al.!!
for (P3MT), after excitation free excitons are first created which decay into STE
then to longer lived species (in a few ten of picoseconds, also conforming to a
nonexponential decay kinetics) probably polarons and/or bipolarons. with
possible contributions from triplet excitons generated through two photon
absorption. Our earlier measurement of the DFWM results at 635nm seems to fit

this model quite well since we observe a fast component followed by a long
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Fig. 4.2 Time dependence of the DFWM in PDTT thin films are plotted with a
XXXX (solid) and (XYXY (broken) configuration. The inset shows a semi-log

plot of the XYXY configuration with (9£1) ps and 40 ps.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

lasting tail'®. However, the measured time constant for the fast component is
about one order of magnitude slower than the ST exciton lifetime measured by
Kobayashi. It is important to note that this discrepancy could be due to the fact
that our excitation flue.nce might be two order of magnitude lower than
Kobayashi et. al !!, Prasad et. al.!” and Z. Vardeny et. al.? as inferred from the
energy values given in their papers (0.2 - 0.3 uJ). Our results are consistent with
previous work when intensity dependence effcts is taken into account.

In order to further understand the decay mechanisms. we have measured
the decay as a function of excitation intensity. Figure (4.3). shows the early
temporal response of the DFWM signal observed for PDTT as a function of time
for different pumping intensities at 635nm. The dynamics of the resonant third-
order response shows two components, the first (fast) component being intensity
dependent and the second (slow) component being almost intensity independent.
When the intensity of the excitation light pulse is increased. the signal decay
becomes faster and has a pronounced deviation from a single exponential decay.
The possibility of heating effects was studied by Kobayashi'® at 295K and 10K.
and no significant difference was found between the decay kinetics. In our
experiment, the kinetics was strongly fluence dependent, and the fastest
component measured seems to be limited by our experimental laser intensity.

Such fluence dependence is typical to diffusion controlled processes such as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

bimolecular singlet exciton annihilation.
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Fig. 4.3 The fluence dependence of the early temporal response of the NLO
signal of PDTT at 635nm. The following laser fluences were used (top to

bottom) 0.51, 1.34, 2.74, and 5.54 mJ/cm? .
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Exciton - exciton annihilation plays a very important role in the dynamics

of molecular solids, especially in the high density limit. In this high density limit.

exciton-exciton interaction is dominant due to the close proximity of excitons to

each other. Therefore, the exciton decay could be governed by a combination of

exciton-exciton annihilation and exciton-phonon interaction leading to ST
excitons and/or polarons and bipolarons.

If the decay of the excitons is governed by the two processes. exciton -

exciton annihilation (bimolecular) and exciton - phonon coupling (self -

trapping), then the kinetic equation for the concentration of singlet molecular

excitons [S1] is

dS i
-d—tlzal(t)—(kr+knr)[Sl]—fyss[sl]" e

where o is the absorption coefficient, I is the intensity of the excitation. k_and

k . are radiative and nonradiative rates of the monomolecular decay of singlet
excitons, Y S is the rate constant for bimolecular recombination. and is a
S

parameter which takes into account losses due to auto-ionization and direct
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nonradiative relaxation to the ground state S, from states above the singlet

exciton state. For simplicity let k, =k +k_, wherek, correspond to exciton -
phonon interaction (monomolecular) and k, =fY ., where k_ correspond to
K4 SS -

exciton - exciton annihilation.

Equation (4.1) was used to fit our experimental data'3 Fig (4.4).

Normalized Signal

Time (ps)

Fig.4.4 Temporal resolution of the bimolecular reaction (solid) fitted to the

experimential data (data), pulse energy of 1.7mlJ.
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We modeled Equ. 4.1 to extract the bimolecular coefficient (k,) of PDTT at the
various excitation intensities. The unimolecular lifetime 1/ k, of singlet excitons

was assumed to be equal to the long component of the decay dynamics (>40 ) ps

{k =25 x10'% sy, in agreement with our previous measurements[16]. The
value of k., was determined to be 7.5 x 10 cm?/s. The maximum error in the

determination of the bimolecular coefficient due to the parameter f is a factor of
2.

The bimolecular recombination process can be represented by the model
shown in Figure 4.5. After excitation, free excitoﬁs decays quickly (~ 70 fsec) to
self-trapped excitons by the emission of phonons. The diffusion path of self-
trapped exciton to the ground state depends on the excitation intensity. At low
intensity, STE decays within 10 picoseconds to possible polarons then to the
ground state within 45 picoseconds. At high intensity. exciton - exciton
interaction dominates due to the close proximity of the excitons to each other. A
new and higher state S is created which quickly decays back to the S! state by the
emission of phonons. The decay process continues within 10 picoseconds to
polaron states and finally within 45 picoseconds to the ground state.

The bimolecular rate constant k., for a diffusion controlled process depends

on the rate of encounter of two excitons and their subsequent annihilation. We
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Fig. 4.5 A model of the diffusion processes in polydithieno(3,2-b; 2°3"-d)-
thiophene thin films. Free excitons (FE), self-trapped excitons (STE), SO.S!

and S? are energy levels.
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will assume that annihilation occurs “immediately” following the exciton-exciton
encounter within a given spherical reaction volume?!. For isotropic. three
dimensional diffusion, where both reaction partners are mobile. the maximum

. . 19
bimolecular rate constant k., can be written as™

k,= 87tDSR(1 + R/A) (3)

R is the spherical reaction radius, D, the diffusion constant and A = (6Ds/k1)” -

is the diffusion length.

Assuming R = 10 A, and R/A << I, from Equ. (3)

DS =30+1X107 cm’s™

and

We assumed that k, is time independent . this is valid as long as the average
separation distance between excitons, [, is small compared to the exciton

diffusion length, A , and large compared to R 23, i.e.,
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L>!>R, (4)
Where: A = (Dsr)”2 and T = 1/k, I = (47tn0/3)'”3 where n, is the initial

excited state density.

Condition 4 is satisfied (10= 20A) for the excitation level used in our

experiments.
Within the framework of the random walk model, where the exciton step

size is on the order of the nearest neighbor distance [ - the exciton diffusion
coefficient can be expressed in terms of I and the hopping rate ® using the

relation2+23,

(V]

D =1/6 ( g o) (

Assuming [co = 3A°> for PDTT and using this value in equation 5. we obtain a
hopping time t, = l/® between nearest neighbors of about (250 £ 50) fs for

PDTT.
Our measurements show that intensity plays a significant role in
determining the decay components. If we assume the intensity used by others 9-

I, we approach values that are consistent with their findings, and it becomes
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evident that bimolecular exciton-exciton annihilation occurs simultaneously with

self-trapping.

4.4 Conclusion

We have shown that the decay kinetic of thiophene based polymers are
intensity dependent. The fast decay component is dominated by exciton - exciton
annthilation at high intensity. The shortest decay component measured in our
experiments was 2 ps. However, with higher intensity we could probably
approach values within close proximity of the 0.8 ps measured in [1. We have
determined the time - independent bimolecular rate coefficients for PDTT. and
have obtained an estimate of the diffusion coefficient and hopping time for

singlet excitons from the measured bimolecular recombination rate constant.
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Chapter S

Nonlinear Optical Anisotropy and Molecular Orientational
Distribution in Poly[3-(6-tetrahydropyraniloxyhexyl)]-2,5-thienvlene

Langmuir Blodgett Films

5.1 INTRODUCTION

Langmuir Blodgett technique possesses the ability to construct well defined
molecular structures of organic materials with various kinds of functionality!.
Controlled thickness and uniformity are some of its most noted functionalities.
However recent attention focused on the development of polymer Langmuir
Blodgett (LB) films, by which controlling the chain conformation. molecular
orientation and packing density in nt-conjugated polymer structures allow for the
enhancement of optical nonlinearity’. The optical nonlinearity originates from

the interaction of the delocalized m-electrons along the linear chains with an

3

electromagnetic field. Polythiophene?, polydiacetylene? and polydibutylstannane-
have received considerable attention as some of the third-order nonlinear optical
materials because of its large and ultrafast third-order NLO response. However.

the size of the nonlinearity attained as of today in organic polymers are still
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below the value needed for device applications. Recently, the introduction of
oxygen atoms in different functional groups on the side chain of poly(3-
alkylthiophene) {PAT} has improves PAT adhesion with water. making possible
the fabrication of LB structures. Using this technique. the PAT LB films tend to
form extended chain conformation showing good orientation of the main chain in
the dipping direction along with condensed packing.

[n this chapter, we present femtosecond degenerate four-wave mixing
(DFWM) measurements that probe the magnitude and temporal response of the
third order nonlinear optical susceptibility of a new PAT LB film. We also

(3} behavior of poly[3-(6-

successfully measured the anisotropic ¥
tetrahydropyraniloxyhexyl)]-2,5-thienylene (PTHT) oriented thin films which
demonstrates that most of the nonlinearity is associated with the w-electron
polarizability along the conjugated chain. We describe the physical properties and
theoretical treatment of the molecular orientation distribution and the packing
behaviors of the polymer chains concerning the deposition and process of the
films. The magnitude of the NLO susceptibility is directly compared with results

obtained from electrochemically prepared polythiophene (PT). measured

simultaneously under similar conditions.
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5.2 Sample

The molecular structure of poly[3-(6-tetrahydropyraniloxyhexyl)]-2.5-
thienylene (PTHT) is shown in Fig. 5.2.1. The polymer was synthesized
according to the M®Coullough procedure as reported in reference 6. The
molecular structure of PTHT can be broken into three main groups: non-polar
thiophene rings, flexible side chain (or spacer). polar ether group
(or end group). The thiophene rings are hydrophobic and are each stabilized by
a sulfur atom that is known to interact only weakly with the m-electron system of

the backbone’. The six H-C-H {(CH,)6} group acts as a flexible side chain and

spacer between the non-polar and polar groups. The two oxygen atoms at the end
of the side chain made the ends hydrophilic. This is important in order to
improve the stability of the monolayers on the water surface for the preparation
of LB films®. Therefore, the structure shown in figure 5.2.1 represent a poly(3-
alkylthiophene) with a polar group at the end of the side chain. This made
possible the preparation of thiophene LB films in water with cannot be achieved

with long chain fatty acid used by other authors’.
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Fig. 5.2.1. Molecular structure of PTHT LB film

5.3 Experimental Techniques
A Y-type multilayered transfer (Fig. 5.3.1) was observed on slightly
hydrophobic glass slides which were prepared by immersion of a precleaned glass

into a chloroform solution of (CH,),SiCl, (3% V)'0. The polvmer was

precipitated in methanol and dried under reduced pressure. Details on the Lauda
Filwaage computer controlled unit used to prepares these LB films are reported
in reference 8. The regioregularity of the polymer was found to be 95% as

detected by 'H-NMR spectroscopy and its molecular weight (X/I—“.) is around

11,000. This means that on the average there are sixty monomers for each

macromolecular chain. The LB films consisted of 8 monolayers per side for a
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Fig. 5.3.1 A Y-type multilayer tilm (centrosymmetric) where stacking of the

layers is head to head or tail to tail.

The absorption spectra were measured on a PTHT LB film at different angle of
light polarization with respect to the dipping direction using a Cary 2400
Spectrometer. Note that a large dichroism appears as shown in Fig.5.3.2. A
dichroic ratio up to 3 was observed. The order parameter describing the degree
of orientation of the chains with regard to the dipping direction was determined

to be about 0.4. (calculated as Abs - Abs_/Abs + Abs._ !
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Fig.5.3.2. UV-Visible spectra of 8 layers of PTHT LB film measured with light

polarization parallel with (ll) and perpendicular to (_L ) the dipping direction.

Degenerate four-wave mixing experiments were performed using the
folded boxcar geometry with 500 fsec pulses at 635 nm. Details on the
experimental set-up is introduced and discussed in chapter 2. The film is
mounted on a precision rotational stage so that it can be rotated while maintaining
the spot position and that the orientational anisotropy of x‘3) can be measured.

Isotropic films of polythiophene used as our reference were reported to have a
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x> value of 0.7 x 10" esu obtained with picosecond pulses at 635 nm!-.
The samples were also thermally treated in order to investigate its thermal

stability. Fig. 5.3.3 shows a plot of the ratio between A, and AL versus

temperature. The chains maintained their orientation up to 40 degree. However.

by increasing the temperature a reduction of the A, is observed while the A_

increases. This indicated a progressive isotropization of the chain orientation.
As the temperature approached 50 degree celsius the highly oriented sample loose
its orientational order due to the increased mobility of the polymeric structure.

Moreover an observed blue shift of the absorption maxima for A ,, indicates that

the conjugation length of the chain decreases’.

Abs)| / Abs L

g ' e
1 L4

20 30 40 50 60 70 80

Temperature (OC)
Fig. 5.3.3. Fig. 5.3.3 shows a plot of the ratio between A, and A. versus

temperature.
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5.4 Results and Discussion

5.4.1 Third-order nonlinear optical responses

The degenerate four-wave mixing signal as a function of time delay with
the electric vectors of all the waves parallel to the draw direction is shown in
Figure 5.4.1. The rise time and decay of the signal is clearly very fast and is
limited by the laser pulse. However, as shown in previous chapters a weaker and
slower contribution from polarons and bipolarons is probably present.Thus. the
third-order nonlinearity of PTHT was determined to have a sub-picosecond

response time of less than 500 femtosecond.
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Fig. 5.4.1. Shows the observed DFWM signal as a function of time delay. and
with the electric vectors of all the waves parallel to the draw direction. Pulse

limited subpicosecond (<500 fsec) time response is measured.
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The magnitude of x*) was obtained by using the following equation with PT used

as the reference (under same excitation condition),

-

(3) _ A, (3) Ny Leff.PT ILB _e__'-‘: .
As = Xer : (5.4.1)

Ny Legris (Ipr e~ rile

where L is the effective sample length. [ is the intensity of the signal intensity

of the fourth beam. signal beam. Equ. 5.4.1 has been corrected for absorption
losses. The calculation of 3 value for PTHT LB film along the draw direction
from Equ. 5.4.1 yielded ~ 1078 esu at 635 nm.

The change in ¥® value (actually the square root of the DFWM signal) as
a function of the film rotation with respect to the incident electric field vector
yields the plot shown in Fig. 5.4.2. The highest value of ¥ is obtained when
the electric field vectors of all four wave are parallel to the draw direction. The

minimum value of ¥x(* is for the orientation when all the electric vectors are

perpendicular to the draw direction. The ratio of the X::t:f) (ie. x(s’ parallel to

%) perpendicular) is about 4. The in-plane anisotropy is attributed to the flow
alignment of polymer chains along the dipping direction. The movement of the
substrate through the floating monolayer during the film transfer process makes

the long chain axes tend to lie parallel in the film surface plane with an extended
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chain conformation Fig. 5.4.3. By maintaining good surface pressure. films of
good homogeneity and condensed packing are fabricated. Our result then
provides confirmation that the largest component of ¥{*' (and hence microscopic

nonlinearity Y) tensor is along the chain direction as is expected from any

theoretical calculation of in a n- conjugated polymeric structures.
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Fig. 5.4.2 Shows a plot of x¥), the square root of the DFMW signal intensity
as a function of the film rotation with respect to the incident electric field vector.
The dots represent the number of data scans. the solid line represent the average

of all scan.
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Fig. 5.4.3. A stereoscopical view of the molecular structure after the transfer

process.

To explain the observed plot Fig. 5.4.2, we use a simple transformation of
the fourth rank tensor x‘*’ from the film-based co-ordinate to the laboratory-
based coordinate system. The third order optical susceptibility tensor ‘3’ in the
laboratory framework (defined by the polarization vectors of the laser beam) is

related to the film based x‘3 as follows:

(3) _ 3) <
Xijkl—zAimAjnAkpAlq anpq (5.4.2)
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where the As are the elements of the transformation matrix. For a orthorhombic

in-plane symmetry one obtains the effective third-order susceptibility Xéﬁ)- .

(3)
xvxx.F

(3) _a 3 4 (3) 3) (3)
Xeff.L - nyyy,FCOS O+ {nyxx.F + nyxy.F + Xxxyy.F +X

+ xg?x’yxf +... .} cos’®Sin’®@+y ¥ _sin*®

Xxxx.F

[n equation 5.4.3, ng).l_ is the X(” of the film in the laboratory co-

ordinate, when the beams are polarized parallel and vertical to each others.

3 3 .
Xi,v)wf and Xf(x)xx_ g are the components parallel and perpendicular to the draw

directions. The other components X?f%.F are therefore the in-plane oft-diagonal

terms. Noted that the tensor components X@)yy s X(j{)“ g+ and X;:}:’F are

determined from the coordinate plane of the film. Whereas the X‘3’et.t. value is

measured as a function of relative direction to the coordinate of the laboratory.
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To extract information about the orientational distribution of the tilm.

Equ. 5.4.3 was fitted to the experimental data (Fig. 5.4.4). The dotted line
indicates the (normalized) average of all measurements. The solid line represents

a theoretical fit.

1.2
1
3 1.0 -
5 J
N
: 0.8 . —Q——Cal. fit
2 « Exp. data
=
0.6 o
0.4 -
0.2 E R . ——
-100 0 100 200 300 400

Degree (0)

Fig. 5.4.4. The polarization dependence of the D4WM signal generated from
an aligned sample. An error bar of ~0.2 x 10°8 esu was obtained base on the

repeatability of the results from measurement to measurement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

The chff values with the polarization parallel (® = 0"), perpendicular

(® =90° and off diagonal to the dipping direction are ~1.1 + 0.2 x 10 Sesu. and

2.5+0.2 x 10 esu, and 0.75 x 10 3esu respectively.

5.4.2 Anisotropy and packing effects:
The anisotropy of the third-order NLO susceptibility originates from the second-
order hyperpolarizability of individual molecules and the packing geometry. For

isotropic cases, x*) can be related to the molecular parameter ¥ by.

Xiu = N<Rﬁ. Ry Ry Ry Y:j'k'l'> (5.44)

where N is the number density of the molecules. R is the rotation matrix

transforming the molecular frame to the laboratory frame. and y* is a “dressed”

molecular susceptibility which has the same principle axes as the “bare”

susceptibility Y and is defined by.
* _ B
Tijer= f?,fﬁfﬁ S Yijre

where @) is a local field factor that provides the correction of the incident field.
This field factor simply describes the interaction of a molecule with the vibrating

dipoles of its neighbors. The ‘<>’ represents an average over the
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orientational distribution of the molecules. Based on the assumption that the
orientational distribution of the polymer chains follows a Gaussian function. the

nonzero x* tensor components can be expressed as equ. 5.4.5°

oY

. T 0
D) = & Venwy [ d8 sinB cos*@ exp|—{—
"0 9, (5.4.5 a)
T ) 27
(3) _ 3N * -5 _ _9_
Kyyyy = {C Yyyyygde Sin”0 expg 0, (545 b)
i )
, .
b 2
3 N - . .3 2 6
xS = 36yyyyvj dO sin”6 cos"6 exp — o (5.4.5 ¢)
At - O O

where 8 is the angle of the individual polymer chain with respect to the dipping

direction and the parameter 8, indicated statistically the orientational degree of

the polymer chains and is related to the standard deviation as ¢ = 8,/v2 .

C is a normalization constant, and Ny, . determines the packing density of the

molecules.

For two extreme cases
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(a) Polymer chains perfectly aligned, then
x5 = Ny., ..cos’®. and

(b) Polymer chain randomly oriented. then

1 - _
XS} = 5 NY. v can be derived?2.

From our results it appears that some amount of distortion may have occurred
between the adjacent chains. thus resulting in the low dichroic ratio observed in
ratio can be obtained if the chains are pertectly

Fig. 54.2. Larger xmef

(Q

¢
aligned. The ¥‘*' value with the polarization parallel (P = 0) to the chain
alignment of the thiophene LB films was found to be approximately one order of
magnitude larger than that of the similarly randomly oriented electrochemically
prepared thiophene polymer films (PT). Although the ¥‘¥ value obtained when
the polarization is perpendicular (& = 90) to the chain alignment was 4 times
smaller than when its parallel, its value was at least twice larger than the
reference sample (PT). It is therefore clear from our results that the
enhancement of the third order nonlinear coefficient is largely due to the packing
density of the polymer molecules. The anisotropic behavior can also be explained

from the orientational distribution of the polymer chains. Studies have shown
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that by increasing the surface pressure during fabrication (ie. increasing the

packing density (NY*yyyy)), the third order nonlinear coefficient increases

dramatically?.

5.5 CONCLUSION

The orientational distribution and density of polymer chains packed
anisotropically in thin films is investigated using degenerate four wave mixing
technique. We obtained a large %'’ (~10"% esu) value with subpicosecond
response for a Langmuir Blodgett film of PTHT. Significant values of the
orientational anisotropy in x‘® values is determined. The largest ¥*3' value
however was obtained in the draw direction along which the polymeric chains are
oriented. The fourth rank tensor property of x‘*) was used to extract all the
tensor component relative to the x'*) value in the coordinate of the laboratory.
The anisotropy of the DFWM for PTHT demonstrates that the nonlinearity is
entirely associated with the nonlinear polarizability of the m-electrons in the
conjugated polymer backbone. The magnitude and anisotropy were directly
compared with results obtained from electrochemical prepared polythiophene
measured in the same apparatus. Upon heating to 50°C the orientation order is

lost because of thermal motion of the polymer.
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Chapter 6

Nonlinear Optical Analysis of a Series of Oligothiophenes: Length
Dependence of the Third-Order Nonlinear Susceptibility in

Conjugated Organic Molecules

6.1 INTRODUCTION

Systemic studies of the influence of the chain length and nature of the
conjugated unit underlying the optimization of the third-order nonlinear optical
susceptibility of polyenes have been demonstrated! and measured>. It has been
observed in linear conjugated molecules that the third-order polarizability v
increases dramatically with the molecular dimension. a property attributed to the
highly delocalized n electrons along the chain direction®. Earlier work on the
third-order susceptibility ¥’ in polydiacetylene polymer crystal shows that under
certain conditions, x‘* may take values which exceed those generally obtained in
inorganic semiconductors®. This was largely due to the one dimensionality of the
wt-electron system. However, studies on oligothiophenes have shown that about
6-7 monomer repeated units resulted in the same nonlinear properties as those

obtained with their corresponding high molecular weight. These features can be
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related to a saturation of the effective conjugation length*.

In this chapter we report on the characterization of the third-order
nonlinear optical susceptibility of new polyesters derived from oligothiophene .
and compared our experimental data with theoretical calculations of relatively
long conjugated systems and infinite one dimensional semiconductor models.

A single-beam Z-scan technique was used at 800-nm with femtosecond
pulses. The different polymers studied in this chapter consists of polyester with
two (bithiophene), three (terthiophene), four (quaterthiophene) and five
(pentathiophene) thiophene units: 4.4'-Didecvl-2.2 -bithiophene-3.5 -dicarbonly
dichloride (PB C10), 3.4 -dihexy2,2':5",2 " -terthiophene-3.5"-dicarbonly
dichloride (PTC10), 3'.4"-didecvl-2,2';5",2":5"2" -quaterthiophene-3.5""-
dicarbonly dichloride (PQC10) and 3",4"-dihexvI-2,2";5',2":5" 2" ;572" "
pentathiophene -5,5" "-dicarbonly dichloride (PPC10) respectively. The samples

used here were a solution in the solvent chloroform (CHCI,‘).
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6.2 SAMPLE

The molecular structures for PBC10, PTC10, PQCI10 and PPCI10 are
shown in Fig. 6.2.1. The conjugation backbone of the polymer is stabilized by a

sulfur atom and a flexible spacer HO-(CHz)IO-OH is used after each different set

of conjugation length. The oligothiophenes were synthesized through chemical
polymerization between oligothiophene-dicarbonyl dichlorides and various
aliphatic diols. The synthesis as well the preparation of the oligothiophenes is
described by Anne Donat-Bouillud et al. in Ref. 4.  All four polyesters exhibited
a difference in optical and electrical properties™.

The single photon absorption and photoluminescence spectra recorded on a
Perkin-Elmer A19 UV-Vis spectrophotometer and Spex Fluorolog-2

spectrometer respectively. using a |-mm quartz cells from polymer solutions

electronic structures the overall spectral features of the four polymers are very
similar to each other. The absorption, emission maxima, optical band-gap and

quantum yield are reported in table 6.2.1.
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Fig. 6.2.1 Molecular structure of PBC10, PTC10. PQCI10. PPCI10
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Fig. 6.2.2  Absorption spectra of PBC10, PTC10. PQC10. and PPC10.
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Figure 6.2.2 shows that at 800-nm the oligothiophenes are transparent with

an absorbance at less than 0.05. A red shift with increasing number of thiophene
repeated units is observed, this is as a result of the average increase in the -

electron conjugation. Longer conjugation give rise to lower energy absorption.

Table 6.2.1. Photophysical properties of PBC10. PTCI10. POCI10. and PPCI0

. Absorption : Fluorescence Optical
Polymer i Maximum Maximum bandgap Quantum
P (VY (om) (eV)/(nm) (eV)/(nm) Yield
PBCI0 = 3.63(342)  3.02(411)  2.64 (470) 0.07
PTCI0O  3.28(378)  2.60 (478)  2.60 (480) 0.07
PQCI0O | 3.03(410) ' 236(525) = 241 (515) 0.11
PPCI0 . 2.90(428)  2.23(557) 2.20 (565) 0.10

6.3 EXPERIMENTAL SET-UP

The single beam Z-scan technique based on the principle of spatial beam

distortion was introduced and discussed in Chapter 2. In this method a single

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102
Gaussian beam is tightly focused into the sample. The transmission through an
aperture placed some distance from the focal plane of the lens is monitored as the
sample is scanned along the optic axis. The sign and magnitude can be

determined from these measurements. Nonlinear materials possessing negative n,

will display a valley followed by a peak in the transmittance curves. Likewise.

positive n, will result in a peak - valley sequence as the sample is translated from

-z side to +z side, thus making the sign of the nonlinearity easy to determine.

Also the size of n, can be determined from the difference in peak to valley in

transmittance.
A Mode-Locked Titanium-doped sapphire (Ti:Sapphire) laser pumped by a

continuous wave (cw) diode-pumped. neodymium yttrium vanadate (Nd:YVO N

laser provided laser pulses with 80 femtosecond duration at 800 nm and 80 MHz

repetition rate. The laser beam was tightly focused to a spot size ©, of ~100-um.

The 2 mm diameter aperture (far field) was placed from the focus point of the
lens a distance of 4 times the focal length . The transmitted beam through the far
field aperture was detected and recorded by a Lockin amplifier and Unidex
stepping motor with the aid of a Labview program. Both the oligothiophene

solutions and the reference, carbon disulfide (CS.). was contained in a 2 mm

quartz cell.
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6.4 RESULTS

A close aperture z-scan was performed on CS, and Chloroform (CHClL ) at
[, =625 GW/cm?. The normalized z-scan through the far field aperture as a
function of z from CS, and CHCI, are shown in Fig. 6.4.1. The peak to valley
configuration as the sample moves from -z to +z in Fig. 6.4.1 for CS, and CHCI3
indicates that both CS, and CHCI ; have a positive nonlinearity ( n, > 0) at 800-

nm. The samples used in this chapter were a solution in the solvent chloroform

(CHC13). Figure 6.4.2 displays the normalization transmittance from PBCI10 at

800-nm. The peak - valley sequence in Fig. 6.4.2 shows a positive nonlinearity at
800-nm. Z-scan transmittances measurements were made for all four polymers
at 800-nm and they all displayed a positive nonlinearity. Fig. 6.4.2 only displays
the transmittance for PBC10.

In the absence of nonlinear absorption, Sheik-Bahae et al Ref 5. showed

that the difference in transmittance between the peak and the valley. AT/!-\' ina

Z-scan measurement, is related to the on-axis phase change at focus. Ad,,.

through the following equation;
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Fig. 6.4.1 Normalized transmittance of Z - scan measurements from

CHCl; and CS> at 800-nm.
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Fig. 6.4.2 Normalized transmittance of Z-scan measurements from PBC10 at

800-nm, with [O= 6.25 GW/cm?>.
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i, 2
ATp—v = AIA¢OI~ A T IEI Lejf , (6.4.1)
i _e—al
where L = ————— s the effective sample length and A is a constant that
eff 04

may depend on the aperture size.

When CS, is used as a reference with the assumption that the measurements
for CS, have been performed under the same condition as for PBC10. PTCIO0.
PQCI10 and PPC10. the ¥ value of samples is obtained from:

(3) . (ATp—vnO)pgcm (]"‘eff}:":exci,]-CS7
X pacio = Xos, = (6.4.2)
{ATp—VHO]CSz (LeffE

exci ]PBCIO

where L . for CS, and all four samples are equal to the cell length L. since

neither absorbed at 800 nm, and E.,. is the excitation energy. A Kerr type

Cl

nonlinear response is well know to be responsible for the positive nonlinearity in
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CS, with a magnitude of (x(3) =68 x 10713 esu). All the experimental irradiance
were maintained at the same value (ie. ~ 6.25 GW/cml). Both CS2 and the

samples were studied in a 2 mm quartz cell. The values of the linear indices of

refraction for CS2 and CHCI 3 Were CS2 = 1.627 and n cHer= Mpacio = Mpreio =

Npacio = Bppcio = 1.44 respectively.

Using equation (2) and the data obtained from the transmittance curves. the
calculated values of x* for all the samples are listed in Table 6.4.2 along with
their concentrations. The x‘*) values of the samples were obtained after the
substraction of the solvent contribution. This was done by calculating the actual
x'¥) value of chloroform and subtracting its values from the values of all four

samples.

Table 6.4.2 listed the concentrations and calculated values of ¢ 3

Samples |  Wavelength . Concentration (M) | '3 (1013 esu)
| (nm) '

PBCI0 800 . 1.0l x 10-3 0.17

PTCI10 800 0.965 x 10-3 0.6

PQCI0 800 : 0.95 x 103 5.0

PPC10 | 800 . 096x 107 | 6.2
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Two-photon absorption (TPA) process in all four samples were also
investigated by measuring the transmittance without the far field aperture. In this
case, the transmittance is only a function of the nonlinear absorption. The
normalized transmittance without an aperture is°,
- B[ OL eff

1+2°/z,
372
)

(6.4.3)
m=0 (m+1

where [, is the incident laser intensity at the focus point and B is the TPA
coefficient. The open aperture transmittance with I, =625 GW/cm? at 800-nm
was basically flat with little features. This indicated the absence of nonlinear

absorption, such as two-photon absorption or saturation. The open aperture

result is a strong indication of a small imaginary component (y'™~0).

6.5. DISCUSSION
The values of x(*) obtained from the various solution given in Table 6.4.2

with a corresponding density in solution of N, ;=505 10'6gcm'3 and using the

density of polythiophene as 1.4 gcm™, an extrapolation to a solid film can be

found from equation (6.5.4).
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N

3 3 _
Xﬁlm = XSol (6.5.4)
Nsol

where N is the assumed density of the polythiophene solid. The extrapolated
values in the solid film were found to be 4 x 10-!! esu for PBC10. 1.75 x 10°1Y
esu for PTC10, 1.4 x 10°° esu for PQC10. and 1.8 x 107 esu for PPC10.
These values are in good agreement with the value ~1.0 x 10°? esu. obtained from
DFWM measurements in polydithieno(3.2-b:2’3 -d)thiophene at 635-nm®. Our
results are therefore consistent with previous studies on oligothiophenes that
revealed that about 6-7 repeated units are necessary to get similar optical (linear
and nonlinear) properties as those obtained with their corresponding high
molecular weight*. An increase of two orders of magnitude in the nonlinear
optical susceptibility is evident when the number of thiophene repeated units is
increased from two to five monomer units. Because of saturation of the
conjugation length at 6 - 7 repeated units, the largest x* value can be expected to
reach values of ~ 108 esu. Figure 6.5.3(a) shows a plot of the nonlinear
coefficient versus the number of thiophene repeated units. It is obvious from the
graph that as the number of repeated units is increase beyond five. the rate of
increase of the nonlinear coefficient decreases, thus approaching the limit (6-7) to

the number of repeated units for saturation of the conjugation length. Such
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saturation is expected for conjugated systems exhibiting a strong intramolecular
charge transfer through the m-electron linkage, thus the ability of the double-
single bonds to communicate break down because the connecting conjugation

pathway are too far away from each other to establish the charge transfer

connection.
8e-13 -
6e-13 4
- T
m L
5]
& 4e-13 4
=
2e-13 4
Oe+0 T T T T T T v L ' |
l 2 3 4 5 6

Nd (# of monomer units)
Fig. 6.5.3(a).  Third order nonlinear optical coefficient versus delocalization

parameter Ny. The squares represents the x(3) values from each oligomers. and

the solid line is a best fit line.
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This tendency has been rationalized in the case of cubic properties of conjugated
polymers by the introduction of the electron delocalization length defined as the
quadratic mean deviation of the electron position in a one-electron model as
derived from the chain bond alternation’: extension of the chain length beyond
the delocalization length, which is found to be of the order of hundreds of repeat
units will not increase the oligomer susceptibility owing to such saturation effects.
Further the chains are never infinitely long since they are interrupted by
impurities and other defects along the chain.

[n one-dimensional system the contribution of increasing the oligomers can
be relatively large. The contribution due to the increasing length of the
oligothiophene can be estimated by plotting the measured nonlinear optical
coefficient as a function of repeated units. Fig. 6.5.3(b) shows a semi-log plot.

The nonlinear response is found to be proportional to the fourth power ot N g |

¥ ~(N, )J}. resulting in a slope of the curve Ln xm = f(Ln Nd) of about 4.2.

Our results are within range of the slopes of 2.3, 3.4 and 4.6 observed by Zyss et
al® on various polyenic derivatives, and the slope of 4.05 reported by P. Prasad
in thiophene monomer and oligomers (N = 2 - 6) in THF solutions®.

Generally, one dimensional (1D) systems are characterized by highly
anisotropic optical, dielectric, conducting and mechanical properties. The optical

index of refraction and optical nonlinear coefficients having their origin in the
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valence electrons are expected to be highly anisotropic and reflect strongly the

effect of the electron delocalization.

x Y (esu)

T T T
| 2 3 4

NY (# of monomer units)

W —
o\

Fig. 6.5 .3 (b) Semi-log plot of xm versus N ; for PBC10. PTC10. PQC10 and

4

PPC10. The solid line is a theoretical fit for x * ~ (N,)

A simple model in which the & electrons move in a 1D semiconductor was

used in Ref 7 to predict the hyperpolarizabilies of polyenes. This model can be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



extended'?. to describe infinite polymeric chains.

In Ref. 11, the Bloch wave functions, energies and the dipole transition
matrix elements obtained within the tight-binding approximation by linear
combination of atomic orbitals (Hiickel approximation)'? were used to calculate
the nonlinear optical susceptibilities, the expression of the lattice were obtained
by the Genkin-Medinis approach!? [given in Appendix A]. It was found that the
behavior of the nonlinear susceptibilities can be expressed in terms of the optical

delocalization parameter N 4 3ss

A = g A NS

where N, is a measure of the 7- electron delocalization length (number of

repeated unit over which the m-electrons are delocalized). thus ¥ '.l'. strongly

reflects nt- electron delocalization effects. Electron delocalization depends upon

orbital overlap between m-orbitals on adjacent atoms. The sixth power

dependence of x(3)xxxx on N, is characteristic of 1D systems. This expression is

valid in the low-frequency range, away from resonances.

Although our results show a fourth power dependence of x'™’ oy O N,
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which agree with similar finding from Zyss and Huijts, earlier theoretical model
from Agrawal et al. within a one-electron theory using the tight-binding
approximation shows a sixth power dependency. The discrepancy between the
theoretical calculations and our experimental data maybe due to the following
general assumptions; theoretical results were derived for the homoatomic bond
alternated chains of an organic ID semiconductor (much simpler system). the

delocalization parameter N g was large N d (» 1) even for heteroatomic chains. a

highly anisotropic semiconductor material. The oligothiophene studied in this
chapter can be assumed as a 1D semiconductor because the valence electrons
responsible for these properties are forced to move along linear chains of atoms
or molecules with distance which are small enough to allow the formation of
energy states more or less delocalized in one direction while a similar
delocalization in the other two directions is hindered by a surrounding sea of
stable saturated bonds which keeps the chains well apart'*. However. these
oligothiophene are not highly oriented and this will therefore contribute to the
discrepancy mentioned. It has been shown that in amorphous structures such as
PBCI10, PTC10, PQC10 and PPCI10 the size of the nonlinearity is reduced by
more than one order of magnitude as compared to Langmuir Blodgett (LB)

films!3.
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6.6 CONCLUSION

From the single z-scan measurements, the third order nonlinearity has been
shown to be positive and mostly real at 800-nm for PBC10. PTC10. PQC10 and

PPC10, with x® =1.74 x 10"'* esu, 6.0 x 107'* esu, 5.0 x 10°'3 esu. and 6.2 x
1013 esu respectively. Extrapolated values to a solid film was estimated to be
~108 esu.

We have shown a strong dependence of the 1‘3’ on N, at 300-nm.
xm ~N *. The discrepancy between our results and the theoretical value of the

sixth power is probably due to the samples not highly anisotropic. furthermore

the theoretical calculation were made based on the assumption that N FERE

Our results are in good agreement with the theoretical consideration it

these assumptions are taken into consideration.
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Chapter 7

Time-resolved Degenerate Four-wave Mixing in Solution of

Oligothiophenes

7.1 Introduction

In the previous chapter, the magnitude and sign of the third order
nonlinear optical susceptibility x*) of the oligothiophenes were determined by
Z-scan measurements. However. their temporal resolutions could not be
determined using the z-scan technique. In this chapter, the time response and
magnitude of x3) have been determined using degenerate four-wave mixing
(DFWM) technique. Comparison between the magnitude of ‘?) obtained from
the z-scan technique and that of the DFWM are made. Information about the sign
of the nonlinearity can not be obtained from DFWM since the DFWM is only
sensitive to the square of x‘3).

The molecular structures of these oligothiophenes were shown in the
previous chapter. A detailed analysis of the optical structural and electrical

analysis of these polymers is reported elsewhere!.
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7.2 Degenerate four-wave mixing experimental results

A forward folded boxcar degenerate transient grating technique was used
for the measurements. The details of the experimental set-up are illustrated in
chapter II. A homemade intracavity dispersion compensated dye laser pumped by
a frequency double Nd:YAG regenerative amplifier beam was used to produce
pulse at 635-nm and 1 KHz repetition rate. The I psec output pulse duration was
then amplified by a three stage dye amplifier producing pulses with energy of
1uJ.

The degenerate four-wave mixing signal as a function of the delay time is
measured for the different samples. The following typical setup considered.
where at 1 =0 two short excitation pulses crossed with an angle 8. interfered in
the sample and created an excitonic grating. The decay of the grating as a result
of the dephasing and population relaxation is monitored by applying a probe
pulse at t =1. The observable R(1) is the time integrated intensity of the nonlinear

(diffracted) signal as a function of the pump-probe delay T.

Where R(t) = exp(-2Yt), where Y represent the population relaxation rate.

In figure 7.2.1 the time evolution of the degenerate four-wave mixing signal is

shown for two of the oligothiophenes dissolved in chloroform. The other two
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samples had similar profiles. A time response of ~1.1 psec. of the third order
nonlinearity was determined. For PBC10, PTC10, PQC10 and PPCI0. the initial

DFWM temporal behavior closely matches that of the solvent CHCI,

(< 1.0 psec).
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Fig. 7.2.1 The degenerate four-wave mixing signal as a function of delay time

for oligothiophenes in a solution of chioroform.
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From the measurements of the DFWM signal, the third order nonlinearity

. . . . p)
in an absorbing medium can be obtained from -,

; nz IS 172 OLL
oL | I, 15 [1—exp|—oaL]

J exp (oL /. (7.2.1)

where o is the absorption coefficient of the investigated sample, n is the index of

refraction of the sample, [, is the four-wave mixing signal intensity. I,.1,.and I,

are the intensities of the three interacting beams. and A is a constant that depends
on the pulse duration and the geometry of the experiment. Experimentally. a
more straight forward approach is applied to determine the x‘*’ value of all four
oligothiophenes. The effective ;(‘3’ value was measured by comparing the

strength of the conjugated signal with that of CS, and was corrected for the

absorption losses according to the following relationship:

;3) n, 2 I, (1, 172 ol 5
= : ) (722
tcg) n.| lg |1 exp(—ocls/Z)'l—CXp[—algj_ |
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The subscripts s and cs refer to the sample and CS, respectively. The CS, is non-

absorbing at the wavelength used in our experiment. We took %‘*) = 6.8 x 10-13

esu as the reference value for CS, 3 and index of refraction n to be 1.9.

The measured effective ¥‘*) values for PBC10. PTC10. PQCI10 and PPC10
are I x 1003+ 05 esu, 1.8 x 1073 +05esu. 3x 1073+ 0.5 esuand 5x 10713
0.5 esu, respectively at 635 nm wavelength. By extrapolating these values to that
of a solid film. we were able to obtain values ranging from ~3.0 x 1079 esu to
~1.6 x 10 esu. These values can be compared with ~4 x 10° esu reported by
Prasad et al. ?, for polythiophene at 602 nm, and ~4 x 10"'! esu determined by
Singh et al.’> with poly(3-dodecylthiophene) at 705 nm. For all these
measurements, the interacting beams are polarized parallel with respect to each
other. Under these conditions the observed four-wave mixing signal was

generated by the x‘3 )y , component of the optical nonlinear susceptibility.

¥y}

The values for ¥ as a function of N 4 (delocalization parameter: number of

repeated units over which the m-electrons are delocalized) for DFWM is given in
Table 7.2.1. Table 7.2.1 compares the results of our DFWM experimental

studies with previous z-scan data. The illustrated calculated values of ¥**! for
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)

PQC10 and PPC10 are shown to agrees quite well, but that of PBC10 and PTC10
do not agree as well. The discrepancy observed in bithiophene and terthiophene
are probably due to the computational complexity arising from the contribution
of the solvent to that of the solution. The computation was made even more
difficult with the instability of the laser source. thus reducing the signal to noise

ratio.

Table 7.2.1 Nonlinear Coefficient x‘*) versus delocalization length.

', Thiophene | DFWM Z-scan
Polymer repeated units © '3 (x 103 esu.) %' (x 1073 esu.)
PBCIO 2 | 1 0.2
PTCI0 | 3 1.8 0.6
% PQCIO 4 i 3 | 5
l—if"PClO S : 5 6
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A third order nonlinear refractive index (n,) can be obtained from equation

7.2.3, which relates n,, in units of cm¥/W with that of x> (esu);

0.0395 5
2 = 2 solution (7.2.3)
0

Using the value of ;(‘3’ for PPCI0 solution. we calculated n, to be of the order of
10 em?/w, assuming a linear index of refraction value (ny) of 1.45. With the

excitation intensity of about 5 GW/cm? at the sample. An = 5 x 107, Equ. 7.2.4

is used to calculated the Stegeman® optical figure of merit.W. for optical devices.

The low absorption coefficient (o = 102 cm™!) for these materials lead to an

optical figure of merit of ~ 10 -2 at 635-nm. Material requirements of figure of
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merit for optical devices is on the order of 10°. Thus making this values about

six order of magnitude less than that needed for optical device’.

7.3  Conclusion

Using DFWM technique, we have measured the magnitude and response
time of the third order optical nonlinear coefficient in four thiophene based
polymers and compared their magnitude with those obtained from z-scan
measurements. A time response of less 1 psec was observed in all four polymers.
A increase in x® was observed with increasing delocalization length. which
indicates that the nonlinearity is entirely associated with the nonlinear

polarizability of the m - electrons in the conjugated polymer backbone.
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Chapter 8

Summary and Future Directions

8.1 Summary

In summary, this thesis contributes to the knowledge of nonlinear optical
response in conjugated m-electron systems for the development of photonic device
applications. The m-electron conjugated systems studied were thiophene based
compound. We have shown that the decay kinetic of thiophene based polymers
are intensity dependent. The fast decay component is dominated by exciton -
exciton annihilation at high intensity and the slower component is controlled by
exciton-phonon interactions. The relaxation process starts from free excitons to
self-trapped excitons then polarons and/or bipolarons. Estimations of the time-
independent bimolecular rate coefficients, diffusion coefficient and hopping time
were made.

Large x3 (~1077 esu) value with subpicosecond response for Langmuir
Blodgett film of PTHT was investigated using DFWM technique. The largest ‘'
value was obtained in the drawn direction. The fourth rank tensor property of
%3 was used to extract all the tensor component relative to the ¥ value in the
coordinate of the laboratory.

The magnitude and response time of the third order optical nonlinear
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coefficient in PBC10, PTCI10, PQC10 and PPC10 have been determined using
DFWM and Z-scan techniques. The third order nonlinearity has been shown to be
positive and real at 800 nm for all four polymers, with ¥3) = 1.74 x 10"+ esu
for PBCI10, 6.0 x 107!* esu for PTCI0, 5.0 x 10! esu for PQCI0. and
6.2 x 10713 esu for PPC10. A strong dependence of x* on the delocalization
length was observed. Extrapolated values to a solid film was estimated to be

~ 1078 esu.

8.2 Future Directions

One of the goals of the current third order polymer research is to design multi-
functional polymers having unique combinations of semiconductor., NLO and
structural properties. Considerable improvement to the understanding of
structure - property relationship is needed to project structural requirements for
enhanced third-order optical nonlinearity. The experiment proposed below

describes how enhanced third-order nonlinear optical responses can be achieved.

8.2.1 Enhancement of the third-order nonlinear susceptibility in

thiophene based block conjugated copolymers.

Our studies on thin films of thiophene based block conjugated copolymers (T¢B,
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and TSB.,) showed no significant changes in the third-order nonlinear optical

susceptibility when investigated using degenerate four-wave mixing technique.

Thin films T,B, and T¢B, with multiple quantum well (MQW) structure (Fig.

8.1) were obtained by spin coating unto glass substrates. The band gap of the
thyenilenic chains and the benzenic chains are 2.0 eV and 3.1 eV respectively.

Each triblock copolymer chain thus contains a single quantum well with a

potential barrier of AE_ = EoA - EcB = [.] eV. Because of their linear chain

structures and the dominant role of electronic delocalization along the chain on
their electronic and optical properties. n-conjugated or semiconducting polymers
have generally been thought to be quasi one dimensional (1-D) materials'.
However, they are best regarded as three dimensional (3-D) bulk materials due to
chain aggregation and strong interchain interactions>-.

We believe the reason our experiment was not successtul to enhance the
third-order nonlinear susceptibility x'*’, had to do with the fact that the films
were not quantum confined heterostructures. This effect is in part due to
interchain interactions and chain aggregation®. It is worth noting that the
theoretical calulations which predict quantum confinement effects in

heterostructured semiconducting polymers have been made on isolated single

polymer chains™®.
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We proposed that by repeating the experiment with block copolymer films
prepared using the Langmuir Blodgett technique, where the separation between
chains are controlled and interchain interaction and chain aggregation are not
factors then large enhancement is expected. We expect that the LB films will

have strong 2-D lateral confinment and no confinement along the chain.

Fig.8.1 Molecular structure of (a) TﬁB2 and (b) TsBz’ T stands for thyenilenic

rings, and B stands for benzenic rings.
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Appendix
The Genkin-Mednis Approach

In this approach the solution of the Schrédinger equation

Ay (Al)
171‘——([r = Hy

with H = (1/2m)[p+(e/c)A(r)]*+ V(T)

is Y = Z w _c, (ko) (A2)

where,

K=k+ (e/ ﬁC)A (t) and Y o =e' Ltnﬁ(f) are the Bloch states of the

7 —
unperturbed Hamiltonian H 0= p~/2m + V(r) and A is the vector potential.

Substituting (A2) into (A1) and taking into account that the

l//"E constitute an orthonormal basis, one obtain

ity G0 =Ll e, (k)8 +ie Q_(K) E®)]c. (k)

dr (A3)
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where E(1) = (1/c)(dA(t)/dt) and an. (k) is the dipole transition strength

Q .= [ uy(du ! dk)dr (A4)
uc

where Ltjk( r)= ek l//j( k) is the cell-periodic part of the bloch function and

the (A2), and has been properly normalized. The integration in (A4) is over a
basic unit of length a, (uc) unit-cell ! .

Equation (A3) can also be written in the matrix form

de(kt)
dt

(A5)

il = [H, (k)+H (kt)]c (kr)

The solution of (AS) in powers of E is obtained by carrying out a unitary

transformation S (kt) on the ¢’s

ckn=YS__.(kt) e, (kt)

such that
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H'(kr) =S"(ks) [H, (k) + H(k)]S(ke)

dS(kry A9

+ ieS" (kr) 61‘; SCkr) E(—i h'S™(kr) dt

has only diagonal terms, or

H' . (kt)=0forn=n"

one obtains

Lde (kny o
zliT:H (k) (kt) (A7)

The perturbation solution of (A7) is obtained by putting
S(kkt)=1+Y S™(kr) (A8)
n

in (A6) where S'™ is of order n in the field intensity. This only determines the
nondiagonal elements of S; the diagonal ones are determined by the additional

conditional S =8S' .
nn nn

The polarization is then determined by
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P=eY(H=-7 T L ul® S5 &IQ,,-(K)
el n.n'.n"’ Kk (A9)

+ 3. gﬁ]snnn(lﬂ(r)

where f ”(E) is the distribution function over the band states. By inserting (A8)

in (A9) one obtains the polarization in powers of the electric field.

P=P9+ Y p® (A10)
n=1

and hence the expressions of the susceptibilities.

The expressions for the linear and second-order susceptibilites is defined in

Ref 2. The expression of the third-order susceptibility is quite involved for a
system with an arbitrary number of bands and different frequencies. In the
present work we are mainly interested in the nonlinear optical properties of one-
dimensional semi-conductors with an effectively two-band structure. Neglecting

(3)

the frequency dispersion of XXXX

gt 1S 85

J. A Q S S S dk All
e d o dk dk heSedeSa (ALD

(3}
Xxxxx
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where h(t)cv =E.—€,, ch is the transition dipole moment matrix element

between the highest valence (v) and the lowest conduction (¢) bands,

SVC = ch/ @, and € and € are the band energies for the v- and c-band.

respectively. V =L/G where V is the normalization volume. L = Na is the
length of the chain and ¢ is the density of such chains per unit cross-area. It is
also assumed that the system possess an inversion symmetry so that in particular
%' = 0. As can be seen from (Al1), the magnitude and the sign of the
nonlinear optical susceptibilities x™ is determined by the competition of two
terms an intraband term, the first term in the integral in (Al1). that arises from
field mixing of Bloch band states within a band, and an interband term. the
second term in the integrand in (A11) that arises from mixing of states across the
gap with wave vector conservation. It is quite evident that the intraband term
will be dominant whenever the band vary strongly with k (wide bands) which
willbe the case for very delocalized systems or strong overlap between wave
functions of neighboring units in the periodic structure; on the other hand this
contribution will be negligeablefor highly localized systems (very narrow bands)
and the interband term becomes then dominant. Accordingly the sign of ¢

gives a crucial indication of the degree of electron delocalization?.
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3)

The two contributions to ¥ are evaluated in terms of the hypergeometric

functions F and

Xon= —x$ A =p)* F(11/2,1/2,1;p) (A12)
3) _q 403 , .
Xina=9 Xo P (1=p)F (11/2,3/2,3;p) (AL3)

where xg):YO/v and y0:2e4a4/(8,82 )® and p = 4v /(1+1)".

Expanding the resulting expression in terms of the delocalization parameter

=LV +v) = 4€2 (6 =m)/a and retaining the highest power of N

it is shown that

6
S+
3 _ 16 !y B,+B, _ 16n—1x<3)

Kyxxx™ 0 = OV NG, (Al4)
45 BZ_BI } 45

where the notations Eg =2(B,-B,)and 2 E. =2(B, + B,).
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