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SUMMARY

This thesis is concerned with tmeaterial processing, photophysical and third
order nonlinear optical responses, and applications of a sehpfgated polymers in the
telecommunication regions

Polyacetylenéaseds® materials were chosen as candidates feogtical signal
and image processing Substituted polyacetylenewere obtained using ringpening
metathesis polymerization @honosubstituted cyclooctatetraesnePolymerization and
processing conditions have been developed to generate thickalaagélms possessing
large thirdorder nonlinearities in the telecommunication bands. The good optical quality
of a 200e nthick substituted polyacetylenBlm allowed for image correlationia off-
resonant degenerated fenave mixingwith improved diffraction efficiency

Poly(2-methoxy5-(2-ethylhexyloxy)(phenylene vinyleng) (MEH-PPV) and
(6,6)-phenytCeg;-butyric acid methyl estPCBM) composites showed strong nonlinear
absorption and potential as optical limiters in the region ofS@nm. High optical
quality, thick film of MEH-PPV:PCBMwith the gasticizerdioctylphthalate (DOPyvere
made. Optical limiting of femtosecondand nanosecond pulses in the near infrared on
these compositeshowed strong power suppression over a broad temporal regime
Femtosecondnd nanoseconmansientstudieson the same thick ME{PPV:PCBM:DOP
composite filmsand the experimental results shahevidencefor the photogeneration of
radical ions as being responsible for émhanced nonlinear absorption atngoptical

suppression in the near infrared.
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Dithienopyrrolebased doneacceptor copolymers with narrow bandgap showed
strong nonlineaabsorption and potential as optical limiters in the telecommunication
wavelengths. Molecular engineering was applied to manipulate the spectral overlap of
two-photon absorption and subsequent nonlinear absorptiéesntcsecond transient
spectroscopy siwed near infraredtransient absrption and 2271 61% vyields of
photogeneratedhargetransferspecies depending afonoracceptor coupling strength.
Torsional fluctuations of the backbone structpaentially affected the excited state
behavior.Evidencesuggest thatultrafast relaxatioroccursto ground state and fong-
lived chargetransferstatefrom the initially excited state. The dispersion of nonlinear
absorption measured using thes@an method revealed large tyboton absorption cross
sectiors of these polymers in the telecommunication region. Large suppression of

nanosecond pulses at 1064 nm was achieved.
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CHAPTER 1

INTRODUCTION

1 . XConjugated Polymers with Promising Third-Order Nonlinear Optical
Properties for Photonic Applications

Since Alan MacDiarmid, Hideki Shirakawa, and Alan Heeger discovered
conducting polyactylene in 19706s [1, 2],
have generated a tremendous amount of effort devoteddéanch involving the
fundamental knowledge, synthesis, characterization, and application of this category of
polymers. Due to the nature of the electronic configuration, conjugated polymers are
enriched with unpaired ~edalbngthaconugated t hat ar
backbones. Scheme 1.1 Such enrichment of delocali ze
semiconductatike electrical and optical properties of conjugated polymers. Compared
to the inorganic semiconductors, conjugated polymers possestdlioéa mechanical
properties and processing advantages of organics and are thus seen as promising
candidates in the fields of organic photovoltaics [3] as well as various photonic

applications [47].

Ex2ata s BN A8 SN A LA,

P N P T W RN

Scheme 1.1.lllustration of the resonant struces of a conjugated polymer backbone.



Several families of conjugated polymers such as polyacetyléfiey,
poly(phenylene vinylene)4.3-15], polythiophenegl6], and poly(phenylene
ethynylene)$17] have been shown to possess promising thickr ronlinear optical
properties for various photonic applications likeagtical switching, image recognition,
and optical limiting. The performance of a conjugated polymer in photonic applications
largely relies on its thir@rder nonlinear optical propéss, such as the nonlinear
refractive index and nonlinear absorption, which will be discussed in detail in Chapter 2.

Many approaches have been ex@dib engineethenonlinear optical response
in conjugated polymerfgl-6] including the extension aonjugation lengtli18], the
incorporation of don@and/or acceptarto the conjugated backbofi-21], and the
increasan planarity ofthe conjugated backbone. A comparidmtweeroligomers and
conjugated polymers of phenylenevinylene was performed by Mathy et al. and it was
evidencedhatthe magnitude athethird-order nonlinearities increases as the
conjugation length increases untgauratiorchain length of several tens mdnometers
was achieved18]. Marder and Perry et 49, 21]showed the incorporation of doisor
and accept@into conjugated molecule®ald inducea chargeredistribution upon
photoexcitation resuhg in exceptiondl large thirdorder nonlinearitis and twephoton
absorption cross sections. Zhao ef2, 23|and Reinhardt et gl24] showed that
replacing conjugated linkers between darand accept@with electron rich and more
polarizable bridge molecules such as thiophenes ait also sigiicantly enhance the

third-order nonlinear optical properties.



1.2 Conjugated Polymers in All Optical Signal Processing Applications

With the growing knowledge of molecular design and engineering and material
processing, many attempts invovling ttevelopment of organic or organmorganic
hybrid devices for various photonic applications have been repordd Here, a brief
description of the main categories ofajitical signal processing applications and their

figuresof-merit or specific meerial requirements will be given.

1.2.1 AlFOptical Switching
In the past two decades, the need for ultrafast optical communication has boosted
the research on atiptical switching that utilizes thirdrder nonlinear optical materials
with large nonlirar refractive indicesy, [6, 26, 27]. For a nonlinear material to
perform satisfactorily in albptical switching applications, the figures of merit were

defined as

M = “:‘2—"@> 16eQY=1=<1 (Eq. 1.1)

= 2

wher e U an dphdion and sv-phiotoreabsorptien coefficients, respectivély,

is the operating light intensity, and @&
merit, both ongohoton and twegphoton absorption can introduce losses in a switching
device and are therefore litations to the performance of the integrated nonlinear

optical material. Conjugated polymers such as polyphenylenevinylenes [28] have been
reported with attractive figures of merit in the telecommunications regions. Furthermore,
several conjugated polyerbased or organimorganic hybrid switching devices have

been reported [27, 28].



1.2.2 FreeSpace Signal Processing: Image Correlation

The application of image correlation utilizes the phenomena of optical phase
conjugation, which is a process tivatolves a reflected beam that retraces the phase
factor and propagation direction of the original beam following interaction within a
nonlinear medium. A common implementation of optical phase conjugation involves the
use of degenerate fowave mixing Gcheme 12), which will be further described in
Chapters 2 and 3. In this experimental setup, beam 1 is impressed with a reference
image, beam 2 is impressed with a single or set of object images, and beam 3 remains
unmodified. If the three beams areudsed into a nonlinear medium with appropriate
spatial and temporal overlap, beam 4 will be diffracted out of the nonlinear medium and
reflect the cross correlation of beam 1 and beam 2. When the reference and object
images match, a strong cross correlasanal will be observed. Conjugated polymers,
such as polyacetylene derivatives, have been implemented successfully as potential
materials for image correlation in both visible and near IR (telecommunication) regions

[7, 11].

Beam 2

Nonlinear
Medium

Beam 1 ‘ ;
Beam 3 Cross correlation of
reference and object images

Scheme 1.2.lllustration of the setup of image correlation.



1.2.3 Optical Limiting

Along with the proliferation of the laser and the growth of laser tracking
techniques, the need for an effective optical limiting system to protect human eyes and
sensors is increag). The essential requirements for OL materials are high linear
transmissionTp), low turnon thresholdK+, defined here as the fluence whé(€&) =
To/2), high damage threshold, and large pulse energy suppreSgiarich shoid be
achieved over a wide spectral and temporal dynamic range (®edefined as the
reciprocal of nonlinear transmittandg, just before the damage threshold). A figafe
merit (FOM) for evaluating the pulse suppression performance of an dptitaf is
defined here aBOM = TS = To/Te.

Various thirdorder nonlinear processes, including nonlinear scattering, thermal
nonlinearity, and nonlinear absorptions, have been utilized as potential passive optical
limiting mechanisms due to their selftion nature. Research involving optical limiting
(Scheme13) st arted i n t hetall29]tare Rdlsbo@t@g30]withy Ge u s i
threephot on nonlinear absorption in inorganic
organic materials were fountd be new candidates in optical limiting systems. Van
Stryland et al. demonstrated this at 1064 nm usingi@alising in C$liquid to induce
thermal nonlinearities and breakdown at high input fluences[31]. é8lau[32] , Perry
et al.[33] and Shirket al.[34] then utilized reverse saturable absorption, an effective
thirdor der nonl i n® d™ processs ip matatertered porplyrin and
phthalocyanine molecules. In 1995, Cha and Heetgal: [16] first demonstrated the use
of a fullerenedoped conjugated polymer (poly(®tyl thiophene), P30OT) to enhance the

nonlinear absorption via phoetnduced charge transfer and free carrier absorption. Until



this point, the performance of most organic optical limiting systems wasrathtdg
operating at wavelength regions in the vicinity of @h®ton absorption causing strong
linear transmission loss. Soon thereafter, Perry and Mata@ér21, 35] and Prasaet
al. [17, 36] initiated a series of studies developing organic corgdgablecules and
polymers with large twghoton absorption cross sections. Furthermore, several
demonstrations of enhanced optical limiting were achieved vigtwton absorption
followed by subsequent excited state absorptions. Taking advantage [fidtom
absorption, such optical limiting systems successfully retained higher linear transmittance
at low input fluence than their orpoton absorption counterparts. At this point, a bis
donor stilbene system achieved 9X (9.5 dB) of suppression with FON21], which
became the statsf-the art. Since then, few singtemponent optical limiting systems
have been able to exceed the performance of this stilbene system until recently [37].
Haleset al.demonstrated a breakthrough witteenporally agilebroadband optical
limiting systemin the telecommunication region (166850 nm)consisting ofalead
bis(ethynyl)porphyrin polymerA 60X (FOM ~ 54) suppression of femtosecond pulses
as well as a 25X (FOM ~22) suppression of nanosecond pulses wasdoh&twoe
photon absorption induced excited state absorptions which has likely become the current
stateof-the art.

In addition to the many efforts spent on developing new nonlinear absorbing
materials via molecular engineering[35, 38, 39], Perry ¢#@].and Van Stryland et al.
[41] demonstrated that multomponent optical limiting systems could significantly
improve the pulssuppression capability. A tandem optical limiting system comprised of

a nonhomogeneous distribution of nonlinear absorbiatgnals (blend films of indium



phthalocyanine and polymethal methacrylate) achieved 700X suppression of nanosecond

pulses at 532 nm [40].

1.3 The Bottleneck of Device Application for Conjugated Polymers

Compared to lownolecular weight organic molecsleconjugated polymers are
relatively insoluble and dififmtcaad ¢dhadion pir mtce
[42-45]. Although approaches such as sitiain functionalization [46, 47] have been
exploited for improved solubility of conjugatedlgmers, processing conjugated
polymers to produce films with desirable optical quality forogitical signal processing
applications still remains an essential and difficult task. For applications such as image
correlation and optical limiting, solidlins with thicknesses of tens to hundreds of
microns are required. Unfortunately, most conjugated polymers show significant
scattering due to theirsemoir yst al | i ne mor phol ogyntaesr cah ariens
interactions and therefore result in undasie optical loss in such thick films. A
common approach to process conjugated polymers into thick films is by implanting
conjugated polymers into a gudsist system, in which the host is usually an optically
inert polymer like polymethyl methacrylate polycarbonate. However, the gubsist
approach usually causes a dilution in the concentration of the optically active conjugated

polymer and results in reduced nonlinear optical response as well as device performance.



1.4 Aim of this Thesis

This thesis comprises of a study of the processing, photophysical and nonlinear
optical responses of a set of conjugated polymers and their potential applications.
Substituted polyacetylenes were polymerized vim@opening metathesis
polymerization method. The polymerization conditions were optimized to allow the
fabrication of thick, optical quality polyacetylene films with large degenerate dhder
nonlinearities which resulted in a successful demonstrationage correlation in the
telecommunications spectral bands (18A%50 nm). The composite of a
poly(phenylene vinylene)ased conjugated polymer (MEPPV) and a gy derivative
(PCBM) were processed into optical quality thick films via the additicnpd&sticizer.
The nonlinear absorption of such ternary composite systems was enhanced via photo
induced charge transfer and the generation of free charge carriers. This composite was
utilized in optical limiting applications (700900 nm range) and sived strong power
suppression over a broad temporal dynamic range. The suppression capability of this
composite exceeded the best reported value for an optical limiting system in this spectral
range tedate. Finally, a set of dithienopyrrab@sed doneacceptor conjugated eo
polymers were investigated to understand the photophysics and nonlinear optical
properties of these Ioland gap materials. The results indicated structuralated
photophysical and nonlinear optical properties which might aedisé development of
donoracceptor based conjugate materials in the future. Furthermore, these legapand
polymers showed potential as a new family of organic conjugated materials for photonic

applications in the telecommunication spectral range.
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CHAPTER 2
THIRD -ORDER NONLINEAR OPTI CAL RESPONSES AND

CHARACTERIZATION TEC HNIQUES

The subject of this chapter is an illustration of several charaatienztechniques
for third-order nonlinear optical properties employed in this dissertation work. A
gualitative introduction of the thirdrder nonlinear optical response will be first
described. Thirébrder nonlinear optical phenomena such as intexdgipendent
refractive index (nonlinear refractive index), twhoton absorption, and effective third
order nonlinear optical processes will then be described. Finally, several characterization
techniquesised in this dissertation work, including degenei@ate-wave mixing, Z
scan, powedependent nonlinear transmission (optical limiting) and-ties®lved pump

probe measurement, will be discussed.

2.1 Third-Order Nonlinear Optical Response
When an atom or a molecQiateracts with an input electromaetic field (or
optical field), the field induces a displacement of electron density from the nucleus and
creates an i rBchamee.l The scaleolf displacement or the magnitude
of induced dipol e depends:polarizabilitye Thmo| ecul e 6

interaction between a molecule and the input optical field can be expressed as

H1 =1 F1 , (Eqg. 2.1)

A It must be noted that the description here, technically, is about the dipole induced in a singl8iatem.
a molecular response is an ensemble average of these atomic responses, the description here is also applied
to a molecular system.
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whereH and [rare the frequeneglependent vector quantities of induced dipole and
optical field and is the polarizability of the molecule. The optical field at frequency
can be further written as

Aol =3B A 1 QR 0O+ 6O (Eq. 2.2)
where’A is a complex field amplitude including information such as the polarization of
the field.

Forsome molecular systems, the interaction of a molecule with an input optical
field can greatly depend on the intensity of the field. Under exposure to an intense field,
which can be produced by a source such as laser, the displacement of the eleatron clou
responds nonlinearly to the field and the oscillation of the induced dipole becomes
anharmonic. In this nonlinear regime, the strong interaction between the molecule and
the field results in the generation of new fields or modification of the propeftibe
original fields. Under these conditions, it becomes impossible to obtain an exact solution

for Handthe total induced dipole is usually expressed as a Taylor series expangjon in
H=H +| '+ %I 2 FEF+ %I  rérért E, (Eq. 2.3)

whereH is the permanentipole and *,| 2,and 2 are first, second and third

order polarizabilities, respectively. The fimtder polarizability, * , is also called the

linear molecular polarizability. The secendder polarizability, only exhibitaonzero

values in noncentrosymmetric molecular systems [1]. The-tinadr

polarizability, 3, also known as, exists in all molecular systems without any

symmetry restriction. The thirdrder polarizability is also related to the nonlinear

refractive index and nonlinear absorption, terms that will be discussed later. It must be

noted that, in Eq. 2.3, the involved optical fields can have different frequencies which can
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result in many different nonlinear optical phenomena [2]. Since the fothis dfiesis
is on the degenerate thiotder nonlinear optical properties, only degenerate phenomena

will be discussed and other thicdder nonlinear processes will be ignored.

® Nucleus . Electronic Cloud = Optical Field

Scheme 2.1 The oscillatory motion of the electron cloud about its ruxie the
presence of an applied optical field [1].

2.1.1 Relationship between Microscopic and Macroscopic Parameters
In a condensed molecular medium, the pe&ion of an individual molecule is

affected bythe polarzation of the surroundingnolecules.Therefore, the responses
observed in most thirdrder nonlinear optical experiments usually reflect the
macroscopic nonlinearity, i.e.3 . To relate the macroscopic and microscopic
guantities, the macroscopic polarizatigican be written as

"E= O HY (Eq. 2.4)
whereN is the number density of microscopic dipoles per unit volume. Likewise, the

macroscopic polarization can also be expanded as

" " 1 1 =
E="E+ ..t F+ E"'Z FEF+ 5"'3 rérér+ E (Eq. 25)
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where...t is denoted as theth order susceijttility. Using equations 2.8 2.5, the
relationship between the microscopic polarizabjlitgnd macroscopic susceptibility?
can be written as

L3 =007 %00 (Eq. 2.6)

o7 =4 32+2 (Eq. 2.7)

where 07 is the Lorentz local field factor used to aoat for the difference between
macroscopic fields (the magnitude of fields in a vacuum) and microscopic fields (the

local or effective electric field) due to the polarizability in the surrounding medium.

2.1.2 Units oft
In this thesis, the units of..3 are given in cgs units expressedkasor

Gt 21 0CVE 2. The conversion to Sl units is

L2 62020= Tx10 8 3 G % dimbédd 2,6 (Eq. 2.8)

2.2 Third-Order Nonlinear Optical Phenomena
Aspreviously mentioned, {Jarerelatedaoltheand i ma
nonlinear refractive index{) andtwo-photon absorption coefficienb)that lead to the
phenomena of nonlinear refraction (NLR) and {@lwton absorption (2PA)Both NLR
and2PA are degenerate thimider nonlinear process i.e. related to
.2 717,71 .Inamaterial possessitarge thirdorder nonlinearity, the incident

optical fieldwill induce modificatiorsin the materigdd s o pt i c al properties
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causechanges in the phase or amplitude of the inciflelat itself. Due to such self
actioneffects NLR and 2PA hee beerutilized in many photonic applicatiossich as

all-optical signal processing {8.

2.2.1 Nonlinear Refraction: IntensityDependentRefractive Index

The nonlinear refractive indery) can be related to the real part of

.2 71,11 andwrittenas

g,=——Re.2 117,11 (Eq. 2.9)

T 40801 2B
where- is the freespace permittivityey1 is the linear refractive index at fregpucy
1 , and®is the speed of light in vacuum [1]. The unitwére nf/W. This quantity
manifests itself as a change in the refraction of a material that is dependent on the input
intensity:
E=¢7+¢&,0 (Eq. 2.10)
The change in refractive indéxduces a phase change in the incident optical field

and this phase change is intensigpendent:

3= 28,0 (Eq. 2.11)

whereL is the length of the nonlinear material dnds the wavelength of the optical

field. This intensitydependent phase change can affect the field propagation in space by
speeding up or retarding the phase front and causing certain propagation effects such as
self-focusing and selflefocusing [1]. Br example, as a Gaussian beam propagates

within a nonlinear material the induced phase change will reflect the spatial distribution

of the beam intensity and result in a phase front curvaturg.islfpositive, this phase
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curvature acts like a convexieand the beam tends to focusn,lis negative, this phase

curvature acts like a concave lens and the beam tends to diverge.

2.2.2 TwaePhoton Absorption

Two-photon absorption is a process by which an optical transition between two
real states is agkved by the simultaneous absorption of two photons [8]. The
absorption of the first photon will induce some perturbation to the wave function of a
lower excited state. If the second photon is absorbed before the perturbation fades away,
a transition ta higher excited state can be accomplished. The lifetime of the
perturbation is very short so the photon fluxes must be large enough to give a reasonably
high probability that the two photons can be absorbed before the perturbation vanishes;
thus, only pwer levels typically achieved with a laser beam can generate this nonlinear
process. Therefore, even though the theory of multiphoton absorption was proposed in
1931 by MaMayen, th® phenmpmendn of 2PA was not observed until the
invention of he laser, some 30 years later [2].

The magnitude of 2PA of a material can be represented as a 2PA coeflipignt (

cross section (U0). Just | i ke the nonlinea

macroscopic quantity and can be related to theimaagpartof..> 17, 1] and

is written as [1]

[ = —=im .3 17, 7] (Eq. 2.12)

2-0¢01
where the units db are m/W; furthermord) can be written as a term in the overall

absorption coefficient,

| =1 o+1 0 (Eq. 2.13)
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w h e ris thelinear absorption coefficient. The microscopic term associated with 2PA

is its cross section, U, an-ordeipblaricabiity be r el

1307 49 2
62-09€01 267

| = Imr 17,1 (Eqg. 2.14)

where the units afi are nf'sphoton™. The conversion betwe@mandiiis
1 =1 Qd0. (Eq. 2.15)
The effect ofb is to induce an intensitgiependent attenuation of the amplitude of
an incident optical field as it propagates through a 2PA medium. The intensity
attenuatiorvia 2PA can be described as a function of propagation distancean the

direction [2]
== NECRIG (Eq. 2.16)
and

Y
- (Eq. 2.17)

whereT, = exp¢UbL) is the linear transmissioh,is the length of the 2PA sample, and
Letr= (1- expéLbL ) )o i6 theleffective sample length. This nonlinear amplitude
attenuation can participate in optical limiting, which has been briefly introduced in
chapter 1. The quadratic dependence of 2PA on the intensity of the incident fikl res
in features other than just nonlinear attenuation of light. As an example, this quadratic
dependency makes 2PA occur only within a small volume near the waist of a focused
laser beam which allows for improvement of axial and radial spatial resoinition

applications such as 3D optical data storage and opticainaiging [9].
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223Ef f e ¢} Ahenemera( &: @ processes) Excited State Absorption

In third-order nonlinear optical processes, if one of the involved optical
frequencies isear resonance with an electronic transition of a material, linear absorption
will take place and give a path to populate the excited states. If the incident field is
strong, the excited states can be significantly populated. In material systems like
semconductors or conjugated polymers, the density of excited states is high and the
excited electron can make a further transition to other higher lying states before it relaxes
back to the ground state. Thus, a series of sequential transitions betweiglnahdeal
statesgcheme2?2 can occur and®mpmessteat isoften efercetita t i v e

as Ya®mr ocess oFproeedsf[ldcti ve

Scheme 2.2 Schematic state diagram of a fiexel system illustrating the transition
betweerthe ground state and singlet and triplet excited states.

In scheme 2.2, the fivievel state diagram illustrates the transitions between the
ground state ($ and singlet and triplet excited states. Such transitions will cause

population redistribubn between the ground and excited states. The population of the
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excited state is dependent on the number density of initial state population and the cross
section (0) of the transition betoS¢then t wo
absorp i on coefficient (which Yis|orellawherd t o tt
No is the population of ground state as well as the total population before excitation [1].
If only the transition between, S and S to S$is considered, upoexcitation, a
certain amount of populatiogp(Y will leave the ground state and transfer to thet&te.
Thus, the effective absorption coefficient will become [1]

| am= wor Vo YO +,1Y0 = 0100+ ,12 ,o1 YO (Eq. 2.18)
and Eq. 2.18 can be writtéman analogous way to Eq. 2.13 as [1]

lom=1 0+ w12 »o1 YO =10+ ¥ . (Eg. 2.19)
Sinceq Ns intensity dependent, Eq. 2.19 presents an intedsipgndent absorption that
is similar to the nonlinear absorption process described previously. Depending on the
relative sizes of the cross sections, different nonlinear absorption behavior can be
observed. If, 1, < , 01, thel gondecreases as the intensity increases. This process is
known as saturable absorption which is essentially ground state bleaching and leads to
increased transmittance at high intensity. On the other hand, , o1 the| om
increases as the intensity increases. This mechanism is known as reverse saturable
absorption (RSA) which will result in a decreased transmittance at high intensity. In
addition to saturable absorption and RSA, in some systems like semicansdarad
conjugated polymers, the photoexcitation can lead to a charge generation and separation
leading to free charge carriers [10]. The population of charge carriers is also intensity

dependent and these charge carriers can also play roles in tloe &gfattive absorption
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process. It must be noted that these excited state absorptions anwigtiistependent
due to the intrinsic lifetime (relaxation) of the individual states/carriers.

All these processes mentioned above can cause the modifio&tigout light
intensity. Saturable absorption is broadly utilized in a laser cavity for passive Q
switching and mode locking [2] while RSA and charge carrier absorption is of great
interest in optical limiting [11, 12], which is one of the applicatifmtsised on in this

thesis and will be addressed extensively in chapters 4 and 5.

2.3 Characterization Techniques

In this dissertation work, degenerate fovave mixing (DFWM) [1, 13] and Z
scan [1416] techniques were used to characterize the-iddr nonlinear response of
several conjugated polymers. Powdependent nonlinear transmission or optical limiting
was used to test the performance of target materials for optical limiting applications. A
time-resolved pumyprobe technique (transient abstion spectroscopy) was used to
characterize the photophysical response and related nonlinear optical properties.
Furthermore, since different excited state absorptions have different relaxation times,
optical limiting and transient absorption measuremerre performed using different
pulsewidths (nanosecond and femtosecond) to monitor pulsewidth dependent nonlinear

absorption and various photophysical processes in different temporal regimes.
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2.3.1 Measuring Third-Order Nonlinear Optical Properties

2.3.1.1 Degenerate FotWave Mixing

Degenerate fouwave mixing (DFWM)is acommonly used technique in the laboratory
to determine the thirdrder nonlinearityand the temporal responska mediun1, 13].
DFWM investigates the same nonlinear polaraaterm, i.e..® 1, 1, ,that
is related to the intensity dependent refractive index. This process involves three
spatially distinguishable beams to produce a fourth beam that has a different propagation
direction than the original beams. During the DFWM process, the condition of
momentum conversation has to be satisfied:

P+ P+ P+ P=0. (Eq. 2.20)
The geometryor theDFWM experiments used in this studythe fiforward scattering
configuration (E-DFWM) (Scheme 2.3[13]. Three beams (1, 2 and 3) are focused on
thesampleand the induced beame4itsthe medium The three incident beams are
arranged in such a geometry that each beam originates from the corner of a box and,
because of the momentum conservation, the iedificurth beam will propagate along
the remaining corner to satisfy thease matching conditiorThe intensity of beam 4 is

related to thena g n i t {7 dceording to the following [8]:

2,
0

- 4Pgg (Eq 2.21)

NSRS - U R I R B
0= 0P

2 3 .
whered = 37 13

(Eq 2.22)

This result is found under the assumption that there is no linear absorption. Using this

equationand the approach described belohe magnitude af® can be determined.
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DFWM is a referential technique. A reference with a known tbner
nonlinearity must be used Pafatargepspneple.l As e x t r
indicated in Eq 2.22, the detected signal intensity of beam 4 is dependent on the product
of the tiree incident field intensities. If the incident fields have identical intensities, one
would expect, for a thirdrder nonlinear response, the output signal to exhibit a cubic
powerdependency on the incident intensity. An example is given in chafftgu®
3.5) showing the poweatependent DFWM measurements of a slab of fused silica and a

film of substituted polyacetylene. In a DFWM experiment, references with known values
of .3 77,71 mustbused to properly é&oftatamett t he

sample by using the following relation, based on Eq. 2.22 [1]:
172 Digo  &icnng 2
' Felike (Eq 2.23)

a0 Oiganee  €ian

3 3 Gigae

Table 2.1lists several reported references that were used in DFWM meaniseas

well as the Zscan technique which is described in detail below. Furthermore, DFWM

can also be used to i nv¢&.sThisambeachieveddy t e mp o r
introducing an optical delay to one of the three incident pulses. Thecomsktion of

these three pulses will map out the temporal response of the nonlinear material.

The drawbacks of the DFWM technique are its inability to discriminate between
the real and 1 andigsirelatvelycomplicated spticalflaydd]. The
optical layout is shown iBcheme 2.4 With such a complex layout, it is very difficult
and timeconsuming for one to perform wavelengtbpendent or dispersion studies of
nonlinear optical responses by DFWM.

In the DFWM setup used in thissdertation worka 1 kHz repetition rate

Ti:Sapphire regenerative amplifier (Spitfire, Sped®taysics) operating at 800 nm
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generated thexcitation wavelengthi(from 11501 1550nm, ~75 fs HW1/e) following
passage through an optical parametric ampl{ft#? A-800C SpectraPhysics). The

excitation beam was then split into three beams. The intensity of each beam was
modified using a polarizevaveplate pair to obtain the same input intensity. The input
energy was measured by @phir® PE9 pyroelectricheadenergy meter (for energy range

of 200 nJ and above) or a PD3B®power meter (for energy range of 300 nJ and below).
The three beams were focused inside the sample with special attention paid to good
spatial and temporal overlap. The generated fdagttm was then collected and detected
by a GaAs photoreceiver (Model#2033, NewFocus)ese signals were passed through
Boxcar integrator units (SR250, Stanford Research Systems) and the processed signals
were acquired using a data acquisition card (6QR&fHonal Instruments) and a home

built Labview® program. Each data point was averaged over 250 shd&sr power
dependenet measurements thput energies were varied useagomputercontrolled
half-waveplate rotator (PR5BP, Newport Corporatioriy conjunction witha polarizer.

A motorized translation stage was used to vary the temporal delay of beam 1 to obtain the

crosscorrelation signal and a temporal resoponse of the sample.
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Scheme 2.3 Forwardscattering geometry for DFWM.
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Scheme2.4. Optical layout for a DFWM [1].
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Table 2.1 Nonlinear optical properties of references.

Samples &  Thickness ng n, [m?/W] b [ m/ Ref.
[nm] [ € m]
1300 1.45 2.63x10°
Fused 1000 . [17]
Silica 1550 1.45 2.63x10°
1300 2.468  1.34x10®
ZnSe 1016 5,18, 19
1550 2.457  1.18x10® [ ]
1300 2.278  6.14x10°
ZnS 1016 o [19]
1550 2271 5.77x10
GaA 1300 410 3.41 4.10x10®  1.77x10° (18, 2023]
S y
1550 3.374 2.29x10"  9.03x10%
2.3.1.2 Z-scan

The Zscan methods a standard technigder nonlinear optical material
measurementsnd was used throughout this dissertation viméausef therelative
simplicity of its optical layoutand theease at which nonlinearitiean be extractefiiom
the acquired data [8, 1¥6]. The Zscan technique was developedsimultaneously
measurehe magnitude aboththenonlinear refraction (NLR) and nonlineabsorption
(NLA). The sign of the nonlinear refractive index)(can also be obtained at the same
time. The geometry dhe Z-scanoptical layoutis shownin Scheme 2.5 The basic idea
of Z-scan is to utilize the sefbcusing and selflefocusing phenomena, described above,
to determine the magnitude of nonlinear refraction and to use the aforementioned
nonlinear attenuatioto determine the strength of nonlinear absorption. As shown in
scheme 2.5, a sample is placed on a motorized stage and moved along the direction of the

beam propagation ¢Zxis). Using a single focused laser beam, the transmittahite
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beam after pasge througla mediumand a subsequeaperturds determined aa

function of sample positio(closedaperture Zscan) Assuning a material with a

positive nonlinear refractive indei the samples started at a large negative value of Z
and is moved dser to the focus, selbcusing is induced becausetbé increased
irradiance. Seffocusing moves the focus closer to the lens and leads to greater beam
divergence in the far fieldnd reducetransmittance through the aperture. Consequently,
when themedium is moved pass the focus, getfusing collimates the beaamdthe
transmittance through the apertisencreasedIn Scheme 2.5, the sketch of the
transmitted signal (D3/D1) at variouspositions is illustrated for a medium with a
positive nonhear refractive index. The nonlinear phase change (and consequently the
nonlinear refractive index) can be determined by the difference in peak and valley

transmi pt=api @, that 15, 16]

YY,e 0406 1 YO Y%g (Eq 2.23)
whereY%o= =&, 600m (Eq 2.24)

and S is the transmittance of the apertwis, the irradiance at the waist (Z = 0), ang L

= (1-e'U°L) k. Uf the aperture is removed and all the transmitted light is collected-(open
aperture Zscan)NLA can bedetermined.The sketch of the transmitted signal (D2/D1)

at various zpositions in Scheme 2.5 shows how the nonlinear absorption increases as the
sample moves closer to the focus due to the larger irradiance. The nonlinear absorption

can be determinedyb

ya o 1
3Ya 2 1.8 (Eq. 2.25)
R

Wherenjg = T "@om (Eq. 2.26)

andz, is the Rayleigh range of the beam.
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Although Zscan is a relatively easy and simple technique to implement, its
signatto-noise ratio is not as good as DFWM:s&an is vergensitive to beam distortion
introduced by the sampleds surfacascamisughne
an absolute technique that doesnodt require
references can help provide a useful control giving funhgdity to the extracted
nonlinearity. Furthermore, since most femtosecond laser systems are sensitive to
environmental instability, such as temperature fluctuations, using a reference detector
(D1 in Scheme 2.5) to monitor and normalize the transmategxeived on the signal
detectors (D2 and D3 in Scheme 2.5) is critical. Also, it must be noted-HuainZ
technique is sensitive to all types of nonlinearities; in other words, this technique
provides no discrimination between different nonlinear gsee [15, 16]. Itis very
important to pay extra attentions to determine the origin of the nonlinearity. Performing
multiple energy scans usually can provide an indication of the existence of higher
nonlinearities. If the measured nonlinearity is deleen with the excitation intensity, it
indicates other hi gh &rexistso tding anedditionglr oc e s s ,
characterization technique, such as DFWM, can also give an indication of the origin of
the nonlinearity.

In this dissertation workZ-scan measurements were performed at several
excitation wavelengths (760650 nm). The excitation wavelengths were generated by
1 kHz repetition rate Ti:Sapphire regenerative amplifier (Spitfire, Spettyaics)
operating at 800 nriollowing passagéhrough an optical parametric amplifigr50-2290
nm, ~75 fs HW1/e, TOPASSpectraPhysics). The excitation beam was focused by a

lens with focal length of 150 mm. The beam waist$45 e m) was measur ed
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edge scans and the beam was determinbd ®aussian in shape (1.0 € ¥11.1). The
Rayleigh range was determined to be@Mmm. The pulse width was estimated by an
autocorrelator (Positive Light). Reference scans-amislabs of fused silica, ZnSe, and
ZnS were performed prior to data maasnents on the sample to generate a correction
factor to account for potential bias in the experimental data that may be caused by non

ideal beam quality.

focal plane iCIose—Aperaturei
L | L3 |
BS sample | i :
i = ———il§ i 3
| — i N 1 - I
i [ \ . | 1
| ‘ \ ] ]
, A ]
L1 < 2 “
\ -Z 0
D1
D2/D11 p3p1 T
ATpy
\' n2>0
I S
| | — I I I
-Z 0 +Z -Z 0 +Z

Scheme 2.5.The optical setup for femtosecond@an measurements.
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2.3.1.3 PowerDependeniNonlinear Transmission (Optical Limiting)

The apparatus for optical limiting has a similar optical layout as the apenure
Z-scan, but instead of moving the sample along the Z direction the sample is fixed at a
particular zposition. The change ironlinear absorption is then monitored as a function
of the intensity of the incident beam by varying the input pulse energp¢beene 2.5

For femtosecond optical limiting, the same setup as femtosecendrZwas used
but the focusing geometry walkanged to F/20 and the repetition rate was reduced to 50
Hz to eliminate cumulative effects such as thermal nonlinearities. nanosecond
optical limiting, the excitation wavelength used was from the idler beam aptcal
parametric oscillator4ns HN1/e, MOPO-PO, Spectr&hysics)generatedy a Q
switched Nd:YAG laserl0 Hz,QuantaRay PRG250-10, Spectré&hysics) The
excitation beam was chopped at 1 Hz to eliminate cumulative effects. The focusing
geometry was F/5 and the collection geometry Wago ensuréotal collection of the
exiting beam The beam waist (12 5 & m 23HWa4 measuredsinga pinholescan.

The input energy was measured byGphir® PE9 pyroelectricheadenergy meter.
Computercontrolled halkwaveplate rotat@(PR5GPP, Newport Corporation) in

conjunction withpolarizes were used to control the input energy. Two sample

geometries were used in nanosecond optical limiting. In the bulk optical limiting
measurements, the samples were solid films or solutions in a glasttecwith a 1mm

optical path length. For solution measurements, the focus was placed at the middle of the
cuvettebs path | ength. For film measur eme
focus and the beam radius was slightly different thaolutisn measurements (i.e.-30

45 ¢ m 2 WHe/sezond sample geometry involved a microcapillary waveguide with
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18 mm | engt h. I n this set Uupgagnt=Mlel4, mi cr ocap
Polymicro Technologies) was filled with a solution @hfinear material. The input

beam was coupled into the microcapillary with & bBjective and the exit beam was

collected with a 20 objective. The benefit of using the microcapillary is to extend the

length of nonlinear interaction with a constant beam radius, since the Rayleigh ranges in

bulk optical limiting measurements are typically only a feaun 6 s .

focal plane
L i L3
WP WP BS ;
N — g sample
"' l\m e ol ‘ D3
P P N
L1 L B B Sbit D3/D1
iy . Beam Splitter —_
D: Detector L
L L: Lens
‘ P: Polarizer
D1 WP: Wave Plate >

Scheme 2.6.The optical stup of optical limiting.
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2.3.2 Characterizing Photophysical PropertiesTransient Absorption Spectroscopy

Transient absorption spectroscopy has been usadgawerful tool to understand
the photophysical respone of an excited molecule includingxtiéed state absorption
spectra and the temporal dynamic of various piudaced transient species. Transient
absorption spectroscopy is a pupnobe technique. The basic principle of transient
absorption spectroscopy is to excite the target molewuitirea strong pump pulse and
then to interrogate the phetioduced transient species with a weak, broadband probe
pulse. By varying the temporal delay of the probe pulse, the absorption of the transient
species can be monitored at different delays, amethre the temporal dynamics of the
transient species can be determined. As previous mentioned, excited states have different
lifetimes and therefore different impulse response are needed for excited state transitions.
Thus, using pump pulses with difént pulse widths, one will be able to resolve a wide
rang of excited state dynamics. For example, using a femtospatseti pump beam,
fast relaxation processes such as internal conversion or intersystem crossing can be
resolved, while nanosecondpulses ual 'y donét have sufficien
chapter 4 and chapter 5, both femtosee@md nanosecongulsed transient absorption
spectroscopy were employed to understand the photophysical response of poly(phenylene
vinylene) and dithienopyrte-based copolymers. In these systems, fast pindicced
charge transfer dynamics were observed by femtosecond transient absorptionand long
lived triplet absorption was observed by nanosecond transient absorption.

Femtosecond transient absorption sggeatere acquired with@ommercial
pump-probe spectroscopy system (Ultrafast Systems, He(gegScheme 2.). The

excitataion wavelengths (pump) were generaigtie same way as the femtosecond Z
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scan mentioned previously. The probe beam was basetitmlight continuum (WLC)
generated by splitting a portion (~5%) of the regenerative amplifier (Spitfire, Spectra
Physics) and focusing into an appropriate crystéle probed signals were collecteday

fiber optic cable coupled to a multichannel gpameter with &ilicon (spectral range

400900 nm) or InGaAs (spectral range 80800 nm) sensorThe measureabldelay

time window extended up to 3.2 ns. The pump beam was chopped at 500 Hz to obtain,
sequentially, the reference WLC spectra (withaunp) and the signal spectra (with
pump) which all owed for the generation of
was averaged for 1.5 seconds. The instrument response function (~200 fs) and the chirp
correction function for WLC (applied to all dasets) were determined by measuring the
solvent response of carbon tetrachlorideor solution measurements, the optical

pathlength of the quartz cuvette used was 2 mm and the solution was stirred continuously

throughout the acquisition.

White Light Crystal
DP: Depolarizer .

CP: Chopper M Sample

M
FC: Fiber Coupler FIV G — II} N
FM: Focusing Mirror M dem
L: Lens = DP
M: Mirror CmP L
M 0 Delay Line
v 4l i
M\“%,
Mg~ %
Pump
Probe Spectrometer

Scheme 2.7.The optical layout of femtosecond transient absorption spectrometer.
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Nanosecond pumprobe measurements were carried out withsame laser
source described for nanosecond optical limitimge probe beam was white light
produced by a tungstdralogen bulb supplied with240W Oriel 6993Yadiometric
powersupply (Newport Oriel, Irvine, CA). The pump and probe were overlapped at
angleof approximately 15as they passed through the sampler transient kinetic
measurements, the white light was focused on an Acton SpectraPro 2150i
monochrometer (Princeton Instruments, Trenton, NJ) shaetelected probing
wavelengths. The light was collected by a HGR00M-Si (spectral range 320000
nm) or a HCAS-200M-IN (spectral range 960700 nm) photodiode (Femto, Berlin,
Germany) and the signal was recorded on a Tektronix 300MHz oscilloscope (Richardson,
Texas). Solutions were contained in 1 cm pdg¢ingth quartz cuvettes and were stirred
continwusly.

The transient data was analyzed by global fitting at multiple wavelengths with the
function of

300= @+ 06,Q °%/M+5,Q %% /T4 §Q 0 %/ts (Eq. 2.7)
whereA is the amplitude of a transient absorbing species with lifetintkamidyy is the
offset. The sign of amplitude indicates the type of excited state process. For example, if
saturable absorption, ground state bleaching, or stimulate emission occurs, a negative
sign of amplitude will be observed. In femtosecond transigettra, the presence of an
offset usually indicates the existance of a Mimgd species like a triplet excited state.
Nanosecond transient measurements with deoxygenated and oxygenated solutions
confirmed the presence of triplet excited state speridgeconstruction of the

absorption spectra and temporal dynamics of these species became possible.
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CHAPTER 3
THICK, OPTICAL -QUALITY FILMS OF SUB STITUTED
POLYACETYLENES WITH LARGE, ULTRAFAST THI RD-ORDER
NONLINEARITIES AND A PPLICATION TO IMAGE

CORRELATION

3.1 Abstract

Polyacetylendaseds®™ materials were synthesized by ringening metathesis
polymerization (ROMP) of liquid phase precursors suchHastyl-cyclooctatetraene and
secbutyl-cyclooctatetraene. The substituenttloe monomer prevents the formation of
crystalline domains duringolymerization, thereby improving the amorphous
morphology of the polymen a solidstate neat filmandt he f i | md s opticalr r e s p 0 |
transparency. Different polymerization conditions were employed to optimize the
monomesfto-polymer conversion efficiecy and the population of loaghain conjugated
polymers as well as tifei | nordirsearity and transparency. The principal variations
were choice opolymerizationinitiators, introduction of coordinating ligands
(hexafluoret-butanol and tetrahydrofurgrand adjustment of thaitiator-to-monomer
ratio. The introduction ofoordinating ligandso modulatehe concentration of active
initiators suggests a practical route to control pladymerizationconditionsand
consequentlyolymerprocessing withatthe necessity of managing complicated
organometallic synthes. As a result, opticadjuality films of substituted

polyacetyelenewere fabricated wittargec® of up to 2.2 10"°esu in the neainfrared
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(115071 1550 nm). Thick films( 2 0 O of suchimaterials provide large diffraction
efficiencies(~0.1%at 100 MW/cnf for 1300 nm and-1%at 1 GW/cnf for 1550 nn)

and allowed the demonstrationufrafast imagecorrelation applications.

3.2 Introduction

Processable organic materials with large, ultrafast-thider susceptibilities;®,
could enable albptical signal processing (AOSP) applications through either fabrication
of largearea thick films or integration into hybrid organic/silicon photategiceq1-4].
Conjugated polymers, such as polyacetylene, have been shown to exhibit large optical
nonlinearitiesupon application of intense electromagnetic figR]s Despite these
nonlinearities, many conjugated polymers are inadequate for phafgulications
because they lack sufficient processability, or form films with significant crystal[Blity
or inhomogeneous morphologigd resulting in poor optical qualityFor example,
although films of unsubstituted polyacetylene have been founaksteps large third
order susceptibilitiefr-9], they also exhibit extensive crystallinfd0], resulting in poor
optical quality and large scattering los§ek]. A more processable soluble diester
polyacetylene derivative has been repoffiddhowever, only thin films have been
produced from this material atlde bulky side groups can be anticipated to lead to a
reduced nonlinear response through a dilution effEbe diester polyacetylene was
successfully used in an imagerrelation applicéon performed using degenerate four
wave mixing (DFWM) in the visible region with resonant excitation, although the

diffraction efficiency was relatively low, due mainly to the limited interaction length.
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Ring-opening metathesis polymerization (ROMP) pdes for the facile synthesis
of a great variety of unsaturatgublymers[12]. The ROMP methodScheme3.1)
utilizes an organometallic alkylidefEased initiator (e.g., rutheniunbased Grubbs
initiators [13-15] or 4-coordinate tungstenand molybdenunbasd Schrock initiators
[16-18]) to polymerize strainedng olefinmonomerg6, 19]. The ROMP process allows
for in-situ polymerization of liquidphase monomers, which allows facile processing of
neat films[11] as well as potential integration of the réisig polymers into micreor
nanostructured photonic devices. Moreover, this metBodmenableto independent
optimization of monomers and initiators to improve processing conditions, optical quality
of films, and the thirebrder susceptibility of the salting conjugated polymers.

In this chapter, the synthesis and processing of substituted polyacetylene obtained
using ROMP of monsubstituted cyclooctatetraene-OT) monomers are reported.
Polymerization and processing conditions have been develbaedave led to thick (2
200mm), largearea (> 1 crf) films possessing good optical transparency and large third
order nonlinearities in the neanfrared (NIR) region, including the telecommunication
bands. Dispersion of thirdrder nonlinearities gboly(n-butyl-COT) films were studied
by DFWM and Zscan techniques throughout the 11550 nm range. The good optical
quality of a 200mm thick poly(-butyl-COT) film allowed for DFWMbased image
correlation under offesonant excitation conditions to Iperformed with improved
diffraction efficiency relative to that obtained using the diester polyacetylene derivative
mentioned above; the resulting diffracted signals were strong enough to be captured with
a standard VIDICON detector. Furthermore, a destration of integrating polytbutyl-

COT) into a microstructured 3D photonic crystal miaitu polymerization was achieved.
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ROMP

R = n-butyl, 1
initiator R sec-butyl, 2
R NN N X = OCMe(CF3),

Initiators

R'_N/_\N—R' R'_N/_\N—R'

\
Ru= / N*RU:\ N Ph
7| Pn —/ 7| Ph X, N X, 1
cl cl W MOW
N s

Scheme 3.1. Ring opening metathesis polymerization of maoubstituted
cyclooctatetraene and structures of organometalli@atoits used.Monomersl and?2 as

well as intiator3 were synthesized by Dr. Jidfang Cho and Dr. Susan Odom in Seth
Marder group in the School of Chemistry and Biochemistry at the Georgia Institute of
Technology. Initiatos was synthesized in Richard8ock group in the Department of
Chemistry at the Massachusetts Institute of Technology.

3.3 Background: Issue and Approach

Theaforementionednorphology and crystallinity ainsubstitutegbolyacetylene
films leads to optical scattering and limiketability to perform opticgl-based
processes The to overcome such issues one can contbaase of side groups on
monomerslongwith the control oROMPVvia initiators, solvents, aradditivesto favor
the formation of amorphous materials with resllloptical losseslt has been evidenced
that the use of alkydubstituted COTI(or 2) instead olunsubstituted COT as the
monomer leads tan amorphoupolymer film morphology that exhibits reduced optical

scatterind11], presumably due to side grougisruptingp-p stacking type aggregation
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On the other hand, efforts to control the process of ROMP have been mostly limited to
molecular engineering through complicated organometallic syntheses. Based on a
discussion with Professors R. H. Grubbs an& RSchrock, previous research in their
groups suggested it was possible to use-sobeent with electrordonating additives or
ligands to interfere with the activity of ROMP initiators via the coordination to the center,
electrondeficient transition meta. The hope was that such additives/ligands would
provide a means to moduldtes concentration of active initiators thereby allowing
controlof the polymerizationconditionsand consequentiyolymerprocessingnd
morphology. In this section, a briefebcription of ROMP, ROMP initiators, and

electronrdonating ligands that will affect the activity of the initiators is given.

3.3.1 Ring-Opening Metathesis PolymerizatiofROMP)

The research of ROMP, as one kind of
ROMP is a chaifgrowth type living polymerization and its initiation depends on the ring
strain of monomer. In ROMP, metal initiators are used to perform the [2+2]-cyclo
addition and redistribution of C=C double bondsROMP of straineding olefin
moromers, such as -ROT, offers a convenient approach to synthesize unsaturated
polymers like polyacetylene. The polymerizatigenerally consists of several different
steps (reactions) as illustrated 8cheme 3.2 After the reactionis initiated, the
organometallic initiators usually stay connected to the double bonds of the cyclic
monomers or acyclic polymers throughout the entire polymerization. Thus, chain
transfer reaction can occur along with polymerizatioGhain transfer camead toa

diverse polyner chain length distributiointer-molecular) or cargive rise to cyclic
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oligomers(intracmolecular)such as benzene, thbyeinhibiting the formation of long
chain polymers. Since suchlarge number of reactions play roles in ROMP, the

prediction anatontrol of the behavior of the polymerization is usually difficult.

Initiation

M-CHR
M=CHR + m — —_—

- —
HC=CH () T I T

Propagation

M= =CHR + n m = M CHR
U HC=CH n+1

Chain Transfer

MUC:—!R M= —_— k,[)] i MUCHR ¥ |D
n+ n
n :(i) n
MUCHR - R'HCUCHR - M=CHR + R'HCUCHR
n m m+n

Scheme3.2 Reactions ining opening metathesis polymerization

3.3.2 ROMP Initiators

The development of ROMP and other olefin metathesis reactions is tied to the
research ofvarious metathesis initiators. The research of metathesis initiators started
with transition metal salts such as WCIHowever, the application of these transition
metal salts was limited due to their incompatibility with most functional groups and the

difficulties in control over these initiators. In the 1970s, Chauvin proposed the metal
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alkylidenebased mechanism for olefin metathesis [20]. Since then many efforts were
attempted by researchers to synthesis these metal alkylidene initiators andrstandde

their reaction mechanisms. In the late 1980s, Schrock and Grubbs developed the highly
active molybdenum and tungsten alkylidenBsatd 6) [16-18, 21]. However, these
initiators are highly sensitive to oxygen and moisture and intolerant to a nwhbe
functional groups such as aldehydes and alcofgds Depending on the electron
donating strength of these functional groups, they can either form weak but competitive
binding to the active, electremeficient metal center and deactivate the itotiaor attack
directly to the metal center and switch off the active species.

Different from these molybdenum and tungsten based initiators, ruthdrasea
initiators were found to be very tolerant with the presence of alcohol, water and other
polar fungional groups [23]. Through a series of systematic improvements on the
synthesis, activity, and functional group tolerance of ruthesbased initiators, a set of
trinexylphosphine (PGY containing ruthenium initiators (including initiat@®) were
develgped with improved activity and environmental stabilify4]. Initiator 3,
especially, has superior activity for lestrained or sterically hindered olefin monomers
and extraordinary halffe time, although the initiation and rate of conversion is slower

compared to its siblings such as initiaddd.3, 24, 25].

3.3.3 ElectrorDonating Ligands and their Influence on Initiators
Many studies on electresionating ligands and their influence on initiators have
been reported by Christopher Gorman indigsertation [26], as well as the possibility of

usingelectrodonating | igands (Lewi s thilargbditggn t o
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rates of initiation and propagation and some effect coaotrol A group of
students 1 n R.hghup syathasibetl 8 €eries & Sahragedungsten

and molybdenum initiators5(and 6) with an additional % electrondonating ligand

directly bonded to the center metal and studied the properties of these modified initiators
[26-28]. Floyd Klavetter showed weak binding ligands (e.g. THF) can dissociate
(dissociation constant 6.5 102 mol/l) from the center etal in solution at room
temperature [28]. Jerome Claverie compared the strength of various ligieidsme

3.3) and showed the initiator activity is reduced by weak binding ligands (e.g. THF) and
completely blocked by strong binding ligands (e.g. pyadlii27]. Studies in R. R.
Schrockds group also showed similar resul
reactions between weakly or partially bonded ligands (e.g. quinuclidine) and monomers
occurs at NMR time scales [Z1]. Based on this previoussearch, it was suggested

that the use of proper ligands to compete with monomers could be a route to tailor the
rate of polymerization and to obtain some degree of control without pursuing complicated

organometallic synthesis.

\ Et S /Et
‘ ~ > T > >
7 /o

N

Scheme3.2 Ligand strenth scale for initiatob.
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3.4 Results and Discussion

3.4.1 Comparison of Poly(RCOT)s Prepared Using Different Experimental

Conditions

A variety of experimental conditions was employed for the polymerization of the
R-COTs including differentombinatons ofmonomer/initiator and their respective
molar ratios, as well as the inclusion or omission of-aat@entor coordinating ligands.
The monometo-initiator ratios were initially selected based on literature vdlbie26,
32]. Detailed result®nthephysical and optical properties of the resulting films for
given processing conditions are listedlrable 3.1 while the corresponding \ANIIR
absorption spectra are showrFigure 3.1. It should be noted thail results reported in
Table 31 were determined from measurements on multiple films (the statistical precision
of the values was estimated tob&5%) each fabricated with the same batch of
monomer and initiatorSince initiator3 possessed only a 30% conversion efficiency for
monome 1, initiator 4 was then investigated since it reacts more aggressivelB e,
and increasing the conversion efficiency might result in a larger population of long,
conjugated polymer chains and a concomitant increase in nonlinddatyever, the
polymerization of monomet with initiator 4 resulted in films with no discernible
increase ind®| and very poor optical qualityTo improve on these results, two
approaches were undertaken: the amount of initiator used was decreased and a bulkier
moromer 6ecbutyl-COT 2 instead oh-butyl-COT 1) was used For the first approach,
decreasing the amount of initiator resulted in a slight reducti@?ijrehd little
improvement in optical qualityFor the second approach, the optical quality was

improved but the measured nonlinearity was only half that of ampbiy{yl-COT) film

50



synthesized with same monomettiator ratio. It should also be noted that the use of 1:1
mixtures of the monomefsand2 with initiators3 or 4 showed no dramatic

improvament in the combination of optical quality and nonlinearltywas reasoned that
while the bulkier nature of theecbutyl-COT monomer resulted in moderate
improvement in optical quality, this characteristic also played a role in reducing the
optical notinearity through a dilution effect.In accordance with the goal of identifying
films that provided an optimal combination of these two qualities)iatyl-COT
monomer was chosen for subsequent studies.

The next approach that was undertaken wassioSchrockype tungsten and
molybdenum initiators§and6). It has been reported in thieerature that the
polymerization of COT using with monometinitiator ratio of 150:1 results in optimal
films in terms of molecular weight and polydispersity infl&%]. With the monomer
initiator ratio of 150:1, initiato6 did not fully polymerize monome, possibly due to
decomposition of the itiator prior to termination of polymerization, while initiator
reacted aggressively and the resulting polymer solidified within 10 seconds, which left
insufficient time for film processingFurther increases of the amount of initiséqor
equivalentlydecreasing the monomer/initiator ratio), allowed for the fabrication of
several varieties gioly(n-butyl-COT) films but their resulting nonlinearities were less
than 5 10™ esu (see Tabl@.1). On the other hand, polyputyl-COT) films
polymerized wik initiator5 (at 150: 1 monomenitiator ratio) gave larger nonlinearities
but poor optical quality, which is likely due to the aggressive exothermic polymerization
that can lead to an inhomogenous morphola@yerall, he activities of the ROMP

initiators towards-butyl andsecbutyl COT derivatives were found to increase in the
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following order: Moebased < Ru-based < Ru-based4 < W-basedb; these
observations are consistent with previous reports of the relative ROMP activities of the
initiators[13, 24].

The activity of the W initiator, was found to be so high that the time to
gelatiorf is impractically short for fabrication of filmj26]. Thus,in order to improve
the processability of the polymer solutions prior to gelation and the morphology of
resulting films the addition of moderately coordinating ligarftétrahydrofuran THF,
and 1,1,1,2,2-hexafluoretert-butanoli HFB) were introducetb tailor the activity of
initiator 5 and to haveontrol over the rate gfolymerization6, 31]. Various molar
ratios of initiator 5 and monomet (including 150:1)andthe coordinating ligands were
examined.With anexcess of THF (> 2 equivanincreasen thetime to gelation and
decreas ofthe nonlineaty were observedFurthermore,tie averagenonlineaity is
higher with theuseof HFB compared tavithout HFB. However, hebest compromise
between solution processability, film morphology and the resulting nonlinearity was
obtained vith the use of HFB and a small amount (less than 1 equiv.) of THF (see Table
3.1).

With the goal of producing films appropriate tateruse n imagecorrelation
experiments, particular polymerization conditions were identified that resulted in facile
processing of thick films (i.e., longer times to gelation) which possessed good optical

quality® and larges®. While initiators4 and6 producel serviceable films in this regard,

YThe time to gelation was defined, somewhat arbitrarily, as the point after which the
viscosity ha increased to aaxtent that it was prohibitively difficult to transfer the
polymerizing liquid mixture from the mixing vial to the glass substrate.

8 The optical quality of the films was gauged both by the optical losses observed in the
Vis-NIR absorption spectra, spacdilly in the 1300° 1550 nm regime, as well as the
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these films exhibited the lowest nonlinearities otladl initiators examined (Table 3.1)
and resulted in films of poor and moderate optical quality, respectingigtors3, 5,

and THF/HFBcoordinated produced fiims with reasonably large nonlinearities
however, the short gelation times obtained with uncoordirabtedde film fabrication
difficult and the resulting films showed poor optical quality. Films produced3atid
THF/HFB-coordinated exhibited all of tle desired qualities; however, while films from
the THF/HFBcoordinated initiatob possessed approximately twice the nonlinearity of
those of3 (Table 3.1) initiator 3 produced films with better morphology (dégure 3.2,
lower right) resulting in supeat optical quality (Fig3.2, left).

It should bealsonoted that other factors have been observed to affect the
polymerization rate, conversion yield, and nonlinearity of the polymers. These include
environmental contaminants, such as moisture, which can degrade the initiator, and
impurities, such as morsubstituted cyclooctatriena potentiakide product during
monomer synthesisfhat can lead to reduced conjugation rgdue to the presence of

saturated units in the polymer chain

amount of distortion observed on a laser beam (operating in the same spectral region)
after passing through film. This provided some measure of both the optical scattering
losses associated with crystaity of the films as well as their overall morphology.
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Figure 3.1.Absorption spectra of poly®OT) films made with different monomer and
initiator systems. (a) 25  m thick poly(n-butyl-COT) films made with initiatoB (500:1),
5(150:1), HFB/THFcoordnated5 (150:1), and (50:1). (b) 15  m thick poly(n-butyl-

COT) films made with initiator8 (500:1) and4 (450:1) and poly§ecbutyl-COT) films
made with initiato# (450:1).
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Table 3.1.Third-order nonlineariesat 1300 nm of poly(RCOT)s derived fronvarious ROMHAnitiatorsand COT monomers. Thestrumental
accuracyand statistical precisiomssociated with thie®| valueswere bothestimatedo be® 15%.

Monomer | nitiator Ratio[d] Processing Thickness Bandedge | @ Optical
Window(f] [ mj [nm] [esu] quality[h]

1[a] 3 500:1 ~30 mins 25 854 983 10" good

4 450:1 ~5 mins 15 (945)[g] 8.33 10! poor

900:1 ~5 mins 15 851 (918) [g] 6.53 10 poor

1660:1 ~5 mins 15 (887) [g] 513 10 poor

5 150:1 ~10 secs 25 915 133 10 poor
HFB/THF-coordinated ~ 150:1 ~30 secs 25 860 213 10 moderate

5[c] good
6 50:1 ~5 mins 25 880 4.33 10 moderate
100:1 ~5 mins 25 831 1.53 10 moderate

150:1[€e] - - - - -

2 4 450:1 ~5 mins 15 772 3.83 10t moderate

1/2[b] 3 500:1  ~30 mins 25 774 2.23 10" good
4 450:1 ~5 mins 15 799 7.23 10 moderate

[a] Several batches ofbutyl-COT were used ] n-butyl-COT :secbutyl-COT = 1:1 (molar ratio). [c] HFB:THF : initiatdy = 1:0.1:1 (molar
ratio). [d] monomefto-catalyst molar ratio. [e] The mixture of monomer and initiétcgmained as transparent, dark red, viscous fluid after 4
days, which suggests the initiator might be decomposed before finishing polymerization. [f] The length of processingdmes based on

the time to gelation. [g] The bandedges in the parentheses were measured withtB@k films. [h] These trends can be qualitatively observed
in the VisNIR absorption spectra shown in Figure 3.1, however film morphology observiedetideandistortionfollowing passagéhrough

a film also played a role in the determined optical quality.
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Figure 3.2 Representative topographical and morphological characterizatiorsiodi
polymerized polyg-butyl-COT) films on glass substratestained using initiatoB. (Left)
Optical profilometer image of the film surface which reveals an RMS roughness of ~10
nm despite some surface impurities. (Lower right) SEM image of the-seation of the

film revealing an amorphous morphology. (Uppehtjd®hotograph of a 1 inch x 3 inch
area film showing its highly reflective nature.
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Figure 3.3 Typical resonance Raman spectra of pol@@T); C=C stretching at 1470
1480 cni and GC stretching at 1160110 cn".
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3.4.2 Physical and Linear SpectralProperties of Substituted Polyacetylenes

As described in th&xperimental Details (see below)the thicknesses ahe
polymer films could be readily controlled in the range from 2 to 12®0 and largearea
(> 1 cnf) films could easily be achieved (see Wig3.2, upper right). The poly(fcOT)
films were found to possess linear refractive indices varying from 2.1 to 2.2 at 1300 nm,
depending on the film composition, consistent with the expected high polarizability of
long polyene chainsStrong linear absption in the visible wavelength regioand
intense C=C stretching vibrational bands around 1470 tmthe resonance Raman
spectra(Figure 3.3 are also indicative of longhain, transdominated, polyacetylene
[33-36]. The absorption barddge positionof 25 mm thick polyf-butyl-COT) and
poly(secbutyl-COT) films ranged from 750 to 950 nm, the spectrataffg being
dependent on the particular polymerization conditions empldireglre 3.1)

Poly(R-COT)s synthesized with different monomers and gatsl showed the
typical Raman spectra tfans-polyacetylene with C=C stretching vibrational frequencies
at 1470 crit and GC stretching frequencies around 1100 ctfFigure 3.3. No cis-
polyacetylene features (908, 1247, and 1541%)cf7] were observed in the spectra,
which indicatel a dominant contribution frothe trans conten. According to previously
reported experimental and theoretical #sd[33-35], a reduction in vibrational
frequency occurs concomitantly with decreasing bandegapgy and increasing polymer
conjugation length. Thereforthe resonant Raman spectra determined for the synthesized
poly(R-COT)s here suggested that the films contaiaesgnificant population of long
chain conjugategbolymerswhich possessed assoei@dtband gap energies approaching

1.8 eV, a valugredicted for golyacetylene polymer with infinite conjugation length.
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3.4.2.1 Correlation Between Raman Intensity, Absorption Band Edgec&¥(d |

For poly(RCOT) films of similar thickness and fabricdtaith the same type of
monomer/catalyst combinationt, should be noted that a strong correlation was found
between the banddge position, the intensity of the C=C stretching Raman signal, and
the ¢ values for the various films measurddgure 3.4 depicts this correlation for a
number of different 2Bm thick polyf-butyl-COT) films fabricated using cataly3t The
recipe for the polymerization process differed slightly from film to film by the batch of
catalyst or monomer used as well asiti@dusionof solvent with the monomer/catalyst
mixture. Figure3.4ashows thed®)| values of the films versus their respective band
edges. Theband edges were determined simply by the intersection of two lines
extrapolated from the fast rising edge oé thbsorption band and the long wavelength
baseline (see Figu@1). Figure3.4b shows thec(?] values versus the intensities of the
C=C stretching resonant Raman signal located at-1480 cni* (see Figure.3). These
intensities have been normalizedo the peak value. The fitting lines reveal linear
correlations for both sets of observables. This linear correlation is likely the result of the
varying concentration of long, conjugated polymer chains present in each film that would
be expected to play dominant role in the band edge position, resonance Raman
intensity, and nonlinearity. These results provided a reliable -geanititative means to
predict the nonlinearity of a film through simple spectroscopic measurements and
consequently allowed formore rapid optimization route for film nonlinearity following

variation of a particular constituent or processing condition.
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Figure 3.4. Correlation plots for 2%m thick poly(n-butyl-COT) films fabricated using
initiator 3 employing a variety of diérent processing conditions: (&f°]| versus band
edge position and (b3P| versus normalized resonance Raman intensity. The solid lines
denote linear curve fittings to the data. Error bars associated witkthesdlues are

estimated at 15%.
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3.4.2.2 Determining Optical Losses &oly(n-butyl-COT) Films

The overall opticallosses of polyf-butyl-COT) films synthesized with initiat8
were determined from absorption spectra on the hermetically sealed, sandwiched films of
1007 200 mm thicknessFirst, the absorption spectra ofi25 nm thick, sandwiched
poly(n-butyl-COT) films (fabricated using cataly8) were measured and their average

optical densitiesPD,,,, at 1300 nm and 1550 nm were used to correct for the reflection

losses due to the ajlasspolymer interfaces in thicker films &( 25 mm),
OD,1ec; =ODyis - ODy,, - The transmission losses, @B, of individual films with
different thicknessesl, were calculated based on the corrected optical densities,

dB=102 OD,

correct/

/L(cm). The transmission losses of over 100 different films with
thicknesses ranging from 25 to 26th were calculated. For 100200 nm thick films,

the average losses were found to bé 41 dB/cm at 1300 nm and 227 dB/cm at 1550
nm. For films with thicknesgsbelow 100nm, reflection losses dominated and the thin

sample absorption correction resulted in large errors. Accordingly, these films were not

included in the final loss determination.

3.4.3 Dispersion of Degenerate ThirdDrder Nonlinear Optical Properties

The study of wavelengttlependent dispersion of degenerate tbhidier nonlinear
optical properties of poly(fCOT) was guided by Dr. Joel M. Hale&ll poly(R-COT)
films were found to possess large optical nonlinearities with ultregagboral response
(<100 fs) throughout the NIR, consistent with rresonantc®(- w; w, )-valyesv

Polarizationdependent DFWM measurements as well as careful fitting-40af data

6C



also support a neresonant thirebrder nonlinearity. This is consistent with the large
detuning of the excitation wavelengths from the lowest energypbo®n electronic
resonance. Furthermore, the experimentally measured pheSkeaofoss the NIR iglso
relatively small, which is also consistent with #gboton resonances not being a major
contributor to the nonlinear respons&vidence of the large ultrafast nonlinearities of
poly(R-COT) films is given inFigure 3.5, Figure 3.5 shows the powedependent
response of the DFWM signal for both a slab of fused silica and andmigyl-COT)
film. At similar signal magnitudes, there is a®3f@duction in drive intensity and a 20
reduction in interaction length for the pahoutyl-COT) film, which reflets a
nonlinearity for the film that is nearly four ordes&magnitude greater than that of fused
silica. Both power dependeres show a slope 6f3 as expected for a nenesonant thire
order nonlinearity.The powerdependent response DFWM signal for iy (n-butyl-
COT) film becomes slightly hypocubic at higher intensities as evidenced in Figure 3.5a.
This is a result of increased nonlinear absorption resulting in reduced driving intensities.
Figure3.5bshows the temporal dependence of the DFWM sifpradhe two samplesin
both cases, the response is limited only by the temporal duration of the laser pulses
suggesting the temporal response is << 100 fs

Films of polyq-butyl-COT) showed different values otJ| at 1300 nm
depending on the initiator used; the values increasttk following sequencé& <4< 3
<5< THF/HFB-coordinated (see Table 1 focompletevalues). Films possessing good
optical quality produced witl8 and THF/HFBcoordinated5 had nonihearities of
9.8810™ and 2.210% esu, respectively. These ¢¥| values compare favorably with

nortresonant nonlinearities for other conjugapeymers[1]. It should be noted that
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larger thirdorder nonlinearities in this spectral region have b&mmd for trans
polyacetylene prepared by the Shirakawa method (see Reference [7]). However, these
nonlinearities were determined via thindrmonic generation measurements and
therefore reflece®(-3¥;¥,¥,¥). This nonlinearity is known to be enhanced through both
two- and thregphoton resonance enhancement. These values would therefore be reduced
accordingly for norresonant values af®(-¥;¥,-¥,¥) as reported hereinFurthermore,

the dispersion ofhe ronlinearitywas determined in the NIR using thesZan method
andthe values of the magnitude apbasé of ¢ for arepresentativéilm are shown in

Table 3.2 Two points can be gleaned from these data. The first is that the existence of
phase angless$s than 30 degrees implies that nonlinear refraction dominates nonlinear
absorption throughout most of the NIR region for these films. Se¢badjispersion is
relatively weak in the 1300 1550 nm region but shows evidence of a possible two
photon resoance around 1150 nm. Finally, the valuesripand 6 at 1300 nm for the

film produced withTHF/HFB-coordinated catalysh were determined to be 1330%°

m?/W and 6.8 10° m/W, respectivelyThese values are significantly larger than those of
either silicon or gallium arsenid88], semiconductorshat aretypically utilized asc®

materials in this spectral regime.

“The magnitude and phased? are related to its real and imaginary components
(determined by the &can technique) as followss'P| = [Re€®)? + Im(c®)?]*2 and « =
arctan] m®)tRe@®)]. This can beequivalentlyexpressed as R&) = || A a,0 s
ImE®) = |¢®)| A s.iThe Re¢®) is associated with nonlinear refraction while the
Im(c®) is associated with nonlinear absorption. Conversion from the Re/Im
components of® to the nonlinear refractive indexzjrand the twephoton absorption
coefficient p) can be found in Reference 1
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Figure 3.5 (a) Power dependence of DFWM signal for 54@ slab of fued silica
(circles) and 2%m thick polyfp-butyl-COT) film (squares) using initiat@ as denoted in
Table3.1 Lines denote linear fits to data. (b) Thresolved DFWM signals for 54@m
slab of fused silica %(])pen circles) and the same polyacetyleneatiltwo different
intensities (0.5 GW/ch squares; 2.5 GW/cintriangles). Lines are given as guides for
the eye and plots are offset in x and y for ease of viewing.
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Table3.2Di s p e r §iamln[a] tof selected wavelengths throughout the NIR
regionfor poly(n-butyl-COT) film.[b]

| [nm] 1150 1300 1450 1550

Ic®) [esu] 167310 9810 8.#10™ 6.7210™M
« 51° 26° 17° 20°

[a] «is the phase &®. [b] Film preparedisinginitiator 3.

3.4.4 Application to Image Correlation

A particular AOSP application, for which such large area films are suitable, is
optical correlation for image recognitioRattern or image recognition performed in the
optical domain can be significantly faster than the same process performed in the
electonic domain due to its parallel nature. It has long been known that DFWM can be
exploited to perform image recognition [39]. Furthermore, employing a material with an
ultrafast nonlinearity allows for the possibility of extremely rapid optical pattern
recognition, which could play a significant role in the development of security
verification [40], facial recognitiofiL], and artificial intelligence in general he success
of this application is predicated on a large diffraction efficiency which itiselépendent
on the drive intensity, sample length and material nonlineftity Facile processing
through ROMP using initiatoB (chosen for the superior optical quality of the resulting
films) permitted fabrication of 200m thick polyf-butyl-COT) films which, in the
DFWM geometry, were found to generate substantial diffraction effi@eat moderate
drive intensites using offresonant excitation: 0-1% at 100 MW/cnf for 1300 nm and

~1% at 1 GW/cnf for 1550 nm. These results represent sizable ingan@nts compared

64



to other conjugated polymefs| that have been used for DFWM, due in part to both the
large nonlinearity and increased interaction length optitg(n-butyl-COT) films.

These sizable diffraction efficiencies permitted demonstrationmafging and
image recognition experiments using the aforementioned n®@Qhick poly(n-butyl-
COT) films. This demonstration was performed by Dr. SiMem Tseng and Dr. Canek
FuentesHernanded r om Pr of essor Bernard Kippelenos
Electrical and Computer Engnineerindzor the imaging experiments, 1 mm diameter
circular apertures encoded the beams used as the impulse resp@mseand
reconstructionr(r), functiors [41]. The letter characters, approximately 3.5 .5
mm in size, comprising the word AGATECHO w
beam g(r). The DFWM signal, which is proportional to the convolution,

[r(r)Ah(r)A g(r) ,[42] was then captuce at the rear focal plane of the imaging

system. As shown inFigure 3.63 clear imaging with a signab-noise ratio (SNR¥} 2
was observed despite the relatively large extent of the impulse and reconstruction
apertures. The finite size of these apertsrproduced a smoothing effect by acting as a
low-pass filter for the angular spectrum of the input fields at the sample position. While
the spatial resolution could be improved with the use of smaller apertures, in our setup
this reduces the transmittedvper, yielding smaller diffraction efficiencies and signals
comparable with the uncorrelated scattering from the fundamental beams hence
producing SNR ~ 1.

Image recognition was then implemented by replacing the impulse respfmse,
with the image of aairplane and by sequentially encodmyg) with different images, as

shown in Figure 3.6bIn an imageecognition experiment, a positive correlation
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corresponds to the str oneg@meetomponegini=0). Asar ound
can be demonstrad [42], this is expected for the autocorrelation of the impulse response,

which can be obtained through a convolution(if) = h'(-r) = h(-r), where the complex

conjugate can be dropped sincés real. As shown in Fig3.6h the autocorrelation

signal, proportional tor(r) A h(r) A h(-r) |, yields a larger signal around the zerder

component compared to the one obtained if the original airplane is rotated i9the

original airplane is replaced with the image of ffedent airplane.

Qo
—'

Imaging

=5
S

Image
recognition

Figure 3.6. Imagecorrelation using DFWM in a 20@m thick polyp-butyl-COT) film
prepared using initiat@. a) Imaging obtained through DFWM. b) Image recognition
demonstration. In all cases, 1 mm diameter circular aperturesusedeThis experiment
was performed by Dr. CanéluentesHernandeand Dr. Shuéren Tseng in Bernard Kippelen
group in the School of Electronics and Computer Engineering at the Georgia Institute of
Technology
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3.4.5 Demonstration ofin situ Polymerization for Photonic Microstructure
Integration

As mentioned previously, ROMP wita liquid-phase monomer can potentially
allow the integration of poly(RCOT) into nane or micro-structured photonic devices
such as a photonic crystal (PC). Photamiystals (PC) areelativelynew types of optical
materials with a periodic refractive index where a photonic band gap (PBG) is formed
and has the ability teelectively blockthe transmissiorof electromagnetic (EM) waves
[43, 44]. PCs can be fabricatethrough multiphoton lithography, electrebeam direct
writing, or seltassembly [45, 46]. The location of the PBG or the wavelength of
maximum reflectance is determined the sizeandrefractive ingx of each component
in the structure as well as tinature ofthe periodiay itself [47]. By fabricating a PC
using nonlinear optical (NLO) materials with large nonlinear refractive indices in the
region of the PBG, the location of the PBG and consequently the propagation of light can
then be controlledybvarying the incident intensity. To fabricate a NLO matdvaded
PC, a prospective approach is to infiltrate NLO materials into an existing PC template;
however, this approach is usually limited by the solubility and processability of the
available NIO material. The development of ROMP of poly@®T) described above
showed that polymer films can be synthesimeditu with a liquid phase mixture of
monomers and initiators with or without solvent. Thus, it should be possible to draw the
liquid, reacthg mixture of monomers and initiators into the microstructure of a PC by
capillary force.

The slow polymerization ofi-butyl-COT with initiator 3 allows the mixture to

remain as a low viscosity liquid throughout the infiltration process. The preliminary
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demonstration of infiltration of poly(d®OT) into microstructure PCs via situ
polymerization was carried out by an undergraduate researcher, Meng Kanthis
work, the PC templates were synthetic opals made from silica microspheres via self
assembl. The monometo-initiator equivalent ratio was ~450:1 and the initiator was
pre-dissolved in spectral grade dichloromethane to a concentration of OMiMe low-
weight moleculesstill dominatedand the solution mixtureemainedfluid, the mixture
was infiltrated into the PC by capillary actiofrigure 3.7 shows the scanning electron
microscope image of an infiltrated opal film with microspheres of diameter 700Imm.
Figure 3.7, spheres covered by polymer shown darker cototodine electronic charging
effect. As shown in the figuréhe polyn-butyl-COT) had penetrated to different depths
of the opal filmindicating good infiltration, as opposed to just coating the surféce.
seen in the cross section, polymer formed-d@mablike frame structures (light color)
when the spheres were removeddowever, the infiltrationalso showed signs of
disturbed microstructure, which might lead to broaden reflection bands and reduced
reflectivity. (Figure 3.8) The PBG location or p&areflection wavelengthag,,) is

determined by

|- OO{‘<

D(nszpherysphere-'- n\?oidvvoid - Sin2 f)}é (Eq 31)

max

~
1l
i

whereD is the diameter of the structural spheres the refractive index of the sphere or
the void,V is the volume fraction of the sphere or void, dnd the lightincident angle.

For a facecentercubic packed opal film made of silica microsphe®@s=(700 nm Nsphere

> Meng Kang enrolleih theResearch Experience for Undergraduate (REU) program
held by the Center of Material Development and Informatiazhfielogy Research
(MDITR) in the summer of 2008. She is currently a biomedical and mechanical
engineering dual major at Duke University.
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= 1.37, Vsphere = 0.74), with normal incidence, the reflection peaks were calculated,
according to Eq. 3.1, to be at ~1468 nm and ~1860 nm witmair1.0) and polyg-
butyl-COT) (h = 2.2) filling the void spaces, respectively. In figure 3.8, the transmission
and reflection peaks were measured to be at 1389 nm and 1689 nm for air and poly(
butyl-COT) filled PCs. The difference in the measured peaditions compared to the
calculated ones is mainly due to the packing defects present in the periodic structures.
For the polyQ-butyl-COT)infiltrated PCs, the disturbance of the packing of
microspheres during infiltration and the volume shrinkage aftgymerization led to a
larger deviation in the peak position.

Following these experiments, the possibilityiofsitu polymerization of polyg-
butyl-COT) in a microstructured photonic crystal had been demonstrated. Many
challenges still need to be ogeeme for the research on NLO matetalsed PCs to
become a practical reality. These challenges include (1) fabricating-ffrefeghotonic
crystals, (2) strengthening PC template structures to overcome disturbance during
infiltration, (3) developing a ethodology to remove PC templates without degrading or
damaging the NLO materials, and so on. Nevertheless, this preliminary work still
showed the excellent potential of paiylfutyl-COT) andin situ ROMP in photonic

device integration and applications.
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Figure 3.7. SEM image of the poly@butyl-COT) infiltrated synthetic opaD(= 700 nm).
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3.5 Summary

The controlled polymerization of polyacetylehasedc® materials vieROMP to
form thick, largearea, opticabuality films and have discussed their linear and nonlinear
optical properties in the telecommunication regoreported The polymeization can be
controlled by choice of ROMP initiator or by addition of coordinating solveheseby
facilitating the processing andptimization of theoptical properties othe resulting
polymers. Furthermore,the films exhibited ultrafast (< 100 fs)large thirdorder
susceptibilities(c® as large as 2310%° esu) throughout the NIR telecommunications
band (13007 1550 nm) Thick films of such polymergesulted in large DFWM
diffraction efficiencies thereby permitting the demonstration of ftke-space AOSP
application of image recognition. Furthermore, reasonably small optical losses (for short
path lengthdevices, ~ 1 mm) and the potential farsitu polymerization suggest that

photonic waveguide applications are feasible for such material

3.6 Experimental Details

3.6.1 Material Synthesis and Polymerization

The chemical structures of the monomers and initiators used in this work are
shown in Scheme IMono-substituted cyclooctatetraenes@T), n-butyl- (1) andsec
butyl-COT (2), were prepared using literature metht] Dr. Susan Odom synthesized
initiator 4 from 3 (SigmaAldrich) by reaction with dromopyriding14] Initiator 5 was
synthesized as previously descrifdés] by Dr. JianYang Choand6 (Strem) was used as
received. Polymerization of the FCOTSs via the ROMP method was carried out in an

argonfilled glove box. The ROMP reactions were performed by mixing an initiator
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directly with neat, liquiephase monomers, or by dissolving the initiator in a small
amount of solvet(1 mg initator in ~2% L solvent;dichloromethane fo8 and4, toluene

for 5 and6) before mixing with the monomein the case of initiatos, weakly

coordinating ligands that could compete with tR€R8T for vacant coordination sites on
the metal, HFB and THF, were added to control the overall polymerization rate and film
forming processDuring polymerization, the color of the mononieitiator mixture was
observed to gradually change (over a period of seconds to minutes depending on the
initiator used) from the highly transparent, bright yellow color of the monomer to an
opaque burgundy color, ultimately taking the form of a reflective With a gold luster
(Figure 3.2, upper right). The extent of conversion of monomer to polymer was estimated
by weighingpolymerized films before and after washing with methanol and then with
dichloromethane (to remove residual soluble low molecular wejgdtias). Initiator 3
showed less than 30% conversion efficiency while the rest of the initiators exhibited >

60% conversion.

3.6.2 Film Fabrication and Characterization

Films of poly(RCOT)s were fabricatelly transferring the polymerizing liquid
mixture with a pipette to a glass substrate and then sandwiching it between another
substrate, which was held at a fixed thickness using Teflon or copper spacers.
Sandwiched films were hermetically sealed by using epoxy adhesivBliRiBnear
absorption spaawereacquired using a Cary 5E UVis-NIR spectrometer. Resonance
Raman spectra were acquired using a Bruker Equinox 55 Raman spectrometer with an

excitation wavelength of 1064 nmhis wavelength permitted preferential resonant
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excitation of predominaty long chain polymers in the films since the band edge

positions, influenced mainly by those long chain polymersged froni750- 950 nm. 50

mW of laser power was used for each scan. The scan resolution wasa@mach

spectrum was averaged overgbans from 3500 cito O cni'. Film thicknesses were
determined using a Dektak 6M contact profilometer and by measurement and analysis of
interference fringgd9] observed in the absorption spectra for films with small
thicknessesRefractive indices @ere determined using the same fringe analysis and
verified by using a prism coupler (Metricon 2010). The morphology and surface quality
of the polymers were characterized by scanning electron microscopy (Hit860) &nd

optical profilometry (Veeco, WychiT3300).

The nonlinear optical properties of the polymer films in the NIR regime were
determined using femtosecond pulsed excitation with two nonlinear characterization
techniques: Zcan and DFWM50, 51]both of which have been describeddhapter 2.

The values ofd®(-¥ ¥, ¥, ¥ )| determined by both techniquesre ingood
agreement with one anothefhe instrumental accuracy associated with these

measurements is estimated to°1&%.

3.6.3 Image Correlation

Optical correlatioomeasurements were performed using an ultrafast optical
parametric amplifier (Newport, TOPAS) pumped by a Ti:Sapphire regenerative amplifier
(Newport, Spitfire) that produced ~80 fs pulses at 1550 nm with a repetition rate of 1
kHz. These experiments wei@plemented in a compact joitransform correlator

geometry41] that uses a diffractive optical element (DOE) besplitter to generate the
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beams to encode the 2D images used as the impulse rebffgnsejectg(r) and
reconstructiorg(r) functions. TheDOE assures the spatial and temporal overlap of the fs
pulses in the nonlinear medium. For a detailed description see Reffg2hdsfter the

DOE, the diffracted beams are collimated into a forwatded crossedbeam phase

matched (BOXCARS) geometry simat parallelpropagating beams pass through the 2D
transmission binary maskBhe masks were printed on overhead transparencies and
located at the front focal plane of & #naging system. Typical average powers of ~ 40
mW/beam were measured directlyfdre the sample. The#dimaging system consisted

of two (L1 andL2) two-inch diameter singlet plarmonvex spherical lenses with 10 cm
focal lengths. The input beams were focusetl bgnto the 20@m thick polyacetylene
sample at an external angle of Bwith respect to the optical axis. A maximum

resolution of 14.3 lines/mm, limited by spherical aberration, was determined at 1550 nm
using a standard USAF resolution target. The diffracted signal was then collimated using
L2, spatially filtered with an is and captured at the back focal plane with a VIDICON
(MicronViewer 7290A) image sensor having a resolution of 700 TV lines and with a

minimum detectable signal of 200 nW/m

3.6.4 Photonic Crystal (Opal) Fabrication andin situ Polymerization

Silica microspheres (5% by weight dispersed inatezed water) were purchased
from Polysciences, Inc. and then diluted withicleized water to 1% before use. Opal
films made of silica microspheres were fabricated through the microcapillary method. In
thismethodt wo c¢cl ean gl ass slides spaced by a

together to form a capillamgell. Glass slides are first processed by acid Piranha solution
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(H2SOy: HO.= 3: 1) to clean the surface and make the surface hydropGgigillary
cells werethenstood vertically in 3.5mL 01% microsphere solution in 5SmL plastic
beakers.Beakers were covered by crystallizing dishes to reduce the fluctuation of
solution evaporation rate throughout the film growth period.

Forin situ polymerizdion, the monometo-initiator equivalent ratio for thm situ
polymerization was ~450 : Initiator 3 was first dissolved in spectral grade DCM with a
concentration of 0.01 M and then mixed with ligaibutylCOT( 100 €L of monon
and 100 atotsolatibn).Whila Iawdweight molecules werstill dominatedand
the solution mixture was still fluid, the mixture was infiltrated into the PC by capillary
action force.The optical properties of RC, such as the reflectance and trattsmece
before and after polymer infiltration were determined using arMi$vNear IR
spectrometer (SHIMADZU UM3100). The microstructures of the infiltrated PCs and the
infiltration ratioweredetermined using a scanning electron microscope (SiM)

fracturingand subsequently coating the films with ~ 1nm gold particles
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CHAPTER 4
POLY(PHENYLE NE VIYNLENE) -FULLERENE BLEND WITH

STRONG OPTICAL LIMIT ING IN THE NEAR -INFRARED

4.1 Abstract

Opticalquality, melt processablick films of aconjugate polymer composite
containing poly(methoxyethylhexylphenylene vinylene) (MBRYV), a G derivative
(PCBM) and a plasticizer (dictylphthalatehave beemeveloped. Their nonlinear
absorption, photophysical, and optical limiting properties have ipgestigated These
composite mterialsexhibitedstrongoptical limiting characteristicén the near infrared
region (756900 nm), with broad temporal dynamic range spanning femtosecond to
nanosecond pulse widths. Transient spectroscopic studies showe®MNEHas broad
excited state absorption in the near IR ranging fromI@&ID nm with a fietime of ~466
ps. Transient studies also revealed the formation of the-MIE cation in the MEH
PPV:PCBM:DOP charge transfer composite with a {tiwed lifetime up to ~3 ms.
Femtosecongbulsed optical limiting indicated twphoton absorption of MEHPPV
followed by excited state absorption was the dominate mechanism in the short pulsed
regime. NanosecoRrplulsed optical limiting and the dispersion of figiafemerit of the
MEH-PPV:PCBM:DOP composite peaked near the wavelength of the-REEHcation
suggsting the important role of ofghoton and twephoton induced charge transfer in

the long pulsed nonlinear absorption response.
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4.2 Introduction

Materials with strong nonlinear optical absorption properties have long been
recognized as potential optidaniting (OL) materials for applications such as sensor
protection [14], noise reduction [5], and pulse shaping [6] in various wavelength regions.
With the development of modecked and amplified Ti:Sapphire lasers [7], the need for
effective opticalimiters in the 700000 nm spectral range has increased. The essential
requirements for OL materials are high linear transmisgigin low turn-on threshold
(Frn, defined here as the fluence whai(&) = To/2), high damage threshold, anddar
pulse energy suppressidwhichis defined as the reciprocal of nonlinear transmittance,
Te, just before the damage threshold), which should be achieved over a wide spectral and
temporal dynamic range. A figuad-merit (FOM) for evaluatig the pulse suppression
performance of an optical limiter is defined heré&@ = ToS = To/Tr.

Several organic matergystems utilizing different mechanisms for their
nonlinear absorption (NLA) response have been reported previously [4,15, &haet
al. reported on a blend of a conjugated polymer, pebd®l thiophene) (P30T), and a
Ceo fullerene derivative that &s found to possess enhanced NLA and OL capability in
the 700/ 950 nm range compared to the neat polymer or fullerene [8]. A nanosecond
pulse suppression of 9 dB (7.8X) was observed at 760 nm and was attributed to one
photon induced charge carrier absamp (CCA). The P30T polymer functioned as a
photoexcitable electron donor and the fullerene as an electron acceptor. The NLA was
modeled and found to be enhanced due to CCA arising from fast and efficient charge

transfer and charge separation, as wetkksively slow charge recombination [8, 12].
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However, the P3OT:fullerene blend exhibited low linear transmission (~0.45) resulting in
a modest OtFOM = 3.5.

One route to improving the linear transmission is to make use gblvwiton
absorption (2PA) as an excitation route, with photon energies lying below the linear
absorption band edge [5;,19]. However, because of the quadratic dependence of the
excitationrate on intensity, purely 2RBased systems are limited to use with relatively
short pulse widths. With the contribution of subsequent absorption processes (e.g. excited
state absorption, ESA, or CCA), the nonlinear attenuation can be dramatically idcrease
[11] for longer (i.e. nanosecond) pulses, although the NLA response could diminish for
yet longer pulses, depending on the timescale for relaxation of the excited state or charge
recombination. While@ recenteport on a lead bis(ethynyl)porphyrin polynmeaterial
system exhibiting 2PAnduced ESA has shown promising broadband OL response at
longer wavelengths (> 1050 nm) [10], 2/Ased systems in the current spectral region
of-interest (7061000 nm) have resulted in GEOMs < 10 [9].

To develop an Olmaterial in the near IR with improved linear transmittance and
temporal dynamic range, a system with a combined contribution of AfRRA2PA
induced absorptions is of interest. In order to achieve such effective NLA, it is ideal to
have spectral overlag @PA or 2PA with ESA or CCA in the spectral regiofinterest.
If there is also spectral overlap of the 1PA and 2PA bands, both types of excitation can
contribute to the induced absorption and can give rise to a nonlinear response over a
wider temporal ginamic range. Furthermore, the states or species that contribute to the
induced absorptions should be generated on a time scale much shorter than the pulse

duration and the resulting excited states or carriers should have lifetimes comparable to
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or longerthan the excitation pulse width. This is generally a difficult task to achieve in a
singlecomponent OL material.

In this chapter, a ternary blend of MBMPV, PCBM, and DOP was investigated
as a promising candidate OL system in the near IR-@0D@0nn) region. The choice was
based on the fact themtEH-PPV/fullerene blends are well known to show efficient-one
photon induced charge carrier generation and have been studied extensively as solar cell
materials [13].Furthermore, th@PA spectrum of MEHPPV was recognized to have
good spectral overlap withe MEHPPYV radical cation absorption, such that CCA
should be induced and lead to strong NLPhe plasticizer DOP was utilized to
overcome poor optical quality amelduceoptical scattering in films dAEH-PPV and
PCBM. Theternary mixture comprising MERPV, PCBM and DOR®as melt
processable. Optical quality, thick filis2 5  etis) mixture were successfully
produced. Studies of its nonlinear optical, photophysical and OL responses are reported

below.

4.3 Background
MEH-PPV:PCBMblends are interesting as potential nonlinear absorbing optical
elements because of the linear and nonlinear absorption properties ePR¥lds well
as the excited state anbarge carrieabsorption characteristics both MEHPPV and
PCBM. Relative to P3OT, MEHPPV has a larger bandgéf,) providing improved
linear transmission in the near IR regidhhas been shown thahephota induced
charge transfer can occur between MERV (electron donor) and PCBM (eteon

acceptor) leading to strongly absorbuitarge carriershe MEHPPV cation shows a
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broadabsorption bantrom 600 to 1100hm and the PCBM anion shows absorption
bands ranging from 850 to 1070 b2, 1417]. MEH-PPV has 2PA bandanging from
750t0 900nm[18, 19] andESA also in the near IR peaking at 1300 nm [20, 21].
Furthermore, blends of MERPV and PCBMave been shown to form grousthte
charge transfer complexes (CTCs) that exhibit weak 1PA extending to wavelengths
above the 1PA band edgéeMEH-PPV [22]. Therefore,me-photon or twephoton
excitation of the MEFPPV:PCBMblendin the 706900 nm range should lead to the
generation otharge carriers [14, 16, 1d@hd/or excited stat¢R0, 21, 23]Jthat are
strongly absorbing in the same whargyth range, as needed for effective N{ske
Scheme 4.1 The photoinduced charge transfer and separation are known to occur
within 1 ps following excitation [24] in MEHPPV:PCBM films, while the recombination
of MEH-PPV cations and fullerene anionslew (300 ng 10 ms) [25]. For MEFPPV,
the singlet ESA lifetime is ~600 ps [20, 21], which allows for efficient electron transfer
guenching by PCBM. Thus, the combination of MBRV and PCBM was investigated
as a candidate OL material that could haké-2and 1PAinduced ESA or CCA working
together to contribute to effective OL in the same spectral range for various pulse

durations.

4.4 Results and Discussion

4.4.1 Formulation and Processing of Thick Film Conjugated Polymer Composites
The NLA of a blend material scales with the sample pathlength and the
concentration of optically active chromophores within the sample. Moreover, charge

transfer efficiency depends on the distance between donors and acceptors in a blended
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solid film. Thus considering these factors, the primary task in this study was to fabricate
thick (> 15 ¢ m)-PP¥ and PGBM with Ihighssolumné loalliigtef the
constituents, while maintaining optical transparency in the near IR. However, obtaining
goodoptical quality, thick blenddfilms involving conjugated polymers is rather

challenging due to potential phase separation of components and degradation caused by
high processing temperatures. These factors can lead to increased scattering and reduced
linear ransmittance in the films. Melt processing is often a viable route to the formation

of optical quality glasses of polymers via rapid quenching of the melt. However; MEH

PPV has a high melting temperature (Z&D C) [26, 27] due to interchain interaati®

as is the case for many lobain conjugated polymers, and was found to decompose

before melting sufficiently for film processing. The addition of a plasticizer, such as

DOP, dissolves and dilutes the polymer chains, and induces additional free wolinme

blend which leads to a number of favorable characteristics: reduced melting and blend
processing temperatures, improved processability and miscibility of the two component
systems, and reduced crystallinity in the resulting films. Various rdtib©®e were
investigated. Upon the addition of 50% DOP, the ternary D@®Raining blends could

be processed at temperatures aroundZ3I0C. This permitted fabrication of optical

quality films with thicknesses rangingfrom12 00 e m and marencefioment tr
700 to 900 nm, while maintaining a high concentration of the polymer and fullerene (see

Figure 4.1andTable 4.1)
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Schemed.1. lllustration of one and twephoton induced excited state and charge carrier
absorption in MEHPPV:PCBM:DOP blads and the chemical structures of constituent
compounds. The states illustrated represent only the-MEW related electronic states

in the system. The §ymbols represent singlet states of MBRAV and MEHPPV--

PCBM charge transfer complex and the D bygia represent doublet states of the MEH
PPV radical cation.

4.4.2 Linear and Nonlinear Absorption of MEH-PPV:DOP and MEH-
PPV:PCBM:DOP

Figure4.1 shows the linear absorption of thin and thick films of MEPV:DOP,
MEH-PPV:PCBM:DOP, and PMMA:PCBM:DOPSpin-casted thin films of MEH
PPV:DOP and MEHPPV:PCBM:DOP show the electronic absorption gedkMEH-
PPV at 505 and 512 nm. The PMMA:PCBM:DOP thin film shows the expected

electronic absorption bands for PCBM in the range of 400 to 750 nm, includistyet
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weak band at 700 nm [28]. For the malbcessed thick films, the MERPV:DOP film

shows a sharp band edge at 625 nm. The film of the IAEM:PCBM:DOP blend

shows a weak absorption at ~700 nm, that we attribute to the PCBM, on top of an

extendedabsorption taithat liesbelow the band edge of MERPV (out to ~870 nmand

likely results from the formation of a growstate CTC [22, 29, 30]. Minor

inhomogeneities were observed in optical microscopy, which might also contribute to

some of the optal loss tail in the near IR. Such inhomogeneities may result from a

small amount of crystallization of PCBM, as evidence by the low density of very small

crystallites in Figure 1c.
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Figure 4.1.(Left) Linear absorption spectra of meltocessed 25m thick MEH

PPV:DOP film (black) and MEHPPV:PCBM:DOP (red) film and drep a s t

10 &em th

PMMA:PCBM:DOP (blue). Inset: Linear absorption spectra of-spated thin films of

MEH-PPV:DOP (black, 100 nm), MERPV:PCBM:DOP (red, 100 nm), and

PMMA:PCBM:DOP p | u e, 1.7 &em).
40X magnification of 2& m t h i -précessed films of (a) neat MEPPV, (b) MEH

PPV:DOP, and (c) MEHPPV:PCBM:DOP.

89

(Right)

Transmiss



Femtosecongbulsed operaperture Zscan measurements (Tallé) yieldedb
values for MEHPPV:DOP films which were found to be about half the reported value
(80 cm/GW at 800 nm) of neat MEPIPV [19, 31], which is consistent with the ~50%
dilution of MEH-PPV in the blend film. These 2PA coefficients are nearly aerafd
magnitude larger than ZnSe, a wide bandgap semiconductor that has been used
previously for OL in this spectral region [32]. Also, the valuek siiowed negligible
intensity dependency in the irradiance range used, i.421GW/cnf. While this reslt
suggested that the dominant mechanism for NLA in MEM/was 2PA, as might be
expected in the femtosecond region, it does not preclude subsequent ESA -6tPNVEH
at higher intensities. At 870 nm, the magnitudes wéere not significantly different for
the MEHPPV:DOP and MEHPPV:PCBM:DOP films. At 730 nmgn the other hand,
the value ob for MEH-PPV:PCBM:DOP showed a marked difference relative to MEH
PPV:DOP, possibly indicating an additional pathway for NLA which could be due to the

presence of CTCegading tolPA-induced ESA.
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Table 4.1. Linear and nonlinear optical properties as well as optical limiting characteristics of blends examined.

T b [cm/GW] ns-OL™M fs-OL“!
Sample

800 nm 730nm  870nm  F[Jlcm?  FOM Fm[J/cm?  FOM
MEH -PPV:PCBM:DOP  0.76 + 0.056 57 37 0.15 21 0.0019 9.7
MEH -PPV:DOP 0.90 + 0.065 40 (955! 33 (660%! 2.3 2.7 0.0021 8.2 (2.8¥
PMMA:PCBM:DOP 0.31+0.084 - - 4.3 2.4 0.03 1.1

" These are average values based on lispectroscopic measurements on different spots for several films.

I Nanosecond OL with 4 ns, 830 nm pulses. The measurement uncertainty is ~ +15%.

[l Femtosecond OL with 75 fs, 810 nm pulses. The measurement uncertainty is ~ +15%.

[ The numbers in the parenthesere extracted 2PA crasections ). The conversion from 2PA coefficierf) ¢to Ui is
given asl = b E/N, whereN is the number density of MERPV per repeat unit arighy, is the photon energy of the
excitation. The units ai are 10°® m*sphoton™ (or GM).

[} MEH-PPV:DOP showed minor, nesatastrophic damage at 4<°L0icnf giving a FOM of ~2.8. However, the
suppression capability of MERPV:DOP continued until ~2xf@/cnf giving a FOM of ~8.2.
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4.4.3 Transient Dynamics ofCharge-Transfer Composites

Both femtosecondand nanoseconrplulsed transierdibsorption studies were
performed to investigate the excited state characteristics of these@@dning
composites.For the MEHPPV:DOP film, transient absorption spectraanted with
pump pulses at 700 nm and 790 nm showed strong and broad ESA in the near IR that
peaked ~1300 nm. (Figure 4.2 dfidure 4.3) The decay kinetic of MEHPPV ESA at
1300 nm can be globatfijtted by the equation &FG'O= ¢y + 6,Q © @ 1T +
6,Q © Itz jndicating at least 3 relaxation processes contributed to the ESA band at
1300 nm. Figure 4.4) The result of global fitting showdd ~ 6.7 ps andi} ~ 466 ps
and both are close to the literature reported values [20, 33]. These two dealstys li
correspond to £S; and S-S relaxation processed he offsetyy which might be a long
lived species on the femtosecond time scaées relatively small. With 790 nm
excitation, intensiydependent measurements showed the amplitude tf (& ps)
component was quadratically dependent on the input energy confirmingdteeSvas
populated by 2PA. The amplitude of €466 ps) component did not have a quadratic
dependence on the input intensity but did show a superlinear dependeheeooder of
1.45. This suggested the population gl not fully relax to the Sstate. The
proposed excitation transitions are shown in the inset of figure 4.4. Transient absorption
spectra of PMMA:PCBM:DOP showed very weak lautg-lived triplet excited state
absorption from 700 to 1100 nm upon teton excitation at 700 nnfFigure 4.2
Such weak signal idue to the relatively low concentration compared to MEPV and
the small absorption cross sectatri700 nm. WheRCBM was excited ofbnephoton

resonancéi.e. at790 nn), the signal of triplet excited state absorption was diminished
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significantly suggestinthere is minimal direct excitation of PCBWhich helps explain

the result othe poor nanosecond optigallse suppression at 8aén (see below)
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Figure 4.2. Femtosecond transient absorption spectra of NFEY:DOP, MEH
PPV:PCBM:DOP, and PMMA:PCBM:DOP with excitation pulses at 700 nm and a time
delay of 2ps.
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Figure 4.3. Femtosecond transient absorption spectra of NFEY:DCP and MEH
PPV:PCBM:DOP with excitation pulses at 790 nm and a time delay of 2ps.
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Figure 4.4. Decay kinetics of ESA at1300 nm of MEPPV:DOP with femtosecond

pulsed excitation at 790 nm and various pumping energies: 180 nJ (black), 470 nJ
(green), 750 nJ (blue), 1000 nJ (red), and 1950 nJ (orange). Inset: Scheme of proposed
MEH-PPV excited statgansitions.
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As shown in Figures 4.2 and 4.8nftosecond pulsed transient absorption spectra
of films of MEH-PPV:DOPandPMMA:PCBM:DOP showed dramatically different
transient absorption bands compared to the compdsité-PPV:PCBM:DOP with both
pumping wavelengths of 700 and 790.niine MEHPPV:PCBM:DOP composite
showed significant quenching thfe singletsingletESA of MEH-PPV at ~1300 nm and
the generation of a distinct transient species that stitmmg-lived, stiong absorption
over the range of 700 to 1100 nm, with a peak wavelength of ~860 nm. This is consistent
with charge transfer from the MEFPV singlet state to PCBM. The location of the
transient absorption band thfe composite film is quite similar to #t of the MEHPPV
cationCCA, i.e.~810 nm; for the film, the redhifted absorption peak (860 nm) may be
due to the presence of DOP, which increases the potdititye surrounding medium
The decay kinetics of CCA are showrFigure 4.5 With 790 nmexcitation and a low
input energy of 180 nJ, a fast growth (~ 1 ps) was observed (shown in the inset of figure
4.5). This fast growth was assigned to the ultrafast generation of charge carriers. As the
input energy was increased, the 2PA signal becaomaipent and the growth curves in
the decay kinetics were obscured by the 2PA signal and were no longer resolvable.
Through global fitting with a beéxponential decay function, a transient species with
lifetime ~430 ps was observed and this component s&sgraed to the residual MEH
PPV ESA. However, global fitting also showed the existence of a large gfjseTe
offset was later evidenced to be the long lived CCA by nanosecond transient absorption
measurements. The yield of CCA was estimated to 2@%. Furthermore, the
intensitydependence of the kinetics showed the generation of the CCA was not

guadratically but linearly dependent on the input intensity with an order of 1.06. This
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suggested that 2PA might not be the only pathway contribtditige generation of CCA

and a contribution from 1PA might also be possible.
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Figure 4.5. Decay kinetics of CCA at900 nm of MEPIPV:PCBM:DOP with
femtosecongulsed excitation at 790 nm and various pumping energy: 180 nJ (black),
470 nJ (green), 750 (blue), and 1000 nJ (red). Inset: the growth kinetics of CCA with

pumping energy of 180 nJ at 900 nm with excitation wavelengths 700 nm (grey) and 790
nm (black).

To further confirm the mechanism observed, nanosecond transient studies were
carried at on the same set of films containing 5RQ®WOP. Similar to the femtosecond
transient studieghe film of MEHPPV:PCBM:DOP showed distinctive transient spectra

compared to both MEHPPV:DOP and PMMA:PCBM:DOP filmsBoth the580 nm and
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800 nm pumpedanaecond transient spectra of MEHPV:PCBM:DOP filmresembled
the spectral feature the MEH-PPV cation absorption observed in the femtosecond
transient absorption measuremgfigure 4.6) and the decay dhecations were as
slow as 0.83.7ms(Figure 4.7). The580 nmpumped nanosecond transient absorption
spectra of PMMA:PCBM:DOP also reproduced the feature of theliead, weak triplet
excited state absorption detected in femtosecond transient measuremesitai&anty,
off-resonanexcitationat 80 nmagain showedegligiblecontribution of nonlinear
absorption from PCBMThe singleESA of MEH-PPV was not observable tms

nanosecond scale, due to its fast decay after excitation.
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Figure 4.6. Nanosecond transient absorption spectra of MEW:PCBM:DOP and
PMMA:PCBM:DOP.
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Figure 4.7. Decay kinetcsof MEFP PV cati on at 970 nm with
pulsed excitation.

4.4.4 Optical Limiting Applications of Charge -Transfer Composites

Given the successful fabrication of thick, optical quality films of MEPV based
blends with strong NLA properties, femtosecoadd nanoseconrpulsed OL studies
were undertaken to determine the pulse suppression efficacy of the films. As indicated in
Table4.1 andFigure 4.8 MEH-PPV:DOP and MEHPPV:PCBM:DOP showed
significant differences in nanosecepdised OL performance while the suppression
behavior is similar when using femtosecond pulses. With femtoseudseld excitation,
MEH-PPV:DOP and MEHPPV:RFCBM:DOP both showed a similar tuom threshold

and predamage suppression, i.e. 10 dB (9X). It should be noted that damage occurred at
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~0.01 J/crhfor both MEHPPV:DOP and MEHPPV:PCBM:DOP, although MEH
PPV:DOP showed signs of minor, noatastrophic daage at lower input fluences (see
Table 1 and Figuré.8). With nanosecong@ulsed excitation, MEHPPV:DOP showed
limited pulse suppression, 5 dB (3X), andigh turn-on threshold (f ~ 2.3 J/cr),

while MEH-PPV:PCBM:DOP exhibited a threshold fluence tiétes lower than MEH
PPV:DOP and a suppression that i@gimes higher (15 dB, 30X). Such a large
suppression by MEHPPV:PCBM:DOP exceeds the reported value achieved previously
with a P30OT:fullerene blend [8]. Furthermore, by virtue of the improvedrine
transmittance of the MEIRPPV:PCBM:DOP blend, the peak €HOM (at 800 nm) shows
nearly a #old enhancement over the P3OT:fullerene blend [8].

The differences in OL behavior between the femtosecond and nanosecond pulsed
excitation for MEHPPV:DOP and MH-PPV:PCBM:DOP indicates that the NLA
mechanisms contributing to the suppression are likely different in these two temporal
regimes. For the MEHPPV:DOP film, since MEHPPV is the only active nonlinear
absorbing chromophore, the dominant mechanisms féx &k primarily 2PA and ESA
in both femtosecond and nanosecond regimes. For-MEYAPCBM:DOP however,
charge carrier generation and absorption could contribute to the NLA mechanism,
especially for nanosecond pulse durations. As evidenced by the poop@ression of
the PMMA:PCBM:DOP control film in both temporal regimes, direct excitation of
PCBM by either 1or 2PA likely provides a negligible contribution, by itself, to the NLA
of the blend. For femtosecodilsed excitation, the timescale for changasfer and
separation of charge carriers (~1 ps for MERAV:PCBM [24]) is longer than the

duration of the pulse width, therefore it is likely that ESA following excitation of MEH
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PPV is still the primary route for NLA. This is consistent with the sinfdL

suppression observed for MEPPV:PCBM:DOP and MEHPPV:DOP. On the other

hand in the nanosecond regime, charge transfer occurs essentially instantaneously with
respect to the pulse width which, coupled with the lifetime of the charge carrierp (i.e. u
to 3 ms [25]), suggests that CCA would be the dominant NLA mechanism. Furthermore,
the turnon threshold for MEHPPV:PCBM:DOP is much lower (Figude8d) than that

of MEH-PPV:DOP. Such a low threshold indicates an additional excitation pathway
differert from 2PA may provide a significant contribution. Since PMMA:PCBM:DOP
showed negligible suppression, this additional pathway could be attributed to CTC
absorption and, given its spectral overlap with MERV 2PA, it is likely that the large

OL suppressio of MEH-PPV:PCBM:DOP benefits from a combination of 1PA and 2PA
excitation processes (Scheeh#). In order to understand and distinguish the
contributions of 2PA (MEHPPV) and 1PA (CTC) in theLA response of MEH
PPV:PCBM:DOP, wavelengttiependent OL sties and numerical simulations of the

OL data were carried out and are discussed below.
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Figure 4.8.Optical limiting and numerical simulations of the25m t hi e k MEH
PPV:DOP and MEHPPV:PCBM:DOP films. Femtosecomailsed (HW1/e ~ 65 fs) OL

on MEH-PPV:DOP (a) and MEHPPV:PCBM:DOP (b) at 810 nm. Nanosecqndsed
(HW1/e ~ 4ns) OL on MEHPPV:DOP. (c) andMEH-PPV:PCBM:DOP (d) at 830 nm.
Parameters for numerical simulations were described in the Rashed lines mark the
damage points of samples.

4.4.4.1 Dispersion of Optical Limiting

Wavelengthdependent OL studies of the MEBMPV:DOP and MEH
PPV:PCBM:DOPblends were performed with nanosecond pulses in the 781D nm

region. As shown inFigure 4.9, MEH-PPV:PCBM:DOP has considerably larger-OL
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FOM than MEHPPV:DOP, particularly at shi@r wavelengths. The dispersion of the
OL-FOM for MEH-PPV:PCBM:DOP shows a peak &800 nm and monotonically
decreasegoingtowards 900 nm. The laeguppression at shorter wavelengths again
suggests a contribution from CTC absorption. At longer wagéhs, where CTC
absorption is diminished, the 1PA contribution vanishes and onlyi2ifced CCA
remairs. Therefore, at shorter excitation wavelengths, the suppression mechanism in
MEH-PPV:PCBM:DORP is likely due to both 1PAnd 2PAinduced CCA. While MB-
PPV:PCBM:DOP showed similar suppressions from-830 nm, the FOMs were found
to be optimal at 800 nm (FOM ~ 23) and 830 nm (FOM ~ 21) as a result of the

compromise between linear transmission loss and pulse suppression.
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Figure 4.9.FOM of wavelengtkdependent nanosecopdu | se suppression of
MEH-PPV:DOP (black) and MEH#PPV:PCBM:DOP (red) films.
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4.4.4.2 Numerical Simulation of Optical Limiting

A method for nonlinear beam propagation (see ref. [10] for details) was employed
to simulate te OL data in both femtosecond and nanosecond regimes in order to better
understand the potential mechanisms contributing to the pulse suppression.4/gure
shows these simulations alongside the experimental data for ABEM:DOP and MEH
PPV:PCBM:DOP. Epgerimentallydetermined beam profile and pulse shape parameters
were used in the simulations as were sarspkific parameters (e.g. film thickness,
concentration, linear transmittance, etc.). Parameters such as ESA and CCA lifetimes
and charge transfeates were adopted from thdopted from theesult of transient
absorption measurement¥he 2PA crossection was estimated to be ~780 GM in the
810-830 nm range based on the femtosecosdah results (see Takldl).

Consequently, the MEIPPV ESA crss section became the only free fitting parameter

when simulatinghe nanosecongbulsed OL of the MEHPPV:DOP film at 830 nm. The
extracted value for thga=dilokKSm?’at830nm,on was
which is very similar to the value at 775 nm reported in the literature [20]. It should be
noted that the MEHPPV ESA was modeled as a single effective excited state absorption,
although $- S, @and S- S, absorption processes could conttédon short timescales.
Figure4.8c shows that 2PA itself has a negligible contribution to the nanosecond OL
without including the subsequent ESAhis simulation as well as the absence of any
appreciable 1PA fovIEH-PPV:DOP in this spectral region valtda the use of the 2RA

induced ESA process. The same NLA mechanism was used to simulate the femtosecond

OL data in Figurel.8a. The simulations closely follow the experimental data, although it
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is clear that 2PA itself plays the predominant role in thlsgsuppression for this
temporal regime.

As discussed above, the same NLA mechanism responsible for the femtosecond
OL response in MEHPPV:DOP should also be responsible for the pulse suppression in
MEH-PPV:PCBM:DOP. This is confirmed in Figu4e8b where 2PA is shown to be
prominent in the nonlinear response of the blend. Not surprisingly, including 1PA as an
additional excitation process (due to CTC absorption) showed only moderate
improvement in the femtosecond OL response. For the nanoseconth@at&ins of
MEH-PPV:PCBM:DOP, the CCA cross section was extracted from the data taken at 900
nm. Since the contribution from CTC absorption is negligible at this wavelength, a 2PA
induced CCA model could be employed. The extracted cross section valugdva
1.3 x 10¢* m? which is quite similar to thealue found previously for thelEH-PPV
cation [17]. This is consistent with transient absorption data taken onRHBHPCBM
blends [24], which show the MERPYV cation plays a dominant role in the CCA
following excitation. Furthermore, the dispersion of the M shown in Figurd.9is
also reminiscentofthe MER PV cati on spectr gnp(scaledWi t h t he
according to the cation spectrum at the appropriate wavelength), nanopetset OL
could be simulated for the 830 nm datais clear fromFigure4.8d that the mechanism
of 2PA-induced CCA does not achieve the observed pulse suppression. However, 1PA
induced CCA (via the grourstate CTC) overestimates the suppression. Only by
assuming fractional contribution from both the CTC absorption and MERY 2PA
(40% 1PACCA and 60% 2PACCA) could the data be reliably simulated. This is

entirely consistent with the notion that only a fraction of the MEP/ units form CTCs
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while the remainingpopulation exists as uncomplexed subts. Consequently, the OL
response of MEHPPV:PCBM:DOP results from a combination of both 1BAd 2PA
induced CCA which is consistent with the results from theRQIM dispersion studiess

well as the intensitglependent transient absorption measurements

4.5 Summary

In summary, a ternary mixture including a conjugated polymer electron donor, a
fullerene electron acceptor and a plasticizer allowed for the fabrication of an optical
quality, thick film of a MEHPPV:PCBM:DOP blend for optical limiting. In the
femtosecond regime, twohoton absorption induced excited state absorption of MEH
PPV dominated the suppression and ~10 dB of suppression was observed for beth MEH
PPV:DOP and MEHPPV:PCBM:DOP blends. In thenosecond regime, the
suppression was enhanced by the accumulation of absorbing charge carriers over the long
pulse duration and a contribution of epleoton absorption to the carrier generation due
to a grounektate chargéransfer complex of MEHPPV aml PCBM, especially at the
shorter wavelengths studied. MHEMPV:PCBM:DOP showed a significantly reduced
turn-on threshold and increased suppression of 15 dB, relative toc REBHDOP. The
MEH-PPV:PCBM:DOP blend shows stronger suppression than what hasepeeied to
date for organic optical limiters in the 7900 nm range [5, 8, 9, 11] and thus has
potential as an efficient optical limiting material in the femtosecond to nanosecond

temporal range for near IR wavelengths.
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4.6 Experimental Details

4.6.1 Sample Preparation

MEH-PPV (M, = 40,00070,000, SigmaAldrich), poly(methyl methacrylate)
(PMMA, M, = 15,000, Sigmaldrich), PCBM (SigmaAldrich), and DOP (Sigma
Al drich) were used as received. 25 em thic
fabricated for OL measurements and nonlinear spectroscopic characterization: (1) MEH
PPV:DOP (50%:50%, by weight) (2) MEPPV:PCBM:DOP (40%:10%:50%, by
weight), and (3) PMMA:PCBM:DOP (35%:15%:50%, by weight). Each component was
dissolved in spectroscopgrace dichloromethane separately, and then the solutions were
mixed to obtain the appropriate composition ratio by weight. Solvent was then removed
under vacuum to obtain a homogenous mixture of the selected components. The dried
mixtures were then transfed into an Asfilled glove box and melted into films under
inert atmosphere to avoid potential degradation at high temperature. To process the blend
films, a hot plate was first preheated to the processing temperatur25Q%0). Then,
the blend was tresferred onto a thoroughtfeaned microscope glass slide and
sandwichedetweeranother slide. 25m thick PTFE spacewereused to control the
film thickness. Next, the sandwiched sample was then placed on the preheated hot plate
and a staticompressie force was applied eventy distribute the mixture. As soon as
the sample had melted and flowed, the sandwiched film was immediately transferred onto
a cold metal block (chilled in-&0°C freezer) and rapidly quenched. The fabricated
blend films werdghen hermetically sealed with epoxy glue to avoid oxidation under

ambient conditions.
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Spin-coated films of MEHPPV:DOP (100 nm thickness), MEH
PPV: PCBM: DOP (100 nm) and PMMA: PCBM: DOP (1
linear spectroscopic measurements in order to observe distinct spectral features of the
individual components. A1 m t hVIMA:RCBRI:DOP was also prepared by drop
casting for observation of the weak absorption of PCBM in thei G&BD nm range.

Film thicknesses were determined using a Dektak 6M contact profilometer.

4.6.2 Linear and Nonlinear Spectroscopic Measurements

Linear transmission properties of blend films were determin@d<$HNIR linear
absorption spectroscopy using a Shimadzu UV3100MisWNIR spectrometerThe 2PA
coefficients b) of the blends were determined at 730 nm and 870 nm using the
femtosecongulsedopenaperture Zscan technique which has been described in detail
elsewhere [10]. The instrumental accuracy associated with these measurements is

estimated to be +15%.

4.6.3 Transient Absorption Spectroscopy
Transient measurements were carried out tdith femtosecond and nanosecond
pulses. The detailed experimental setups were described in chapter 2. For femtosecond
measurements, the excitation wavelengths were 700 and 790 nm and the excitation
energies ranged from 180 to 1950 nJ. The pump beast (W 1/€) for 700 nm was
510 em and for 790 nm was 2139waed70andThe pr o

240 em for the visible and near I R regions



wavelengths were 580 and 800 nm and the excitation energy a3 0 ¢ J . Agai n,

samples were hermetically sealed to exclude effects due to the presence of oxygen.

4.6.4 Optical Limiting

Optical limiting measurements were carried out with both femtosecond and
nanosecond pulses to determine the power suppression capability of blends in the near IR
region. Thedetailed experimental setup has been discussed in a previous publication
[10], however a brief description will be given here. The nanosepaitged OL
measurements were set up using a flat top beam focused with an /5 lens. The
measurements were performed in the wavelength region frorm 980 nm with beam
radii HW1/€®) measurin04 0 e m at the sample position a
from 5 nJ to 40 Opulsedl OL medshrementeware pesfanted usidg a
Gaussian beam with 39 attesansplpasifion. ~TBebexcitation ( HW1 / e

wavelength of 810 nm was used with excitation energies from 0.5 to 1000 nJ.
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CHAPTER 5
NONLINEAR ABSORPTION AND TRANSIENT SPECTROSCOPY
OF DITHIENOPYRROLE -BASED DONOR-ACCEPTOR

CONJUGATED COPOLYMER S

5.1 Abstract

This chapter reports a study of photophysical and nonlinear optical properties of a
set of low band gap, dithienopyrrole (DTiRJased doneacceptor conjugated
copolymers and their potential for optical limiting apgtions in the near infrared (near
IR) spectrum. Transient absorption measurements with both femtosecond and
nanosecond pulses were performed and evidenced the existence of broad and strong
excited state absorptions throughout the range of telecommuniatavelengths.
Solventdependent and intensitlependent photophysical responses were studied.
Femtosecongbulse operaperture Zscan showed large effective typhoton absorption
cross sections in these conjugated polymers in thelRe&gion. Largenanosecond
pulse energy suppression was achieved at 1064 nm, suggesting thesadedfow
band gap materials could be promising candidates for optical limiting applications in the

nearlR.

5.2 Introduction
With the growth of laser tracking and-albtical signal processing (AOSP)

technologies, the need for effective optical limiters to perform sensor protection is
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increasing. In the past two decades, organic materials have shown potential as efficient

optical limiters[1-7] through different nonliner absorption processssch aseverse

saturable absorption (RSA) [1, 6] apldotainduced charge transfer (PICT) absorption

[2, 7, 8] In the region of 1064550 nm (telecommunication bands), reverse saturable

absorbers like porphyrin polymers have shaxcellent optical limiting capability [1].
Recently, the low bandgap conjugated polymers (LBRsg been developed that

showabsorption band edgésat extend tavavelengths approaching In, and have

opened the prospect of applying LBPs to pha@telecommunicatiompplicationg9].

LBPs such as DTBased polymers have been shown to possess a relative large charge

mobility (0.2 cnf/V s) in organic field effect transistors [10]. The DTP based LBPs

would be expected to exhibit large thindderoptical nonlinearity, such as twahoton

absorption and nonlinear refraction, as a result a result of the low bandgaps and the strong

electronic absorption strength.

In DTP donor (D) acceptor (A) copolymers, the alternating donor and acceptor
moieties inthe conjugated backbone are electronically coupled and lead to significant
intramolecular charge transfer (ICT) interactions. Various electronic and optical
properties can be affected by changes in the electronic coupling between the donors and
acceptorsn conjugated systems. Previous research has shown that the optical

nonlinearity of such donesicceptor type conjugated systems is largely determined by the

relative energy of the resonance structures of neutral and charge separated forms (that is,

aronatic ground state and quinoid charge separated statdp]11The factors affecting
the energy difference between these two forms (or the stabilization of charge separated

form) include the donor and the acceptor
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electronic energy in the resonance structures, and the sohesidted polarization [11,
13]. It has been shown that increasing the aromaticity of ground state structure will
result in decreased coupling strength between donor and acceptor moiétigs giv
reduced electronic polarization [11]. On the other hand, due to the aromatic stabilization,
increasing the aromaticity of the charge separated state would stabilize the charge
separated state and thus assist electronic polarization in an appli¢@iFjel&uch
structuralproperty relationship implies the photophysical and nonlinear optical properties
of a given doncacceptor conjugated system could be molecular engineered to meet the
needs of a specific application. The DTP polymers studied hgeedonoracceptor
type repeat units in the polymer backbone. However, there is conjugation between the
acceptor and donor groups of adjacent repeat units. Thush&3ée polymers may be
viewed as resulting from more extended segments in the backbdnasD -A-"-D or
A-"-D-"-A or longer segments of the backbone. Even in these cases, it is expected that
the coupling of the donor and acceptor groups and the energetics of the neutral and
chargetransferred forms of the system play an important roteerlinear and nonlinear
optical properties. [188] As described in chapter 4, welNerlapped nonlinear
absorption (i.e. twgohoton absorption) and subsequent exestiade absorption (i.e.
reverse saturable absorption or charge carrier absorptiat)jaspee critical for optical
limiting applications.

In this chapter, a set of dithienopyrrole (DFBased doneacceptor conjugated
pol ymers with different con-bridgesisstudiedar omat i
(Scheme 5.1 The focus of this stly is to understand the structurenlinear optical

property relationship of these polymers and pro¥egelback and guidance to the
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development of new high performarid@P-based conjugated polymers. The goal of this
study is to manipulate the nonlinedisarption and excited state absorption spectra and
thus, achieve an improved performance for optical limiting at 1064 nm. In this set of
polymers, the connecting bridges varied from thiophene, hexylthiophene, to phenylene.
The choices of these connectimgdges include two strategies to alter the electronic
interaction between donor and acceptor moieties. One approach involves introducing
steric hindrance which forces torsion in the backbone and reduces planarity of the ground
state structure (thiophens. hexylthiophene bridges) and the other one is increasing the
aromaticity of neutral ground state form giving reduced neatratge transfer state
mixing (thiophene vs. phenylene bridges). It is known that phenylene has relative larger
aromatic stalbization in the ground state compared to thiophene resulting in a larger
energy difference between aromatic and quinoid resonance structures [19]. Thus,
replacing the thiophene bridge with benzene bridge will result in increased aromaticity in
the groundstate and a lower neutral form energy leading to reduced nebtaje
transfer state mixing. Additionally, it has been shown that thiophene conjugated
oligomers have better charge transfer efficiency, and a largetatttiest nonlinearity than
phenyleneconjugated oligomers [20, 21]. Again, this was attributed to the energy
difference between the benzendilce ground state and quinaelike excited state for the
benzene compared to the thiophene linker.

In the following section, the investigation @iotophysical and nonlinear optical
properties of these DFPased doneacceptor conjugated polymers is presented.
Femtosecond and nanosecond transient absorption sepectra and kinetics were measured

to characterize the excited state properties of thegeneos. Solventependent
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experiments were carried out to assist in the understanding of strdefugadent
photophysical properties. Femtosecond, epe@rture Zscan was performed to obtain
the two photon absorption cross sections of these polym#rs mear infrared. All three
polymers showed strong excited state absorption anghhwton absorption in the near
infrared suggesting the potential of these polymers for photonic applications. Thus,
nanosecongbulsed optical limiting was used to test therformance of these polymers

and showed that these polymers do function as optical limiting materials at 1064 nm.

OCyzHz5
Cy2H250 OCyzHz5

N N M
YA s
S S \ n

P(DTP-BThBTD) P(DTP-BHxThBTD) P(DTP-BPhBTD)

Schemeb.1. Chemical structures of dithienopyrrebased conjugated copolymers.
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Table 5.1.Ground state, excited state and nonlinear absorption propefrid&sP-based polymers.

Polymer Solvent DEmax Clmax Oesal®™ ot
[ev] [x10°°m7 [x10%°m? [GM]
1150nm 1300nm 1550 nm 1150 nm 1300 nm 1550 nm

P(DTRBThBTD) Toluene 1.83 1.74 3.71 4.62 4.20 3000 1889 337
DCM 1.82 1.34 3.85 4.99 4.76 - - -

P(DTRBHXThBTD) Toluene 2.33 1.58 3.65 3.00 2.03 373 217 136
DCM 2.38 1.56 1.42 1.21 1.08 - - -

P(DTRBPhBTD) Toluene 2.36 1.46 0.949 0.759 0.721 237 233 167
DCM 2.38 1.59 0.639 0.536 0.536 - - -

[a] The exciteestate cross sectioldsy) was extracted from the transient absorptio
ground state bleaching (saturable absorption) and that of excited state absogption: 0y | P&  qexD

[b] The twophoton absorptioncroses t i on (U) was extr act e-dperfure doan measuremeats byc al f i t
assuming a mechanism of typhoton absorption followed by excited state absorption.
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Table 5.2.Groundstate recovery kinetics of DTiRased polymeré!

Polymer Solvert 4 [ps] AN (3 [ps] A%, Glps] A% A% Giper [ €% ]
P(DTRBThBTD) Toluene 1.3+0.1 0.47 22+ 3 0.28 430+50 0.21 0.05 21+0.1
(0.33 + 0.01)
DCM 0.34 £ 0.01 0.09 3.8x0.1 0.55 150+£10 0.30 0.06 0.43 £ 0.03
(0.38 + 0.03)
P(DTRBHXThBTD) Toluene 0.47 £0.01 0.36 141 0.03 90010 0.25 0.36 6.6 £0.1
(0.20 +0.01)
DCM 0.31+£0.01 0.41 74 £ 20 0.27 440+10 0.25 0.08 54+0.1
(1.8 + 0.4Y" (0.32 +0.02)
P(DTRBPhBTD) Toluene 0.93+ 0.01 0.44 26+ 1 0.18 870+10 0.24 0.14 19+1
(0.69 +0.01)
DCM 1.0£0.1 0.28 31+1 0.22 960+20 0.29 0.21 1.9+£0.2
(0.15 +0.01)

[a] The kinetic fitting was performed via a global fitting with a thes@onential decay functiorO D ( t 5 ' ¥ AR/ YAget ' U3

+ yo; hereUis the time constant of transient speciesyarig a constant background offset.

[b] The amplitudes reported in the table were normalized as folloWs: A,/ (A1 + Az + As+ Vo), i =1, 2, or 3.

[c] The decay kinetic of triplet species was acquired via nanosecond transient absorption and fittedextioadnitial decay
function:qpO D ( t ' ' ¥'A4" ' ¥$,. The numbers in parenthesis indicate the lifetime of oxymesnched triplet spess.
[d] This is the growth time of species 2, as shown in the indégafe 5.8
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5.3 Results and Discussion

5.3.1 Linear Absorption

Representative absorption spectra of EbERRed polymers are shownRigure
51 Thel ocati ons of t he fyiamsthe drespondingenossc t r an
s ect jadnm?) (nioluene and dichloromethane are listed@able 5.1 All three
polymers have similar first electronic transition absorption esestions. P(DTP
BThBTD) showed the lowest energy absorption maximDE(x~ 1 . 8 n&£=\675 &
nm) among all three polymers. P(D'BPIXThBTD) showed broadest, less resolved
absorption bands compared to P(BBPhBTD) and P(DTPBPhBTD), suggesting that
hexyl group induced toien may be leading to greater torsional fluctuations in solution.
Furthermore, the electronic absorption band of PUBHXThBTD) and to a lesser extent
of P(DPT-BPhBTD) were broadened in DCM as compared with toluene, while the
absorption band width of P{I>-BThBTD) showed negligible changes between these

solvents.

5.3.2 Transient Spectroscopy

Transient absorption measurements with femtosecond and nanosecond pulsed
excitation were used to characterize the excited state absorptions and decay kinetics of
DTP-based polymers. The excitation wavelengths were chosen at thedee{ength
edge of first electronic transition band to ensure only the first excited singlet state was

populated.
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5.3.2.1 Compaison ofSpectral and Kinetic Characteristics of Thiophenyl and Phenyl

Bridge

Figure 5.2 5.3 and5.4show the femtosecond transient spectra at different time
delays, global fitting results of femtosecond transient kinetics, and nanosecond transient
kinetics ofP(DTRBThBTD), P(DTRBHXThBTD), and P(DTFBPhBTD) in toluene,
respectively. As seen in the transient spectra (Figure 5.2a, 5.3a, and 5.4a), all three
polymers have broad excited state absorptions throughout the entire near IR region. The
transient absotpn spectra of the initially excited singlet state where the electron is
shown after a short time delay of 400 fs. The peaks of the first excited state absorptions
can be identified at 1050 nm and 1350 nm for PBIMBTD), 900 nm and 1200 nm
for P(DTRBHXThBTD), and 650 nm and 950 nm for P(DBPhBTD). The first
excited state absorptions of P(DBPIXThBTD) blue shift as the twisting of backbone
increases and leads to reduced conjugation which would be expected to give an increased
transition energy. Othe other hand, the first excitesthte absorption of P(DFP
BPhBTD) also blue shifts as the result of aromatic stabilization, which would also be
expected to give a higher transition energy.

Groundstate saturable absorption was also observed inre# fiolymers. The
absorption saturation can be used to determine the initial number density of excited states
and the yield of transient species. In addition, time dependent measurements of the
absorption saturation give information on the kinetics efrélaxation processes that
repopulate the ground state. The peak wavelengths of the saturable absorptions are 702
and 468 nm for P(DTMBThBTD), 540 nm for P(DTBHXThBTD), and 530 nm for

P(DTRBPhBTD). For P(DTABThBTD) and P(DTPBHXThBTD). These peak
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positions are somewhat different from the ground state absorption peak due to distortions
of the band shapes arising from stimulated emission at early time delay. For-P(DTP
BHXThBTD) and P(DTPBPhBTD), the excited state absorption spectra exhibit a plateau
between 606800 nm. This suggests that stimulated emission also overlaps spectrally
with short wavelength excited state absorptions, resulting in a distortion or reduction of
the transient absorption spectral sigriblhe peak absorption cross sectiohthe excited

state absorption bands of the three polymers, well away from the stimulated emission,
were obtained using the following equation:

lesa =-0g I &D  queD (Eq.5.1)
and the values are listed in Table 5.1. The gresiate absorptioa at ur atgspon, @OD
of P(DTRBThBTD), P(DTRBHXThBTD), and P(DTFBPhBTD) was probed on the
short wavelength side of the absorption band at 650nm, 500 nm, and 530 nm, to avoid
contributions from stimulated emission. The grostate absorption cross sects (ig)
at these probe wavelengths were calculated from the linear absorption spectra of the
solutions. The excited state absorption cross sections decrease in the order P(DTP
BThBTD) > P(DTRBHXThBTD) > P(DTRBPhBTD).

The results of a global fittinghalysis of the femtosecond transient absorption
decays of all three polymers in toluene are shown in Figures 5.2b, 5.3b, and 5.4b. The
analysis included the global fitting of both ground state recovery and excited state decay
transients. To obtain the terconstants the ground state recovery transients were fit over
a spectra range that avoided the stimulated emission. The time constants obtained from
this analysis were then used a initial values for the global analysis of the transient spectra

in the induced absorption region of the spectrum. The time constants obtained from the

12¢



transient absorption fitting were in good agreement (within ~10%) with those of from the
fitting of the ground state recovery. The fitting results of transient kinetics a iinst
Table 5.2 Global fitting analyses on all three polymers in toluene and DCM showed the
presence of at least four components in the decay kinetics to the ground state. For all
three polymers, two routes were fast, and the decay times of the figgboent (species
1) were in the range of several hundred femtoseconds to a few (< 2) picoseconds and
several tens picoseconds (species 2). The another component was relatively slow with a
decay time that was subnanosecond (species 3) and a fourth confpmhardecay time
too long to be determined with the femtosecond transient absorption system (species 4)
and was accounted for using a normalized constant of6g) ).

Nanosecond transient absorption was utilized to resolve the lifetime of species 4,
which was found to range from 2 to &® for the different polymers. This component
was assigned to the triplet state in these polymers, based on oxygen quenching of this
component. As can be determined from the data in Table 5.2, the total yield-6¥émhg
components (based on the sum of amplitudes for species 3 and 4) are significantly higher
in P(DTRBHXThBTD) (61%) and P(DTMPhBTD) (38%) than in P(DTMBThBTD)
(26%). It must be noted that the yields of species 3 in all three polymers are relativel
close ranging from 226%. However, the species 4 in both P(EBI®xThBTD) and
P(DTRBPhBTD) showed significantly increased yields compared to P{BTIBTD).
The increased triplet yields of P(DIBHXThBTD) and P(DTPBPhBTD) may be as a
resultof a smaker S-T; energy splitting and larger intersystem crossing rate, due to the

energy gap law [22], for the polymers with the hexylthiophene and benzene linkers as
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compared with the thiophene linker, which is consistent with a lower degree of charge

transferin the ground state for case of the hexylthiophene and benzene linkers.
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5.3.2.2 SolvenDependent Photophysical Properties of Efd3ed Polymers

Solventdependent photophysical properties were observed inliEEd
polymers. Comparative transient absorption measurements were carried out-on DTP
based polymer solutions in toluene and dichloromethane. In both sets of solution
measurements, the concentration of EBE8ed polymers was kept between®. 3 ¢ M,
and the @nsmittance of each solution at each excitation wavelength was kept between
60-70%.

Both P(DTRBThBTD) and P(DTFBHxThBTD) showed significant solvent
dependent photophysical properties, as evidenced by changes in transient Bjgerta (
5.5andFigure 5.7), as well as in ground state recovery kinetkagiire 5.6andFigure
5.8). On the other hand, P(DTIBPhBTD) showed minor changes between the two
solvents as shown in the transient spedtrgute 5.9 and the recovery kinetic&igure
5.10. Detailedkinetic fitting results are listed in Table 5.2.

The transient spectra of P(DBThBTD) and P(DTFBHXThBTD) both showed
blue-shifted excited state absorption peaks and a lower yield oflieed) components
(species 3 and 4The blueshifted excited site absorptions indicate the stabilization of
charge transfer excited stamethe morepolar solvent.The yield of the londived
components (3 and 4) of P(DIBThBTD) increased from 26% to 36% (Figure 5.6). For
P(DTRBThBTD), the yield of species 3 wefiom 20% to 30% and its lifetime dropped
from 430 ps to 150 ps on going from toluene to DCM. Furthermore, the lifetime of the
triplet state (species 4) also dropped fro
dichloromethane) but the yield remained the saiftee polymer with larger steric

hindrance (P(DTHBBHxThBTD)), and likely a greater degree of torsional distortion in the



ground stateshoweda strong solventlependece of theexcited state dynamicsThe
yield of the rapid relaxing species (1 and Zye@ased from 39 to 68%. Also the lifetime
of species 3 decreased from 900 to 440 ps on going from toluene to D@Nikely
thatbackbondorsional motionglays an important role the yield of longlived
transient componentas the torsionally inadied relaxation of the excited state could well
depend on solvent polarityn polar solvent like DCM, the yield of loAged
components in P(DTHBHXThBTD) is significantly reduced and this suggests that the
torsional motion favors fast nonradiative detayhe ground state. The may be due to a
stabilization of the fully twisted charge transfer state and lowering of the potential barrier
to twisting, as is the case for other charge transfer molecules [17] and the classic case of
cis-stilbene [23]. The wld of the longived components of P(DFBHXThBTD)
dropped from 61% to 33% as the solvent changed from toluene to dichloromethane
(Figure 5.8), consistent with the more rapid initial decay. The lifetime of the triplet state
(species 4) of P(DTBHXThBTD) did not show notable reduction like that of P(DTP
BThBTD) in DCM. It should be noted that, as indicated by the inset of Figure 5.8, a
growth of species 2 was observed in dichloromethane. The origin of this apparent growth
in the ground state bleachingasrrently under study.

Comparing P(DTEBThBTD) and P(DTPBPhBTD), the planarity of conjugated
backbones should Bairly similar but the aromatic phenyl bridgbouldstabilize the
neutral formenergy relative tthat forthe heteroaromatic thiophenylitige. The
polymer with larger aromatic stabilization, P(DBPhBTD), showed least solvent
dependencyn transient absorption measuremer®$DTRBPhBTD) shows a different

change relative t8(DTR-BThBTD) in recovery kinetics upon changing the solveairfr
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toluene to dichloromethane, while the transient spectra of excited state absorptions are
identical in both solvents. This is consistent with a smaller degree of charge transfer
upon excitation for the phenyl linker. In dichloromethane, the yieldexiep 3 and 4

was 50% compared to 38% in toluene. The lifetime of species 3 showed slightly increase
from 870 ps in toluene to 960 ps in dichloromethane. The lifetime of the triplet state,

however, decreased from 19 €s to 1.9 ¢gs.

5.3.2.3 IntensinDependent Transient Kinetics

Intensitydependent transient measurements were carried out on the same set of
solutions of all three polymers in both toluene and dichloromethane, as mentioned
previously. The excitation energy was varied from 200 nJ to > 240@&s shown in
Figure 5.12 P(DTRBHXThBTD) showed negligible intensiyependent ground state
recovery kinetics in both toluene and dichloromethamis might be due to the
existence ohighly twisted backbone structures preventaxgiton or charg&ansport
andexcitorrexciton annihilation opossiblycharge recombinationP(DTRBThBTD)
showed intensitglependent kinetics in toluene but not in dichlorometh&igr(e 5.11).
The transient kinetics in dichloromethane is similar to that in tolueiglaexcitation
energy. This suggests that, in dichloromethane, P{BTIBTD) may be in a more
planar backbone geometry and promote the exatoton annihilation or charge
recombination. P(DTBPhBTD) showed significant intensitiependent kinetics in
both polar and nonpolar solvent which suggests that torsional fluctuations may be
minimal for this polymerKigure 5.13). The yield of longived components dropped to

20% as the energy increased to 2400 nJ
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