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Abstract

THE NONLINEAR OPTICAL SWITCHING PROPERTIES OF DYE@PED
INORGANIC/ORGANIC COMPOSITE FILMS
by
Nathan Stevens

Advisor: Dr. Daniel L. Akins

The sol-gel method has been employed in the fabrication of gasibessable, high
quality composite films consisting of a non-ionic surfactanyrdelic P123, as the
organic component, and silica as the inorganic component. Thesesiimed as the
host matrix for various organic dyes and quenchers. Ultrafasé-resolved
spectroscopic studies revealed that the excited state Bfetoh the intercalated dyes
varied from hundreds of picoseconds, to a few nanoseconds in the absangeenérgy
acceptors or aggregate formation. For cyanine-type dyes, piepgoadcedures that
induced H- and J-type aggregates, led to significant reductiortbeirexcited state
lifetimes. In the case of squarylium-, xanthene-, and rhodatypeedyes, addition of
various electron and energy acceptors, resulted in lifetirhieevan the low picosecond
and femtosecond domain. The efficient energy transfer procedsesved was
indicative of the formation of tightly coupled dye/acceptor complex&ke excellent
optical properties, along with the ultrafast optical responsksthe intercalated
dye/acceptor complexes, made these composite films ideally dSiotedse as the

photonic layer in an all-optical ultrafast switching device.



Preface

The saying that history repeats itself does certainly appheintilization of many
apparently mature technologies in modern applications. In regatus naoidern
telecommunication network, that saying certainly has some tittb.very first
telegraphs were not based on the transmission of electricalssigoabn the
transmission of optical signals to disseminate information over I@tgmties. Such a
telegraphic network, known as a semaphore was invented by Claude Chdppesa
operated in France from 1792 to 1846. However, with the advent dettacal
telegraph in 1837 by Samuel Morse, such optical networks were rapaitglaned, and
for the next 150 years, telecommunication was dominated by use oicelesifynals to
transmit information. Not until the late 1980s, when the tiiestsatlantic fiber optic
cable became operational, did communication networks start to makettrn to
optical signals for the long range transmission of information. thdestory has once
again repeated itself.

In this dissertation, photonic materials are explored for theiasitlee active
components in optical switching devices that will be the foundation fargemeration,
ultrahigh bandwidth optical networks. The first chapter discussegrinciples of
optical switching, switching devices, photonic materials, andezkstate deactivation.
The second chapter deals with the experimental methods and procedaresths
evaluation of the photonic materials. The remaining chaptersihataxception of
chapter seven, are devoted to the characterization of the various phoédarials
explored. Chapter seven summarizes the key findings and makes saggyiestihe

future direction of this work.
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1. Introduction

1.1 Ultrafast Optical Switching

The recent growth in network connected devices has lead to an eeasing
demand on the telecommunications network to interconnect these deitcésew
lowest data transfer latency possible. Whereas, five yearpagonal computers and
servers accounted for the majority of microprocessor containing demictihe network,
today, more and more consumer electronics devices are being netabléce The
current trend in the CE industry is to embed microprocessors sigth 48 address to
virtually all the electronic devices we use on a daily baSell phones are a prime
example of this trend. Essentially every cell phone sold todagrhambedded
microprocessor that allows the sending of emails, browsing of t&sband in some
cases the viewing of streaming multimedia content. Thisaypenctionality has, or is
also being added to other devices, such as personal digital assgshams consoles,
televisions, and even household refrigerators and appliancese Asinber of these
devices and their processing capabilities increase, the dasanission throughput of the
fiber optic network backbone will need to be significantly increagée¢p pace with
the demand for digital content. Current predictions are that thehttateghput, or bit
rate, of the fiber optic backbone will have to be increased one hundiddoiol the
current 10 Gb/s, to over 1Tb/s by the year 2010 [1].

The 10 Gb/s bit rate is achieved using a technique called wave léinggion
multiplexing (WDM) in which data is simultaneously transmittisthg different, closely
spaced (spectrally) wavelength channels. This is illustratedyure 1-1a. The

multiplexer encodes and combines separate wavelengths of light s itsathem



(a)
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Figure 1-1. Block diagram of (a) wavelength-division multiplexing (WDM) anyl (b
time-division multiplexing (TDM) systems.

down the fiber optic link, while the demultiplexer receives theoded light waves and
disperses them onto their respective detectors. The advant&geroéthod is that the
bit rate can easily be increased by using a greater numbewrelength channels. Since
the available wavelength range from the laser source is famtethe ability to manage
large number of wavelength channels becomes impractical above hatfls or so,
the upper data throughput limit on a realistic system is about 10q1%b/A second
approach being employed to increase the data throughput is time-divigitoplering

(TDM). As shown in Figure 1-1b, data is transmitted as aseifipulses over a single



3
wavelength with the throughput being determined by how closely packed tles ptds
in time. The advantage of this system is that it avoids theleagth management
issues of the WDM method, however, due to the limitations of gatrehics
components involved, the maximum throughput is limited to a few tenb/sfdver a
single wavelength channel [2]. Multiple wavelength channels can deda$srm a
hybrid WDM/TDM system, but the wavelength management and electnoritiations
would still limit the maximum throughput below 1 Tb/s. The prattiesa throughput
limitations of WDM and TDM systems, as well as the optiraétdivision multiplexing

(OTDM) systems being developed to surpass those limits are méseriigure 1-2.

104 1 1 T I 1 I
s é 700,\6/ @ Installed -
3| 7 G Q system e
A s s, , Electronics speed limit
- % “ \ e -
'g Wavelength MG - 0 ' Q
= 102 management limit f [ N -
c g s 4 Femtosecond
% t | Optoelectronics
o 10 \ ’ b
= 3 - 5
= \ _ M
! I . I o R ! I . I
0.1G 1G 10G 100G 1T 10T

Signal bit rate ( b/s )

Figure 1-2. The practical data throughput limits of WDM and TDM systeffise
expected throughput of femtosecond optical time-division systems (OTdBo
presented. (adapted from reference 1)



1.2 Optical Switching Devices

Central to the operation of an OTDM system are optical switathéwgces, whose
on and off cycles are controlled by pulses of light (the gating or cqnite) [1]. A
multiplexing switching device is used to create and encode th@ulagastream, while a
second switching device is used to carry out the demultiplexing aperaince all
switching operations are optically controlled, the limitationthefelectronic
components is no longer the determining factor in the data throughputtaterate is
now determined by the gating pulse temporal width, and more inmplgrténe nonlinear
optical response of the photonic switching material. Given thenadsaver the past
ten years or so, in the development of high power femtosecondtagees, the gating
pulse should be a non-factor, if it is not already.

When a light wave propagates through a transparent materidédtiomagnetic
field exerts a force on the valence electron cloud causing itpolbazed in the
direction of the electric field vector. At low field strenglie degree of polarization is
directly proportional to the field strength, and overall polarizgbiditgiven by,

P=¢,XE, (1.1)
where X is the electric susceptability aids the electric-field amplitude [3]. As the
field strength is increased, the response of the electron cloud égcmmlinear and
consequently, additional terms need to added to the above equation toypdeperibe
its polarization. The polarizability is now written as,

P=¢,(X E4+X,E*+X,E>+ ). 1.2)

Since the linear susceptability,, is much greater than the coefficients of the nonlinear

terms X,, X;, etc., the latter only contribute at very high field strenggthsh as those



5
produced by a laser. The second order te¥m,is responsible for second harmonic
generation (SHG) in non-centrosymmetric materials i.e., naatgith no center of
inversion. The third order term gives rise to a nonlinear ref@atdex and saturation
absorption. Itis these two phenomena that have been exploiteddievéslepment of

ultrafast all-optical switching devices.

Ny * Gating Pulses Nonlinear Matenal

-

Input Light \ Output
Beam Pulses
(-
Waveguide ™\ Constructive

or Destructive

Interference
v

Figure 1-3. Optically gated Mach-Zehnder interferometer acting aafakt optical
modulator.

An example of an optical switching device that uses nonlineactafe index
change as a means to perform ultrafast data multiplexing on adidigt is the Mach-
Zhehnder (MZ) interferometer [2]. A diagram of such a devishasvn in Figure 1-3.
When an intense light pulse passes through materials that posaegsthird order
susceptability term, its refractive index is no longer constanismdw given by,

n= n0+1n2|E|2. (1.3)
2
Wheren, andn; are the linear and nonlinear refractive index terms, respécti Since

the nonlinear contribution to the refractive index incerases as dintxdaquare of the

electrical field strength, it can contribute significantlyte tverall refractive index as



the field strength is increased. As a result of the dependendhs refractive index
change on the applied field, the speed at which light propagates throsighaterial can
be readily controlled by tuning the field strength. In a MZ interfester, a waveguide is
divided into two separate arms and then recombined some distceserted into
one of these arms, is a nonlinear photonic material whose refraudex value is
modulated by a laser gating pulse. Provided the distance in trenvecare equal, the
recombined light beams from the two arms will undergo construictiegerence, and a
signal will be detected at the exit port. If, however, thengitg of the gating pulse is
sufficient to generate a refractive index change that willydathee of the beams by half a
wavelength, destructive interference will occur at the exit pad,no signal will be
detected. By using femtosecond gating pulses and combining sevitred®fdevices,
pulse streams consisting of pulses spaced by a few 100 feoridsexan be realized.
This translates into delivering about 10 trillion pulses per secoradbibirate of 10 Th/s.
The demultiplexing of such a high frequency pulse stream has been gbssible
by employing an all-optical serial-to-parallel pulse convé4iethat operates on the
nonlinear principle of saturation absorption. A sketch of such a devrevided in
Figure 1-4. Essentially, this device is an optical shuttertdékas a series of
femtosecond signal pulses, closely spaced in time (a picosecosd)oahel spatially
disperses them so the distance between them corresponds terttpardl separation.
In order to accomplish this, a femtosecond gate pulse which iscaredétive to the
plane of the thin-film photonic layer, is used to excite speo#gions in sequence as it
propagates. Upon excitation, the transparency of a particular regi@ases according

to the following equation [5],



substrate /
array detector  photonic layer ¢logely spaced

fs signal pulses
pixel 3
2 ps §\
signal pulse
pixel 2 ) propagation
1 ps
gating pulse
ixel 1 propagation
pixe
0 ps
fs gating pulse at an angle

to the active layer

Figure 1-4. Simplified sketch of an all-optical time-to-space pulse cdeve For clarity
the signal and gating pulses are shown to overlap before the phoy@midoat in
actuality they would overlap within this layer.

T(Ii)zexp[LoL

1+1,/1

(1.4)

li is the intensity of the gating pulse incident on active layerngfthel, andls is the

saturation intensity. The linear absorption coefficient is giemx, . This allows the
area of the signal pulse that spatially overlaps this region togmde exponential
increase in its transmission as it passes through. As subseigreal pulses arrive,
different regions of those pulses undergo this process. The signa paiseow be
detected as distinct signals in adjacent regions of an arrastatetgith this separation
them corresponding to their separation in time. In theory such a deasdée ability to
separate signal pulses that are spaced in time on the order ditia¢ion; however, the
rate of ground state recovery, which is related to the optical respafithie photonic
layer would be the limiting factor. The faster this respormebetter the overall

performance of the device.



1.3 Photonic Materials

Thus far, the materials that have shown the most promise to thasitiee thin-film
photonic layer are molecular beam epitaxy (MBE) grown semicondwantdraeat
organic dyes films [1,4]. Initially, high temperature grown (80Psemiconductors
were attractive candidates due to their extremely high photostahibwever, their
relatively slow (2 ns) optical response precluded their use. iggtioin of a strong
electrical field can reduce the optical response down to 5 ps, bus 8till not sufficient
to be used for ultrafast optical switches. Further improvemertkeioptical response
has been achieved by growing semiconductor structures at low temeg@0FC) and
doping with beryllium atoms. With optical responses in the subspmond time domain
optical, these materials proved suitable for use as the phoageicih ultrafast optical
switching devices. Nonetheless, because of the stringent gromditions required and
the associated cost, combined with the fact that they haveuselen a reflective
geometry, these semiconductors may not be the most suitable phay@nimiaterials.

Organic films are certainly a more cost effective photonitenad since they can be
readily fabricated at room temperature and atmospheric pegssiing various spin- and
dip-coating techniques. Such films have been shown to have excelhsmigaion
characteristics and optical responses well into the sub-picosecomihdddut, unlike
their semiconductor counterparts, these films tend to suffergoon photostability,
which greatly limits their use as the photonic layer. The idet@e layer material
would be one that combines high photostability of the semiconductors agalsthef

fabrication as well as transmission characteristics of ocgams.



A proven method to fabricate such hybrid materials, is by incorporédig
molecular weight organic dyes into optically inert inorganic matridéss can be
accomplished using several different methods, but the sol-gel medisqarobably been
the most extensively employed over the years [6-10]. In this methmoéabrication of
glass-like materials is accomplished through the hydrolysis and catidensf the
desired metal alkoxide [11]. By far, the most widely fabridat®rganic matrices are
silicate based, due to the excellent physical and optical propefties resultant
materials. The typical preparation uses an alkoxide suclrasetaylorthosilicate
(TEOS) combined with water, and a suitable alcohol in spectiwsraith either acid or
base being used to catalyze the reaction. This process is outlifigdire 1-5. In the
initial step, the hydrolysis of the TEOS takes place, resultiriga formation of silica
nanoparticles in the range from 1 to 100 nm (the sol). These nanlgsattien become

linked during the polycondensation process forming a rigid porous network (fhdfge

Hydrolysis :
Si(OCH,CH,), + nH,O — Si(OCH,CH,), (OH) + nHOCH,CH,

Condensation : \5_ P
g - E’G*Tsl \
——Si—0H + HO—Si : ™~ |
- P Ho 3 Q °
2 _,,4"'8\|_\
i [
and /or CHCHOH i f“D\SI
~SFOCH,CH, + HO—S8i O | }i,..ra
—5i—0
\

Figure 1-5. The hydrolysis and condensation processes involved in formationgaia ri
porous silica network using the sol-gel method.
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dye addition is done at the initial stages of the polycondensation prowasshe free
space within the porous network will be occupied by dye as well ansohmecules.
Once evaporation of the solvent molecule takes place, a poroudrsitreavork,
xerogel, containing intercalated dye molecules remains.

The isolation of the organic dye molecules within silica framé&wedtien leads to
enhancements in the photophysical properties, as well as overall pbotiysof the dye
[12], whichcoupled with the ability to cast the dye containing sol into variousdor
such as thin films, monoliths and powders have made it possibleize thi resulting
composite materials in a wide range of applications. Due foditas nature and short
diffusion pathlength of the thin film structures, small molecaled ions can readily
interact with the sequestered dyes within. As a result, adswable number of studies
have focused on the applicability of these materials as sensat§].184onoliths and
thin film structures containing organic laser dyes have shown gresattiabtfor use as
the gain material in optically pumped, solid state tunable dgeslg$6-18]. Thin films
have also been used as decorative, as well as functional cdatigtésssware and
cathode ray tubes (CRTs) [19]. By intercalating dye moleauhésh exhibit strong
two-photon absorption and emission, Canva et al. have also demonstrateefthieess
of these films towards true 3D displays [20]deed, the use of these sol-gel composites
have been quite extensive, but to the author's knowledge, they havbeevemployed
as the photonic layer in ultrafast optical switching devices.

The requirement that the material used to form the photonic hayst possess an
ultrafast optical response is the most likely reason why dye ocargasilica films have

yet to be employed in this role. As stated above, intercalatidyesf within a silica



11
matrix tends to enhance their photophysical properties as a remdalation within the
photochemically stable inorganic micro-environment. In such an envirgnthe
number of deactivation pathways that are available for retuhretground state after
photoexcitation is substantially reduced for the majority of dyiéss inherently leads to
a longer lived excited state, and hence a reduction in the opsgalnge. For example,
upon light absorption, many dyes containing unsaturated linkages often undetrgn
isomerization as the initial step in the deactivation process Rajvever, within the
confines of the silica matrix, this process is significantly irtedhior eliminated all
together, leading to significant increases in the lifetimesrellver, excited state
deactivation through bimolecular quenching interactions between the dyethand
molecules is also greatly reduced because diffusion no longer takestplany
significant degree. However, this process is hot completelyrelted, because small
molecular quenchers, such as oxygen, can still interact with theldges the porous
nature of the silica matrix [22]. In short, most deactivatioohaaism that rely on
conformational changes, or molecular collisions taking placeiwidlll likelihood, be
reduced or eliminated within the silica matrix.

1.4 Excited State Deactivation

One approach for decreasing the excited state lifetimes intuthpicosecond
domain of the intercalated dyes, is to induce molecular aggregatation between
individual dye molecules. In such aggregates, strong van der Waabstliactive forces
causes to the transition dipoles of the individual molecules (monotodsetome
coupled, and therefore coherently respond to optical excitation [3Qj8bther words,

the optical excitation will be delocalized over several monomedhsnthe aggregate
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rather than remaining isolated on a single molecule. This cohespanse has been
explained in terms of exciton theory. In this context, an exciton cérobght of as
neutral excitation "particle" consisting an electron and aigednole which travels
along the aggregate structure [32]. Also, the motion of the exddag ¢he coherently
coupled monomer units is referred to as exciton dynamics. Without mindetail,
exciton theory models these aggregate structures as a colledignuiber of
monomers which are coherently coupled) two-level systems withtederansition
dipoles which give rise to new electronic transition bands,x@tom bands [32,33]. If
the transition dipoles are oriented in a head-to-tail fashionxthtoe band is red-shifted
relative to the monomer's absorption band. Aggregates with sucbrelzaiids are
referred to as J-aggregates ( J for Jelly, one of the firsbpg to carry out studies on this
type of aggregates) and the correspond exciton band is called a &banabvious
reason. When the dipole moments are oriented parallel to eatiearlbé exciton band
is blue-shifted relative to monomer's absorption band. H-aggregafes (H
hypsochromic) is the term used to describe such aggregates anddikiesvexciton
band is called a H-band. The degree to which the J- or H- banslsifee relative to
the monomer's band is proportional to the number of monomers which arertiyhe
coupled. The greater the number of coupled monomers, the largeictten's band
shift, and vice versa.

Within these coherent aggregates, the rate of ground state metue longer
dependent on the intrinsic properties of individual dye molecule, but rédthenf the
aggregate. As a result of the exciton dynamics throughout the cohewuntled

monomers, the ground state recovery rate is significantly enhaifibedultrafast optical
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response of H- and J-type aggregates has been well documented, thookighthis lab
as well as others [23-26], and further details as to the nattinesafltrafast optical
response will be provided in latter chapters. Moreover, Zhou ledat. already shown
that it is possible to incorporate H- and J-aggregates of cyanineviti@s spin-coated
silica films using the sol-gel method [27,28]. Several attertoptsiplicate this work,
however, were met with limited success. Although films coimgiJ-aggregates were
fabricated, they were of poor optical quality. Rather than formingoth amorphous
films, significant cracks and other defects developed during thecspiting process.
Also, because of the low pH of the precursor sol, and consequentlgidicereature of
the resulting films, cyanine dyes that readily formed H- and Jeggtgs were found to
be inadequate for the purpose. The main difficulty being thelasd-interactions
between the dyes and the free silanol groups of the silica nrapig]y caused
protonation of the dyes, resulting in an almost complete loss ofgitdevabsorption
band [29].

Another, more interesting approach for attaining the desired sulepaus optical
response of the dyes within the silica matrix is to co-intete@auitable excited state
guencher. Depending on the energy transfer mechanism taking plaeeméhe dye
molecule (donor) and quencher (acceptor), ground state recovery camezthe isub-
picosecond time domain [21]. There are three different mechanisnhgovern the
energy transfer process. In the "trivial" mechanism, eneaggfier occurs through
emission of a photon from one molecule and then absorption of this photanthgra

molecule in the ground state. This is two step process ahdusielow.

D* -~ D+hv (1.5)
A+ hv - A* (1.6)
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The excited donor molecule is designate®#&svhile the acceptor i&. The rate of this
transfer mechanism is dependent on the quantum yield of emissionf, tie number
of molecules ofA capable of intercepting the emitting photon, the absorption coefficient
of A, and the overlap between the emission spectrudt ahd the absorption spectrum
of A. An interesting note is that the energy transfer rate doesepend on the distance
betweerD* and A, only that there are sufficieAtavailable to intercept the emitted
photons fronD*.

The second mechanism to consider is the transmitter-antenna Gouloenbic
mechanism. In this mechanism, a molecule in the excitedistatved as an
oscillating dipole (transmitter) which can transfer its oatidh to a molecule in the
ground state (antenna). For this to occur, a spectral overlap xisidietween the
emission oD* and absorption of, and unlike the "trivial* mechanism, tig and A
must be in close proximity to each other. The energy traretfefar this mechanism

was shown by Forster to be [21],

210 (1.7)

ke, (Coulombic) = k—2 3 (¢,).

DA

The termk is a constant that depends on experimental conditions, whils a constant

that takes into account the orientation of tfeand A in space. The spectral overlap of

the donor's emission and acceptor's absorption is givé(ebyterm. The ternk®is the
pure radiative rate constant aRgh is the distance between the donor and acceptor.
Because the rate dependsRh energy transfer can still occur to a significant degree,
even at a separation of several molecular diameters (30 - 5@rijjlustration of

processes in this mechanism is shown in Figure 1-6.
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Figure 1-6. Donor D*) and acceptorA) orbital and electron interactions involved in the
Coulombic energy transfer process. No electron transfer occwesdrethe donor and
acceptor, only the energy is transfered.

The last energy transfer mechanism to examine is thea@lemtchange or overlap
mechanism. In this mechanism, energy transfer occurs viacglérdnsfer betweeld*
andA. The electron transfer can occur in one or several stepke Bingle step
concerted exchange of electrons, an electron from the donor's LUBKOhanged
simultaneous for an electron in the acceptor's HOMO. In theteyoebarge transfer
(CT) exchange, an electron in the donor's LUMO is first traresteo the LUMO of the
acceptor forming a radical ion pair. An electron from the gtoceadical's HOMO is
then transferred to the donor radical's HOMO in the second step|eting the
exchange process. Another two-step electron exchange mechanism itivelves
formation of a transient chemical bond by an electron transfer tihe HOMO of the
acceptor to the HOMO of the donor. The resulting di-radical is uniptiee electron
transfer from the donor's LUMO to the acceptor's LUMO. Whetleetren transfer
occurs through a one or two step process, the result is almagare: donor returns to
the ground state while the acceptor goes to the excited statee Eigushows these

electron exchange processes. The energy transfer rate forethsnism is given by the
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Charge Transfer Electron Exchange :

J'—-‘- -

LUMO o L O

-] p -
o O e OFr e
D* A D, A,
End.step

Concerted Electron Exchange :

A -

LUMO O 1 O

concerted
,—'- -JI., ————

+* &
F
o0 Of e FolN Y 3
D* A D A

End. S‘tep

Covalent Bonding Electron Exchange :

0 G

LUMO
CT
I
e 15L5tep
oo O 8@ o0 _ @
D* A D, A,

Figure 1-7. The orbital interactions and electron exchange processes thatocing
energy transfer by the electron exchange mechanism. In coneletédn exchange,
electrons from the donor and the acceptor are simultaneously exchamdjeel two-
step, charge transfer and covalent bonding mechanisms, a trandieattica is first

formed.
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Dexter equation,
ker (exchange) = KJexp(—2Rp,/L) (1.8)
The termK is related to orbital interaction$js the normalized spectral overlap integral,

andRo, is the donor-acceptor spacing relative to their van der WagdiisL. Sincel is
normalized for the extinction coefficient of the acceptor, it isnaaessary that the
acceptor absorb in the spectral region of the donor's emissionreaslaof the
exponential factor in Eqg. 1.8, the distance betw2eand A must be within a few
molecular diameters (5 - 10 A) for the energy transfer rape wompetitive with the
excited state deactivation rate®f.

Though these energy transfer mechanisms were developed with sojstiems in
mind, they are still valid within the confines of a solid matfa thin film, with a few
exceptions. Due to the relatively short path length of most,fémergy transfer by the
"trivial" mechanism is not likely to be observed when the exoitadind collection are
done in a front-face configuration. In a waveguide configuraticantoe observed
because of the much extended path length in this configuration. Adlsisalmechanism
will no longer be considered here, because the photonic thin films foabgtvitching
devices are exclusively employed in the front-face configura#dso, the absence of
diffusion means that the donor and acceptor distance remain cahstiaugt the donor's
excited state lifetime, so a new concept needs to be introduaeddont for this fact.
This concept is the Perrin formulation [21]. According to this fdation, when an
electronically excited donob¢) and an accepto’A) are held fixed in space, there exists
a quenching sphere that governs whether or not energy transfer ddthen.an
acceptor is within this sphere, the quenching efficiency is upityyywhen it is outside,

no quenching takes place. These situations are illustrated in BEi@urd he radius of
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R=R; +R, R=R, +R,
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O
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electronically
excited donor molecule

Figure 1-8. Sketch showing the proximity requirement between the donor and @ccept
that govern quantum yield of energy transfer according to the Perrinlédrom.

the quenching sphere is related to the acceptor concentrationfoyldieng,
R=6.5A"°, (1.9)
whereR is the radius (in A) of the sphere aid [s the concentration of the acceptor (in

moles/liter, M). A visual representation of average donorfaocelistanceRoa, as a
function of [A]**?is presented in Figure 1-9. Clearly implicit by this figig¢hiat unless
the concentration of the acceptor is above a certain value (€8)1€the average
distance to a donor will probably be too great for energy transfects tica notable
extent, even through the Coulombic exchange mechanism defined above. Energy
transfer by the electron exchange mechanism requires an even hige@oac
concentration (~1 M), due to the short-range nature of this mechanism

The use of energy acceptors to increase the optical response oftdyedated into
silica films provides several advantages. For one, becausertie férmulation does
not require any specific molecular interactions between the dodacae ptor

molecules for energy transfer to occur, the excited state datat rate of the donor can
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Figure 1-9. The relationship between acceptor concentration, and the avenage
acceptor spacindgoa. The distances at which energy transfer through the electron and
Coulombic exchange mechanisms occur are also indicated.

readily approach the diffusion limit of Gec', provided an acceptor is in close enough
proximity. Also, because a donor can undergo energy transfer witipipalcceptors,

as long as they are within the quenching sphere, the time betweecwibres photon
absorption by the donor, can become limited only by the energy transfeiFat
example, if a 1 : 1 donor/acceptor ratio exists, following th@lrphoton absorption and
energy transfer processes, the rate of ground state recovebg wiitermined by the
energy transfer rate. However, the rate of ground state rgdmilenving absorption of
an additional photon prior to the acceptor returning to the ground sthteow depend

on the natural rate of ground state recovery of the donor. Thisaitieain easily be
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avoided if a donor/acceptor ratio greater than 1 : 2 is used indte#tus situation, even
if one of the acceptors is in the excited state, others aralalesio accept the excitation
energy from the donor. In this situation, the rate of ground stadeawcof the donor
will still be determined by the energy transfer process. Anaithesintage of this
approach, is that readily available dyes and energy acceptors whelydad
photostability and well known photophysical properties, can be mixed actiedao
tune the properties of the resulting composite film. For exarigder dyes possessing
good photostability and a high absorption coefficient at the wavelengtle gating
pulse can be combined with one of the many known excited state quecherguce
energy transfer complexes possessing ultrafast optical respdrieesynthesis of dyes
which possess all these properties would most likely prove to fcaltdiand time
consuming undertaken. As the proverbial saying goes: "why reinvent tle¢?vhe
1.5 Project Outline

In this work, the development of a simple sol-gel based method for prochigimg
quality inorganic/organic composite films using TEOS as theassiouirce, and a non-
ionic surfactant, Pluronic P123, as the organic component is repdittechybrid nature
of the precursor sol allowed films to be casted using a varfetethods, namely drop-
casting, dip-, or spin-coating. These films serve as the hosbemant for H- and J-
type aggregates of cyanine dyes, as well as for various donorfaccepiplexes. Films
containing squarylium cyanine dyes, as energy donors, and either metbgkn,p-
nitroaniline, or rhodamine 800 as acceptors were fabricated. Emargyer complexes
formed between the xanthene dyes, rose bengal and fluorescein, hathcganine-type

squarylium dyes or crystal violet serving as energy acceptors, lsavieegen
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incorporated into these films. Lastly, films containing therldge, rhodamine 6G,
without, and without the energy acceptor bromophenol blue, werdcast the
rhodamine 6G films containing no energy acceptor, aggregation was éhioycrsing
relatively high concentrations of the dye. Film quality and praggriuch as thickness
and pore structure were ascertained using atomic force microgebpl) topography,
reflectometry, and nitrogen absorption isotherms. Photophysiqagipies were
evaluated using a variety of steady-state and time-resolveddeelni Absorption and
emission spectroscopy were used to characterize the absorptittnorescence
properties of the films. Picosecond time-resolved fluorescenctemtdsecond
transient absorption studies were conducted to elucidate the exateedymamics of the
energy transfer complexes within the films. Quantum cheroadallations were also
performed in order to provide greater insight into the charge tracwigplexes
involving squarylium cyanine dyes. From the experimental data obtaeeefficiency
and rates of the energy transfer processes were computed. hisptie viability for
these composite films to be used as the photonic layer in an igfldphe-to-space

converter was assessed.
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2. Experimental M ethods and Procedures

2.1 Photonic Film Fabrication

The synthesis of the silica/organic sol follows a formulation used earlier study
to prepare a pure silica sol [1]. For this study, 40.0 ml ohe#tylorthosilicate (TEOS,
Fisher Scientific), 106.6 ml ethanol, 11.4 ml distilled watad @.2 ml of HCI (2.6 M)
were placed into a 250 ml Erlenmeyer flask and vigorously stioretl iour. Ten grams
of Pluronic P123 (BASF) poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO) triblock copolymer paste was then addednouhpartially
hydrolyzed sol, and stirred for an additional 4 hours, until the sol wasally clear.

This sol, was placed into a sealed glass bottle where iimethatable for at least six
months or more. From this point forward this sol will be refetoegs solP123. After
solvent evaporation, the silica to Pluronic P123 weight ratio in thétieg xerogel
material was approximately 1 : 1.

The dyes and quenchers used were either obtained from commerciagrsupipin
the case of cyanine-type squarylium dyes synthesized. The xantheneodgdsengal
(RB) and fluorescein (FR) were obtained from Fisher and Aldaspectively. The laser
dyes, rhodamine 6G (R6G) and rhodamine 800 (LD800), were obtained from Exciton,
Inc. The cyanine dyes 3,3'-diethyloxadicarbocyanine (DODC), was obtaomad f
Aldrich, while 5,5',6,6'-tetrachloro-1,1'-diethyl-3,3'-bis(4-sulfobutyl)-
benzimidazolocarbocyanine (TDBC) was purchased from Few Chemitlaésenergy
acceptorsp-nitroaniline pNA), methyl viologen (MV), bromophenol blue (BPB), and
crystal violet (CRV) were obtained from Sigma-Aldrich. All ohieals were used

without further purification. Their chemical structures are gtediin Figure 2-1.



23

Cl

N

Cl N N

Cl

(DODC) o=i___ =0
_(! O/\o- (TDBC)
N/ \J

(PNA)

NH,
Figure 2-1. Molecular structures of the dyes and energy acceptors used in the
fabrication of the composite films.
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The dye containing precursor sol was prepared by adding various quarftdmsor

dye molecules and energy acceptors to aliquots of solP123. Ised, c@nication was
used to aid in the dissolution process. Once the added moleculedisgeteed, films

were prepared by either drop-casting, dip-, or spin-coating onto glassstips or slides.

Drop-casting was done simple by taking a small volume (cpl)5ff the solP123 and
spreading across the surface of the glass substrate, andhglibta air dry overnight.
Dip-coating was done using a Nima Technologies D1L using a dipping amdtswital
speed of 68 mm/min. In one instance, when a drop-casted filntowagptically dense, a
vertical spin-coating [2] technique was used for film preparatidns method was used,
rather than the customary approach where the substrate is mousteth a way that the
centrifugal force disperses material radially within the plafite substrate, because the
air flow across the substrate aids in the rapid formation of dieéecfilms from the
starting solP123. A diagram of the vertical spin-coating appatatube seen in Figure
2-2. The exact concentration of dyes and quenchers used was dependent on the
particular molecules employed, however, the optical absorption of tamedtfilms

was maintained between one and two absorbance units, whenever possible.

r '
DC Power Supply

polymeric sol

And glass substrate

RPM Counter LCD

[l

DC Mator f
RPM-Counter

Figure 2-2. Diagram showing the components of the custom-built vertical spiimgoat
apparatus.
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2.2 Squarylium Dye Synthesis

The squarylium dyes, 1,3-bis(3,3-dimethyl-2-methyleneindolenine)squarylium
cyanine (SQ-Cyl), 1,3-bis[N-(3-sulfonylpropyl)-3,3-dimethyl-2-methyleneindoégni
squarylium cyanine (SQ-Cy2), and bis-(2,4,6-trihnydroxyphenyl)squaraine (5%)-O
were synthesized according to the procedures outlined in the lieefatét. In a typical
preparation of SQ-Cy1, 0.114 g of squaric acid (Fisher Scierdifid)0.606 g of 1,2,3,3-
tetramethyl-3H-indolium iodide (Fisher Scientific) were platai50 ml round-bottom
flask containing a 4 : 1 mixture of 1-butanol : toluene. This mixtas refluxed
azeotropically for 3 hours, during which the color changed from yellaatio green.
Following refluxing, the solution was cooled to room temperatureceystiallization of
the product was induced by scraping the walls of the flask withss gbd. After
cooling in an ice bath for an additional 2 hours, dark green crys¢asnecovered using
vacuum filtration. The obtained crystals were subjected to @lewashes using diethyl
ether to remove any impurities and then vacuumed dried. Thalingsproduct was
placed in a glass vial and stored in the dark until needed. Thegatieparf SQ-Cy2
was carried out in a similar manner, except for the additiauti@ration step. To
prepare the 2,3,3-trimethyl-1-(3-sulfopropyl)-3H-indolium startingenat, 1.2 ml of
2,3,3-trimethylindolenine and 1.382 g of 1,3-propene sultone were placed imd 100
round-bottom flask containing 50 ml of toluene, and the mixture whsceef for 18
hours. At the end of refluxing, crude, reddish-pink crystals werengloka This crude
product was purified, first by washing with 3 x 10 ml of acetonéyvedd by re-
crystallizing using a 50 : 50 mixture of methanol : diethyl etfdre final product (SQ-

Cy2) was obtained by refluxing 0.564 g of the now pure sulfonated indolha.414
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g squaric acid in a 50 ml round-bottom flask containing 48.0 ml 1-butd2®l,ml
toluene, and 3.0 ml pyridine. Pyridine serves to catalyze theaieaas well as being a
counter ion in the final product. After refluxing, purified dark greeystals were
obtained using the same washing and drying procedures used to obtain SDRE€y1.
synthesis of SQ-OHS3 follows the same procedure as that for SQeyedpt that 0.253 g
of phloroglucinol was substituted for the indolinium salt, and a 1 batanol : toluene
mixture was used for refluxing. The purity of these dyes wemrtasced by verifying
that their resulting absorption spectra matched those of thegliter[3-5]. The chemical
structure for these dyes are also provided in Figure 2-1.
2.3 Quantum Chemical Calculations

As a result of the structural similarities between SQ-GydL 3Q-Cy?2,

computational studies were focused solely on SQ-Cyl. Time-dependemy densi

functional theory (TD-DFT) was used to calculate conformationa¢ni@ent ground- and
excited-state energies, dipole moments, and the oscillator $tsefogthe - S, and

S - S transitions. Ground- and excited-state geometries were optinsaagl density
functional theory (DFT) with functionals [6], specifically, B3BYin which the
exchange functional is of Becke's three parameter type, includinggradrrection [7],
and the correlation correction involves the gradient-corrected funcbbhak, Yang
and Parr [8]. The basis set of split valence type 6-31G(d,p)d@prtained in the
Gaussian 98 software package, was used.
2.4 Instrumentation

UV-Vis absorption measurements of the coated films, and solwdiaples were

performed using a Perkin-Elmer Lambda 18 spectrometer. tOesgectral response,
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and lamp profile corrected fluorescence spectra were obtainefaiSpex Fluorolog3
spectrometer. Film thickness was measured using a MikropaoQdalc-2000
spectroscopic reflectometer. Surface topology and roughness waseirad using a
Thermomicroscope Explorétatomic force microscope (AFM). The pore structure of
the obtained xerogel composites were determined from adsorption of nibge
boiling point: a SAP 2010 (Micromeritics) was used for the meamsants of adsorption
isotherms. The pore structure determination of three xerogelssmvps conducted.
One sample was the control and was formed from the pure solP128athing else
added. The other contained ~ 0.2 wt% antimony doped tin oxide nanopatrticles
Nanophase Technologies (NanoTgkvith an average particle size quoted as 30 nm.
The final sample contained ~ 0.2 wt% of the squarylium dye, SQ-OH3.

2.5 Streak Camera System

For time dependent fluorescence measurements, a streak cgstena, $or which a
simplified optical layout is depicted in Figure 2-3, was utilizéd the heart of this
system is a Hamamatsu streak camera (Model C4334) and anlpmticgdled charge-
coupled-device (CCD) array detector combination, positioned akihpl&ne of a
Chromex 250i imaging spectrometer. The limiting time resoldbothe system, as
indicated by the instrument response to the incident laser pulse of, 190&s30 ps.
Fluorescence from the solution or film samples is coupled intsgéetrometer through
one of the outputs of fiber optic probe which can be positioned for &itme+face (FF)
or right-angle (RA) collection geometry. The remaining output ofitlee optic probe is
coupled to an Ocean Optics miniature CCD spectrometer (Md&é06D). This setup

allows the simultaneous acquisition of both the time-resolvedtaadysstate
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Figure 2-3. Simplified layout diagram of the streak camera system tasacluire
simultaneous time-resolved, and steady-state fluorescenceaspBetay stage 1 (DS1),
broad band mirror (BM), dichroic mirror (DM), second harmonic gdne(&HG),
cylinder focusing lens (CFL).

fluorescence spectra. The excitation radiation was supplieddmmtagecond laser
(Spectra Physics Spitfire), which was coupled to an optical arenramplifier (OPA,;
Spectra Physics OPA800). The tunable output (300 - 800 nm) output from<OPA,
directed to the sample using a series of mirrors and is horizofdeallsed using a
cylinder lens. The residual 800 nm pump pulse from the OPA cabalsmployed as a
secondary excitation source for conducting two-photon fluorescence studiss, or
second harmonic (400 nm) can be used when high power excitation is needed.
Temporal peak intensities for specific emission features s@nverted to lifetime
coefficients using Hamamatsu TA-Fit or the InstruView progrdrhe lifetime results
from either program always agreed within one percent. Furthaitsdabout the

InstruView program are provided in section 2.6.
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2.6 Femtosecond Pump-Probe System

The femtosecond pump-probe experimental setup for transient absorption
measurements was based, in part, on previously reported pump-enate [40,11].
The optical components and mechanical mounts were purchased fromety efr
commercial sources, or designed and fabricated in house. Afsshpiew of the
system is presented in Figure 2-3.

The pump and probe beams are supplied by the same laser source tiszdtfeak
camera system above. In Figure 3, it can be seen that thputaw beams are possible.

The OPA provides pump beams in the spectral region from 300 - 800 nm &gy
per pulse varies from 1J to 18uJ. For a higher energy pump beam the second

harmonic (400 nm) of the residual OPA pump is used. Prior to gametae 400 nm

beam, the residual beam goes through a 90/10 beam splitter, then aecaroptrolied

Eéeacglr::sal —#—=- V/ariable Optical Delay Qﬂj} 0BS
! — )
. | pata Acquisitionj SHG 800 nm
1
: Control Computer DM
1 g N2 waveplate
Spectrometer : 450 - 800 nm Spectra-Physics
Ocean Optics ,I" P Y
| $D2000 DS2 _
200 - 800 nm Spitfire/OPA 800
™ |Pump 1 KHz
Probe 100 fs
300 - 1200 nm
50/50

BS
Rotation sample

stage
Figure 2-4. Femtosecond pump-probe system. Beam splitter (BS), whit@eont
generator (WCG).
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optical delay stage (DS1). The energy of this beam is cqul0&ither of these pump
beams first passes through a half-wave plate, which rotatedatine of polarization
accordingly, then to a long focal length lens, before being steeradd®the sample.
The spot size of the pump beam at the sample ca. 1.5 mm inteliare white
continuum probe beam is generated by focusing the 10 % split of ithealeSPA pump
into a 2 mm thick sapphire window. The white continuum is directedrttsithe second
optical delay stage (DS2) that allows for variability in tinee at which it and the pump
beam arrive at the sample. Once the desired delay is imposieel probe, it goes
through a 50/50 beam splitter, then the resulting beams are focusedeostmmple with
a spot size less than 0.5 mm. The spectral profiles, showgureR2-4 of the signal and
reference probe beams are detected by a dual channel Oceam@patgre

spectrometer (Model SD2000). The temporal resolution of this setigp 200 fs, as

1.00

— Signal
0.80 === Reference

o
o))
o

Intensity (a.u.)
o
~
o

0.20

400 500 600 700 800
Wavelength (nm)
Figure 2-5. The spectra of the signal and reference probe beams. Thertiffsrin the

spectra are due to the reflectance and transmission chestargesf the 50/50 beam
splitter.
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determined by sum frequency mixing of the pump and probe beams in aHlickm
BBO nonlinear crystal (Inrad). Sum frequency mixing is also usddteymine time
zero, the time at which the pump and probe beams have the maximporaé overlap
in the sample.

As a result of the high peak powers of the pump and probe beams apsdnast
be taken to reduce the photo-degradation of the sample over the coamsexperiment.
For solution samples, a low volume flow-cell system, consistingnah&ature electric
pump (Cole-Parmer) and a 0.5 mm pathlength quartz flow-celb(Rfcision Cells)
was used. For film samples, a custom designed computer contoiddn stage was
used. The rotation stage uses a two inch polarizer mount (Thoslblz$) holds the
sample, and a high torque stepper motor (Lin Engineering) to drivetdten. A
picture of these systems are shown in Figure 2-6.

Synchronization of data collection, rotation stage motion, and ttenmst optical
delay stages, was accomplished using a custom written Java bagerpcalled
TimeStep. In Figure 2-7, a diagram showing the key functions gbithggam can be
seen. The primary function of this program is the translation afdlay stages (DS1
and DS2) in a predetermined sequence, through a serial port conneatiototze stage
controller A. Concurrent with the translation of the stagetheisenaming of data files
from the spectrometer control software. If a film sampleeisg studied, the program
also controls the rotation cell through a second serial port connéztiloa motorize
stage controller B. Moreover, this program is also responsibtedacquisition and

processing of the photodiode data from the oscilloscope through a GPIEtonne
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Figure 2-6. Optical images of the custom designed low volume flow-celu{®n
samples) and computer controlled rotation stage (film samples).

Oscilloscope
Data

TimeStep Program
Motorize Stage
Controller A

l
Motorize Stage Spectrometer
Controller B Control Software
(delay 1 ' delay 2 '
( stage 1 '  stage 2 " stage 3 ' (rotation cell'

Figure 2-7. Diagram presenting the key functions of the custom Java based eomtrol
data acquisition program, TimeStep, for the pump-probe systems.
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2.7 Data Analysis and M anagement

Experimental data collected from the various experiments wasradquth the
specific goal of elucidating the nature of the ultrafast nonlineaapesponses of the
composite films. From the corrected fluorescence and normalimamption spectra,
one can readily obtain the the quantum yield for radiative decay ungrfgliowing

equation [13],

| ODg n? (2.1)

Q= QRI_R—OD peX

R

Here,Q is the quantum yield of the unknow@g is the quantum yield of the standard
sample] andlr are the integrated intensity for the unknown and standard, respgctivel
OD is the optical density andis the refractive index. The standard used for the
guantum yield determination was cresyl violet in methanol, whicla ltasgantum yield

of 0.54 in the spectral range 600 - 650 nm [14]. From measured quards) the rate

constants for radiative, and non-radiative decay are obtained usiaguatons,

(=2 (2.2)

K = (1-Q) (2.3)

wherek; andk, are the radiative and nonradiative rate constants;raiglthe measured
lifetime. The quantum yield, lifetime, and rate values allbevexcite-state dynamics of
the intercalated dyes to be ascertained to a high degree ofhtgertai

For films containing energy transfer complexes, the excited diatamics and
energy transfer parameters can be understood by employing an addeiooil
equations. The relevant energy transfer parameters that needbtained are the

efficiency, transfer rate, and the spatial relationship betwleedonor and acceptor.
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The efficiency of the energy transfer process is given by,

E=1--—. 24)

I 0
The termd, andl are the integrated fluorescence intensity of the donor in the absence
and presence of an acceptor respectively [13]. When energy traostes through an

electron exchange mechanism, the well known Stern-Volmer equataiifjed to

account for a quenching sphere of action,

% = 1+ Ko7, Alexp(| A]VN /1000, (2.5)

can be used to obtain the electron transfer rate. In this eigndg is the bimolecular
guenching constanty, , is the measured lifetime of the donor, aAfi$ the
concentration of the acceptor. For energy exchange by the Coulontsamsan, the
rate is given by the following equation,

1
Ker = —
To

r

Ror (2.6)

whereR, is the Forster distance ands the donor-acceptor distance. The Forster
distance specifies the donor-acceptor distance at which half thedestonor molecules
will undergo energy transfer. This equation is the same asi@ydal, except the
experimental parameters have been foldedfatandRo. is now stated as Since the
wavelength of the collected data is expressed in nanometers, alahtreand acceptor
can be assumed to be randomly oriented within the film, the Fdiistance, in

angstroms, can be conveniently given by,
R, = 0.211(2/3)’n *Q, J (A)]"®, (2.7)

where the termJ (A) is the normalized spectral overlap integral. The spectralapver
defines the area where the fluorescence curve of the donor, afbtnpten curve of

the acceptor overlap with each other. The greater this ovérapiggemR, and vice
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versa. Having obtained bohandR, from the experimental data, one can now use the

following equation,

r:RO{(l—EE)l | (2.8)

to derive the average donor-acceptor distanda,angstroms.

Evident by the above set of equations, is that extraction of thentlmformation
from the experimental data requires a substantial number beEmatical operations to
be performed. In order to expedite the analysis process, a custarhaked program,
InstruView [15], was developed. The diagram illustrating theousrfunctions of this
program is presented in Figure 2-8. Central to this progratme ightility to store and
organize the data from various instruments in a common data f@nokto apply the
required mathematical operations to this data, in order to obtadesired results.
Whereas, several tedious operations would have to be done to obtainrthetemesfer
parameters using a typical scientific analysis program, now,sofdw mouse clicks is
all that is needed. Another advantage of having a common data fornhatt it makes it
possible to rapidly search and visualize large data sets in iIneiclatne way one can do

with a collection of MP3 music files.
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3. Composite Film and Dye Aggregation

3.1 Introduction

In deciding the material for the thin-film photonic layer, a nundféactors need to
be taken into account. First and foremost, is the ability ofilthés fmatrix to effectively
solubilize relatively high concentrations (Ll 10> M) of the various dye and quencher
molecules being used. Such high concentrations is necessitated bgdHerrtae films
to exhibit appreciable absorbance (0.5 to 1.5 absorbance units), evethaihen
thickness is as little as 200 nm. If the molecules are nettefély dispersed within the
host matrix, the optical as well as the physical propertigsediiims tend to be
negatively influenced. For example, broadening of the dye's absorptidralosug with
loss in its intensity, and decrease light transmission throughitineafie some of the
adverse effects that might result. The processability an@dlbgerlity of the resultant
films are the next factors to be considered when deciding upoitntteedomposition.
Film fabrication needs to be conducted with relative ease, tistngroven deposition
techniques of drop-casting, dip-, or spin-coating. This would allarga number of
films, containing a variety of dyes with, or without additional molacquenchers, to be
evaluated on an expeditious basis. The greater the number of filoodhy@nations
studied, the better the chances of finding one or more that poss$esdesited
properties. Irrespective of the fabrication procedure used, the fifust be of the
highest optical quality in order to minimize signal looses due to $ighittering from
internal defects within the matrix, such as pits and cragksa result, the materials that
are most suited for use as the thin-film photonic layer are polys@rgel derived

inorganic xerogels, or organic/inorganic composites.
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When it comes to polymer films, a significant volume of work existhe
intercalation of low molecular weight organic dyes, and the resutiogophysical
properties of the obtained films [1-5]. As a matter of fdt,use of dye containing,
conductive polymer films, is widely employed in OLED industry to ttireeemitted
color of the display material [6,7]. Given the extensive usk/efdoped polymer films,
it seems only natural to employ them as the photonic layer. Howeseof polymer
films present a significant drawback, that, in this author's opimion|d forestall their
use as the photonic layer. Due to the high peak power lasers ithwoltree operation of
a time-to-space converter, it is likely that irreversible phméaching of the dyes within
the polymer matrix would result. Upon photo excitation, the dyes maygmdeer-
system crossing (ISC) to the long lived triplet state, then adaiyireact with the
surrounding polymer environment. This would lead to the formation ofalaspecies
which would no longer absorb at the wavelength of the gating pulséngalis optical
switching device to become inoperative. This kind of photochemicalorabetween
the intercalated dyes and the polymer network, has been shown to gy mye
degradation pathway [8-10].

Dyes incorporated into sol-gel derived inorganic films, specificzlica based,
would not undergo such photochemical degradation to the same extent agrestdree
of a polymer environment. This is due to the photochemically inertenafisilica
matrices, as discussed in chapter 1. Dye degradation stilkatecaugh the formation
of a triplet state, but now the reactive species is eithezgular oxygen, or another dye
molecule, but not the host matrix [11]. The silica matrix doegstdm some

disadvantages though. For one, the polar nature of the matrix mdkésutt to
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effectively solubilize some of the hydrophobic dyes used in the study. @&gcand
more problematic are the chemical reactions that occur betWeesilita matrix as it
forms, and a few of the dyes. In the case of cyanine-type smunargyes, such a
reaction leads to a significant loss in the dye's absorption band pedpd of several
days. The loss in the absorption intensity is most likely attiibeite the reaction of one
of the oxygens on the central four member ring of the squarylium dizgeavgiticon atom
to form the colorleskeuco form of the dye [12]. Limited film fabrication options is
another disadvantage that results from using of sol-gel derived fiins. Detailed
studies looking at the experimental parameters that leads tagtieshguality silica
films, show that for spin-coated films, the spinning speed and $kesity of the
precursor sol must be judiciously controlled [13]. Such requirememnikivgerve to
limit the number of dye systems that can be evaluated. Furtherfabrication using
the other, more facile methods mentioned above results in filmharéhéaden with
defects.

The ease of fabrication of the polymer films, and the photochentatality of the
silica films, can be attained in a single film by combining @ets of these two systems.
Such composite films, containing inorganic and organic domains, can lieedhtiging
two different approaches. The most straight forward of tlegeiaddition of low
molecular weight organic molecules into the precursor sol. Thenmesé the organic
molecules would serve to both improve the processability of the sdip gmdtect the
dye molecules from the reactive silanol groups of the silica nktjddt. Improved
processabilty arises because the organic molecules act as@abgirolling agent

(DCA), controlling the rate of solvent evaporation, thereby, minimgithe formation of
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defects in the resulting material. This effect, howevdmniged to concentration range
in which the organic additive and the silica sol remain as a hamogs mixture. If
phase separation takes place, high quality films can no longdatéi@ed, no matter the
fabrication process used. The second, more involved approach, reqeitese of
organically modified silicates (ORMOSIL) with specific furstal groups. The
composite materials obtained using these modified silicates haaelyabeen shown to
be well suited for the incorporation of a range of dye moleculel,exitellent retention
of their optical properties [15-17]. These ORMOSIL also havedhardage, that the
weight percent of the organic component can be much higher since reosgipasation
can occur. This higher organic content, translates into a gedaligy to solubilize the
added dye molecules, but this turns out be disadvantageous when thetlgoal is
incorporation of dye aggregates, or energy transfer complexeghascisgse in this work.
3.2 Silica/Pluronic P123 Composite

Whether it is the formation of dye aggregates, or energy trarsfgslexes within
the films, both require a microenvironment that favors intramddeaoteractions taking
place. In solution, the surface of nanoparticles, or core easedmbled mesostructures,
i.e. micelles, formed by surfactant molecules, provides suchvaroement [18,19].
Unfortunately, the microenvironment within a silica, or hybriccaflorganic film is one
that favors the isolation of the individual dye molecules at the caatents necessary
to obtain the desired optical and physical properties of the Bltrhigher
concentrations, aggregation or formation of energy transfer complexgd in fact
occur, but now the films would be too optically dense, and significaattdefvould

most likely be present, due to phase separation taking placeedgaenesolution to this
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problem, and the one that is employed, is to incorporate self-aggkmbbkostructures
within silica matrix. These mesostructures would provided a é&ler
microenvironment for the dyes and/or quenchers to reside in, while sdrtetime,
reducing the effective volume of the film. The volume is ¢iNety reduced because the
hydrophobic nature of the dyes makes it energetically favorable fortthesaide
predominantly within the mesostructures, and not within the more gibta
framework.

Incorporation of such micelles at relatively high weight conteat 60 %) into the
silica framework presented a bit of a challenge though. Sincelthecd content of the
precursor sol is so high, few surfactants would form stable mgcatlthe required
concentration. Also, because of the surface charges on thenaitiogarticles present in
the sol, only nonionic surfactants can be used. Surfactants whichaaged, either
negative or positive, tend to destabilize the sol mixture by rgubke silica
nanoparticles to aggregate together. Though several nonionic surfaceatited, the
one that results in the highest quality films is Pluronic P123. climical structure as
well as the cartoon representation for this molecule is presankagure 3-1. One of
the most remarkable properties of the composite films derivedusimg this surfactant,
is the shear ease of fabricating high quality films usinglifierent casting methods.

HO[-CH,-CH,-O] m[-Cl‘H-CHZ-D-] J-CH-CH-O-] H
CH, PPO
N

PEO PEO

Figure 3-1. The molecular structure of the non-ionic surfactant Pluronic PIQ8.
insert show the cartoon representation for this molecule. PEORPfD R abbreviations
for poly(ethylene oxide) and poly(propylene oxide), respectively.
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Figure 3-2a and 3-2b show the AFM topographic scans of a drop-casted aodteigp-
films respectively. The diagonal features seen in the dropeceségie are small surface
ripples that occurred during the solvent evaporation process, and théstexorys point

to a surface with very little defects. The average thickf@sdip-coated films are 200 +

4 nm, whereas drop-casted films have an average thickness of apgeyi6 + 0.5um.
Film thicknesses for the drop-casted films are less exactbedittle attention is given

to the exact quantity of sol used in making them. The more solthsetthicker the film,
and vice versa. A remarkable property of these two filmbaiseven though there is a
substantial difference in their thickness, there is littleaten in their surface roughness.
Dip-coated films had a RMS surface roughness of 1.2 nm, whils prepared by the
drop-casting method have an average roughness only slightly greatenit. 2This
indicates that the structural integrity of the films is maim¢d over a wide thickness
range, which is generally not the case for pure silica filtBs Aside from exhibiting
good physical properties, these films also have excellent transpaheocghout the

visible and near-IR region, with the average percent transmigtbe films being

drop-casted dip-coated

Figure 3-2. AFM topographic images of a 100 x 1t area of a drop-casted (a) and a
dip-coated (b) film. The ripples seen in image for the drop-céistedre due to the
solvent evaporation process.
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greater than that of the bare substrates. This increasestesoitthe well known anti-
reflective properties inherent to silica or silica/organic hybimas [20-22].

The outstanding processability and optical properties of these comflasstare no
doubt due to their inorganic/organic hybrid nature, more specificallynteeaction
between the silicate framework and the non-ionic surfactant PIUPdi28. Given the
concentration and the temperature used to prepare the sol, indivigiaali®P123
molecules are expected to self-assemble into micelle stes¢tofrvarious shapes and
sizes, that serve as a template around which the silicavark forms, once the
condensation process has been initiated [23-25]. Within the resultimsydt monoliths,
these supramolecular assemblies occupy a significant portion @fehal volume,
leading to distinct hydrophobic domains, at the core of Pluronic P123lassemand
hydrophilic domains at the interfacial regions between the hydrophil¢gtbylene
oxide) blocks of Pluronic P123 molecules and silanol groups of the sdiceevork. It
is those hydrophobic regions that can serve as favorable microenvironmehtsh dye
aggregation can take place and dye/quencher complexes can form. Supihert
existence of these mesostructures derives from the fact thatnehdye is added to the
sol, the resulting xerogel material is nonporous. However, upon adalitiba
squarylium dye, SQ-OH3, the xerogel becomes mesoporous, with an aperagze
distribution of 2.7 £ 0.1 nm. As a control, antimony doped tin oxide nanolgarti
(Nanophase Technologies), with an average particle size distnaft?0 nm is added
to the sol at the same weight percent as the dye. In thistbagesulting xerogel is only
slightly porous. The porosity difference between the dye and nanopaditiaining

xerogels can be seen in Figure 3-3. This difference can be understoo#iby at what
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type (rod or spherically shaped) of mesostructures that is enailyetawvored upon dye
or nanoparticle addition.

In the absence of the hydrophobic dye molecules, or when nanoparticlessanmet pr
the Pluronic P123 are most likely assembled as spherically shagsedtnuctures, or
micelles, causing the matrix to have little porosity. Miglkre energetically favored
because they allowed the hydrophobic PPO blocks of the Pluronic P123 to remain
separated from either the hydrophilic silica framework, or the natidpar surface.
However, when dye molecules are present, rod shape mesostructunegvahe
energetically favorable structure. The hydrophobic interactions betivealyes and
PPO block of Pluronic P123 molecules would drive the formation of rod-8hape

mesostructures, because given the concentration of both speciesoh that would be
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Figure 3-3. Plot of pore volume versus pore diameter of the composite xerogel
materials containing a squarylium dye, or nanoparticles at equiwaéeght percent.



46
the structure best able to segregate the hydrophilic and hydrophobic eleviteim the
film. Since these rods, unlike micelles, are open ended, dtvxrthey reside in attains a
certain level of porosity. Mesoporous silica and tinaniasfitmntaining highly ordered
pore structure have already been fabricated using these rods {@6jmates, so it is not
unreasonable to believe the current films possess a similartpg®ige. A cartoon
suggesting how the dye and/or quencher, Pluronic P123, and frameweakKilsdly

interact to form the composite film is shown in Figure 3-4.

Pluronic P123 e
Mesostructures

Dyes/
Quenchers

Figure 3-4. lllustration showing internal structure silica/Pluronic PiR8s. The
hydrophobic organic dyes and quenchers selectively reside within the ptinesetelf-
assembled mesostructures.

3.3 TDBC J-type Aggregates

The formation of J- or H-aggregates in dye systems, have long been kmtead
to significant, ultrafast nonlinear optical responses as a @seciton dynamics [27-
31]. Whereas, free or monomer dye molecules exhibit excitedigtitaes in the tens
of picoseconds to the several nanoseconds, as part of a molecuéayaaggthose
lifetimes were reduced down to a few picoseconds. Such is ticalapsponse of these

aggregates, that a neat film of J-aggregated squarylium dyé&d&adyabeen employed
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as the photonic layer in an all-optical time-to-space converter [38. exciton
dynamics leading to ultrafast excited state deactivation can be toutkby using a
model system consisting of a homogeneous one-dimensional Frenkel exttaiizied
over several molecules within the coherent aggregate [33]. Whamctent excitation
energy is above a certain threshold, as would be the case in a spitching device, a
two-exciton state can be created through the absorption of a secoad birdhe one-
exciton aggregate. The occupancy of the coherent aggregate by nexdpbass leads
to the process of exciton-exciton annihilation. This process can leseeped as

follows:

phonon or (3.1)

Auger process
photon emissio’nlleﬂ'F |Oet]

|16+ |16 2 |26+ |0&]

As a result of long-range interaction between the excitons, onerofrtiaxes to the
ground state, Oe, through non-radiative recombination by the Auger processHibd],
the other gets promoted to the two-exciton state, 2e, and immgdeleeles back down
to the one-exciton state, 1e. Relaxation from the two-exciton to>aieie state can
occur by the nonradiative phonon vibrations within the aggregate structuagljative
decay. The latter is what gives rise to the superradiance phenotreraed for the J-
aggregates of certain cyanine dyes by Akins et al. [35]. Regarafethe deactivation
mechanism, the transition from the two-exciton to the one-excitanisgtbeen shown
to occur in the femtosecond domain, while the transition from the xai®ie to the
ground state occurs in less than 2 picoseconds [33].

Along with a greatly reduced excited state lifetime, supearand (viz. coherent
spontaneous emission (CSE)) also results in the J-aggregate aauhgtantially higher

guantum yield of fluorescence compared to the monomer [33]. Thisngoftance
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because such rapid deactivation through a radiative pathway iabdesiver
deactivation through a thermal relaxation pathway. The lattemiverently result in
thermal decomposition of the dye units in the aggregate. As shetpstto have a
better understanding of this phenomena. Superradiance is comparalsigmulated
emission process in which a photon emitted from the 2e to the éeatetes an
identical photon to be emitted from the le state simultaneoiisig.can occur because
the energy spacing between the ground and 1e state is close tacihg bpaween the
le and 2e state. The spacing is not identical, however, anduk&ssdhe stimulated
photon to be slighter higher in energy than an unstimulated photon from steteleln
any case, it is this simultaneous emission of photons thatscthessignificant reduction
in aggregates excited state lifetime, as well as enhanoa@$lcence.

The primary factors governing the ultrafast exciton dynamicsharaggregate's
structure, solvent interactions, and static and dynamic disorderinge the aggregate
structures that will be discussed here were intercalated sdbdamatrix, solvent
interactions are not expected to affect to the overall ultrafaston dynamics.
However, the other factors will, and among those, probable the mesthdastic will
be the overall aggregate structure. One-dimensional J-aggragagebeen shown to
possess a hierarchical structure consisting of small-sizederdleggregates, and large-
scaled, rod-shaped aggregates whose subunits are composed of thet @dwegates.
The coherent aggregates, in which exciton de-localization occurshbhangermed
mesoaggregates, while the rod-shaped aggregates are called magateggi36]. In
solution, the size of these aggregates will be dictated by thessmlvent interactions

and temperature, but within a solid matrix, their size eafpend on the free space within
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the matrix. Moreover, since the aggregate's optical propergastansically linked to
its structural properties, there will certainly be spectffdinces between the
aggregates in solution and those confined within a matrix. rAsudt of a higher degree
of static disordering [37] within the aggregates, the aggregétsis@ion band will
exhibit smaller Stoke shifts than in solution. The H-aggregate Wwdinge less shifted to
the blue, while the J-aggregate band will be less shifted t@theelative to the
monomer band. Also, significant spectrally broadening would likely odaerto the
coexistence of aggregates with slightly different coherence leigytbh spectral
changes in the J-band of a cyanine dye, have already been observed upsulahoa
into mesoporous silicates [38,39].

In order to study aggregate formation within the composite filnescyanine dye
TDBC is used. The chemical structure, as well as a carepoasentation of the head-
to-tail stacking involved in J-aggregate formation of this dye is showigure 3-5.
Three other cyanine dyes were tried, but none resulted in films exgibitvell defined
J-aggregate band, or J-band for short. In Figure 3-6, the absorptiora sf¢be TDBC
J-aggregate in an aqueous solution containing silica nanoparticles, nromibmne the
film, and mixed monomer/J-aggregate within the film are preseribd.respective
TDBC concentration for the samples are 2.4 X0 1.75 mg/ml, and 3.63 mg/ml|
(mg/ml refers to mg of TDBC to ml of precursor sol). The deba solution is centered
at 589 nm. In the film, the monomer band occurrs at 526 nm when n@atgie
present, but shifted to 531 nm when itis. The blue shoulder is alsocechahen
aggregates are present, possible due to the formation of dimeiis;omic coupling to

the aggregates phonon modes. The J-band within the film is muakdesisifted, now
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Figure 3-5. The chemical structure of TDBC with a cartoon representafitre head-

to-tail stacking involved in the formation of J-aggregates. The andwates the slip
angle between the individual dye molecules.
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Figure 3-6. The normalized absorption spectra of TDBC aqueous solution based J

aggregate (short dash line), along with the composite film basadmrer (solid line)
and mixed monomer/J-aggregate (long dash line).
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occurring at 565 nm. The significant spectral overlap between themeoramd the
aggregate band, in the film, might be due to shorter coherence lengtk thaggregate
than in the solution. The decreased steepness of the wing etbdmel past 600 nm is
also another unique feature seen in the film's absorption speciiuismight be
indicative of the coexistence of various, as defined by differendbégimncoherence
length, J-type aggregates within the composite film.
The steady-state fluorescence spectrum of the J-type aggratiatetine film is
also a point of interest. The normalized fluorescence specti@efsolution based J-
aggregate, the film based monomer, and aggregate systerhswareis Figure 3-7. The
fluorescence spectrum for the solution based J-aggregate is ehaeatcby a relatively

narrow band, with the maximum occurring at 594 nm, while the filmdoasmomer's
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Figure 3-7. The normalized fluorescence spectra of TDBC solution basggréeate
(short dash line)Xex 480 nm), along with the composite film based monomer (solid line)
(Aex 475 nm) and J-aggregate (long dash ling)475 nm).
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fluorescence maximum occurs at 547 nm. The film based aggregateugp consists of
two bands, whose maxima occurred at 547 nm and 601 nm. The lower ynperaditat
547 nm is undoubtedly that of the monomer, and the one at 601 nm, undoubtedly that of
the aggregate. The broad nature of the aggregate's fluorescencerti@rdstipports the
above contention about the existence of an ensemble of J-type aggvatiatethe
composite film.

Although the reduced red-shift for the TDBC J-band is indicativesohaller
number of molecules coherently coupled to form the mesoaggregatesinot indicate
the number of mesoaggregates that compromise the macroaggrégaget an idea of
this, an AFM topographic scan was acquired, and the resulting icaagee seen in
Figure 3-8. Unlike the pristine composite film, the film comitag TDBC aggregates
contained micron-sized (in width) surface features, which ar¢ likely
macroaggregates. Formation of these macroaggregates conceivaideascollows.
When TDBC is added to the precursor sol at a certain weighgnieeggregate
formation takes place, as is indicated by the opaque naturerefstiiéng mixture. The
formation of the Pluronic P123 rod-shaped mesostructures around these &ggrega
limited their size in one direction. This would explain the reducéei@nce length.
However, many of these aggregates would be stacked within thiStmth stacking
would have little effect on the observed J-band, since only weetkaie coupling
would be expected to exists between the individual coherent aggrefasng
electronic coupling did in fact occur, then the J-band would be expectedier go a
greater red-shift and it would be substantially broadened due tosedre&citon-exciton

interactions. None of these effects are observed in the absarptioa fluorescence
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macroaggregates

Figure 3-8. A 3D AFM topographic image of a 100 x 10t area of a drop-casted film
containing TDBC J-aggregates. The arrows points to the miaenisiwidth,
macroaggregates which are dispersed throughout the surface.

spectra. Upon solvent evaporation, many of these rod-like megastisicontaining the

aggregates, would cluster together to form the structures sdenAf-M image.
Formation of the J-type aggregates, as indicated by the absorptiin@aedcence

spectra, is not enough to determine the applicability of thess &ithe photonic layer,

though. These J-type aggregates have to also exhibit rapid exdiéedestativation.

The simplest way to ascertain this is by studying their fluemese decay dynamics.

Due to stimulated emission from a two-exciton photon causing a aiterephoton to

be emitted (i.e. superradiance), ultrafast excited statgidatgon would take place. This

would show up as a rapid, instrument limited, intensity decreabe time-resolved

fluorescence decay profile. In Figure 3-9, the decay profilethéomonomer and
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aggregate within the film are presented, and for comparison sthiation based counter
parts are also provided. In solution, the mean lifetime for thr@omer is 151 ps, and the
J-aggregate is 150 ps. The monomers and J-aggregate haveldgetiitaa because it
has been shown that for cyanine dyes, a rapid, barriereBsans isomerization process
is the dominant deactivation pathway [40].

The decay dynamics for TDBC within the composite is vastly @ifer For one, the
monomer's mean lifetime increases to 547 ps, which is attoleuta inhibition of the
isomerization process; it should be noted that the monomer's decis gaafonly be
fitted using a three component model whose lifetime values are 1{78%3, 670
(45%), and 211 ps (40%). Secondly, and more importantly, the decay mfatie J-

type aggregates exhibites a dominant instrument limited component(@3%} along
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Figure 3-9. The fluorescence decay profiles of TDBC monomer and J-agglegate
solution (dash lines), and their counterparts within the composite film
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with two less significant, longer lived components, with lifetigalues of 155 ps (20%)
and 863 ps (17%). Since the excitation (475 nm) is resonant with themadso
absorption band, the J-aggregate fluorescence occurs through an earestgy pprocess
from the monomer to the aggregate. This energy transfer protessjunction with
the shorter coherence length of the film based aggregate, intteadéelihood that a
two-exciton state would form, causing the decay dynamics to be dechibwpat
stimulated emission i.e. superradiance, and exciton-exciton atioinilgddditional
evidence for this can be seen in Figure 3-10, which shows the thokred spectral
evolution of the aggregate's fluorescence acquired using the saraakacsystem.
Within the initial 200 ps following excitation with the 100 fsdapulses, the aggregate's

fluorescence band had a maximum at 594 nm, but as time progressbdnthis
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Figure 3-10. The time-resolved fluorescence spectra of the compositbditad TDBC
J-aggregate. Each spectra represents a 200 ps time window andoasseen, the J-
aggregate's fluorescence maximum undergoes a shift to the retegudigresses.
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progressively shifted to the red. This initial blue-shift inftherescence maximum is
indicative of a stimulated emission process [41].

3.4 DODC H-type Aggregates

In contrast to TDBC, incorporation of the cyanine dye DODC withirctmposite
film, results in the formation of H-type aggregates. The cbalnstructure, as well as a
cartoon representation of the parallel stacking involved in H-aggréganation of this
dye is shown in Figure 3-11. Like the aggregates of TDBC, aggregfdd3DC
exhibited distinct spectroscopic features from those formed in solutoRigure 3-12 it
can be seen that the absorption spectrum of DODC in an aqueousnsodutaining
silica nanopatrticles is dominated by a band at 497 nm, correspondireggHieatggregate,
and a lower intensity band at 577 nm, corresponding to the monomer. &mtbe s
figure, the spectra of the monomer and aggregate within theuféralso presented. The
respective DODC concentration for these samples are 4.8 M,1@.46 mg/ml, and
4.15 mg/ml. The monomer band is red-shifted to 590 nm, as a redudtless polar
environment within the composite film, while the aggregate band isceatered at 542

nm. There is also a smaller Stokes shift between the aggragathe monomer band

e &

H-Aggregate Stacking

Figure 3-11. The chemical structure of DODC with a cartoon representafithe
parallel stacking involved in the formation of H-aggregates. Tiwsvaepresents the
slip angle between the individual dye molecules.
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Figure 3-12. The normalized absorption spectra of DODC solution based H-atgrega
(short dash line), along with the composite film based monomer (sajdand a
mixture of monomer/H-aggregate (long dash line).

within the film, compared to that in solution, i.e., 48 nm versusni9respectively.
This suggest that the exciton length of the film based aggredats ihan the solution
based counterpart. As in the case of TDBC, the coherence lertghDODC
aggregate appears to be governed by internal dimensions withirutbei®l123 rod-
shaped mesostructures.

As expected, little fluorescence is observed for aggregatesrbstifuition or within
the film, due to the non-emissive nature of H-aggregates [42]. [0dre$cence
spectrum of the film based aggregates is characterized by g lmwadtensity band that
appears to be a combination of the monomer fluorescence and possssdierfnom an
electronically forbidden H-aggregate state or more likely, a vibrioand of the

monomer. A plot of this spectrum, and for comparison, that ahthreomer in the film
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and H-Aggregate in solution, are presented in Figure 3-13. An intgyestte is that
even though the absorption spectrum indicates that a substantial ahowamomers
remained in the film, little fluorescence from them is obsewieen exciting on the
aggregate band. This indicates a rapid excited state deaxtifratm the exciton band to
the ground state before any energy transfer to the monomer cande&e Bven if
energy transfer does take place, deactivation of the monomeilcaacsir through a
back energy transfer process to the lower-level of the H-aggsegatgon band. An
energy level structure and population dynamics scheme for thessggs@e shown in
Figure 3-14. A qualitative measure for the rate of this dedictivarocess can be
ascertained by looking at the fluorescence decay dynamics. Theptetike for films

containing predominantly monomer, and a mixture of monomer and aggregates c
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Figure 3-13. The normalized fluorescence spectra of DODC solution baggdrédgate
(short dash line)Xex 500 nm), along with the composite film based monomer (solid line)
(Aex 540 nm) and J-aggregate (long dash ling) 340 nm).
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Figure 3-14. Photodynamic scheme to explain the fluorescence decrease that
accompany the formation of H-aggregates. Solid arrows indicateptibsobroken
arrows fluorescence and wavy arrows internal conversion, and ctossetepresent
forbidden transitions. Energy transfer is indicated by the curved:sr

seen in Figure 3-15, along with the decay profile for DODC innethaThe decay
profile of films containing aggregates, is fitted using a tlee@@aponent model in which
the dominant component decayed with a time constant of 56 ps (78%bhevtikio
slower components decaying with time constants of 268 ps (17%) and 1Z88)ps (
respectively. The monomer containing film exhibits a two componeatydéut now
the time constants are 452 ps (13%) and 64 ps (87%). This relainlylifetimes is
most likely due to a self quenching process, because in ethanoledmelifetime of

DODC is 1997 ps.
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Figure 3-15. The fluorescence decay profiles of DODC solution based monomet (shor
dash line), along with the composite film based monomer (soliddime ) mixture of

monomer/H-aggregate (long dash line).
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4. Cyanine-type Squarylium Dyes

4.1 Introduction

For squarylium dyes (such as shown in Figure 4-1), intense absorptions smae
cases, strong fluorescences in the long-wavelength and near-dRsegithe visible
spectrum have been exploited for a range of applications, includingsisetive agents
in photovoltaics, xerography, chemical sensors, and nonlinear photonic sy$tén In
such applications in which squarylium molecules play key roles, the ptystiopl
properties that are utilized, generally, owe their charastenérgetics and kinetics
properties of donor-acceptor-donor (D-A-D) entities within the dggsBoth
semiempirical [6], and more recendp initio [7] calculations show that in the ground
state, significant intramolecular charge transfer (ICT) ftbentwo donor moieties, D, to
the central GO, electron-withdrawing group (A) causes these dyes to adopt an
essentially planar structure. The high molar extinction coeffidior absorption to the
lowest lying singlet state, was also shown to be due to a comanirmdithe ground state
ICT and an excited state CT process that is confined whieicentral GO, group. In
the excited state CT, electron density from an oxygen is traegdferithe central four-
membered cyclobutane ring. As a result of the coupling betweenGfiegmcesses, the
observed photophysical properties are strongly dependent on the nature of donor side
groups.

In the two cyanine-type squarylium dyes investigated in this studynaladenine
groups serve as the donors, which leads to the parent dyes having signiicgolar
character as well as a slight deviation from planar stre@sirfound for most other

squarylium dyes [8,9]. As shown in Figure 4-1, these dyes differ ortlyebgubstitution
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SQ-Cyl R=CHjs
SQ-Cy2 R =C3HgSO3 HN

\ /

Figure4-1. Chemical structure of SQ-Cy1 and SQ-Cy2 cyanine-type squargiyes

of the methyl groups on the nitrogens in the case of SQ-Cy1, with alkgtesgroups in
the case of SQ-Cy2. This nonpolar character makes these dyesiiezllfor
incorporation into polymer matrices [10], but not for incorporation in palarganic
matrices, as was done with other, more polar, squarylium dyesHiiyever, the
hybrid nature of the silica/Pluronic composite developed here, madadeal host
matrix for these dyes, because they can be readily occluded witmorpelar region of
the Pluronic P123 mesostructures.

Intercalation of these cyanine-type squarylium dyes within the coteddsis to
form the photonic layer in an all-optical switching device, desciibhetapter 1, would

be advantageous on several fronts. First and foremost, is that tbetphuity of
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squarylium dyes match, or even surpass, the photostabilities ofasestyes, which
are among the most photostable organic dyes known. This enhanced ssaéityy
due to the low intersystem crossing (ISC) efficiency from ihglet to the triplet state
[12,13] (Reactive triplet state intermediates have been showaydela significant role
in the photochemical degradation of organic dyes [14]). Secondly, and more
importantly, is the significant third-order nonlinear susceptibihigt squarylium dyes
possess [15]: third-order nonlinear susceptibility is centrddgaittrafast optical
response necessary for the functioning of an all-optical switch.

Although the properties discussed above make composite films containing
squarylium dyes well suited towards the desired application (i.keabptvitching), there
is one drawback that is inherent to the intercalation of thesemtges solid matrix. As
discussed in chapter 1, the optical response of any materiahiarityigoverned by the
rate of excited state deactivation. The greater thisttadaster the optical response,
and vice versa. Prior studies have shown that an excited stat¥iiation, related to
twisting about the bond connecting the central squaraine moiety no@enine group
(rotation "a" in Figure 4-1), is the major deactivation pathveaysfuarylium dyes [16].
Consequently, the steric restriction imposed by the compositewibuld severely
hinder this isomerization process, leading to a significantly lemgith excited state
lifetime.

In this work, the excited state quenchensitroaniline PNA) and methyl viologen
(MV) are employed to rapidly deactivate the squarylium dyes witl@rcomposite films
by an electron exchange mechanism. Formation of the dye/quenchaexesns

studied by steady-state absorption and fluorescence spectroscopy.hisrdata, and
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use of the well-known Stern-Volmer equation, estimates for theafarelectron transfer
rate and quenching efficiency are found. Time-resolved fluoresctundies are used to
ascertain the dynamics of the electron transfer process. eisatkon transfer dynamics,
from the quencher to the dye, is studied using femtosecond pump-prolyespmmnt.
The laser dye, rhodamine 800 (LD800), is also used for exciteddstatavation,
however, a long range energy transfer mechanism is found to playisaddmole. As
such, Forster equations are used to derive the energy trans$eanrdtether relevant
experimental parameters, such as the spatial relationshipdretiaee squarylium dyes
and LD800.

4.2 Nonlinear Theory
As mentioned above, the third-order susceptibility is centrédagmperation of an

all-optical switch. However, theoretical models that acclyakescribe the mechanisms

that contribute to the third-order polarizability or the molecular property and for
the bulk) have not been developed, as a result of the complexitiesnnhesuch
models. In the case of squarylium dyes, Dirk et al. proposedpdifeach model that
takes a qualitative, and semiqualitative approach for elucgléte source of their
nonlinear properties, and this will be presented here [7]. Thisinmwdves the
simplification of a relatively complex one-dimensional, nine-tehmee-level model to a
more manageable three-term expression,

Y=Yt ynt Yo (4.1)
where y. = —-K ungn contributes only in centrosymmetric molecular system,

v, = K, (Au,,)?D,,;, contributes in noncentrosymmetric systems, and

Y = K ugiui, Dy is the contribution arising from two-photon processes. The
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transition moment termg,, and u,, are for transitions to the significant one-photon

state and transitions between the one-photon and two-photon statetivegpeThe

term Apu,, , is defined asuy, — 11, Dim and D, are dispersion terms, akdis a
positive constant defined by the optical process.

Since the squarylium dyes used here exist predominantly tnatteeconfiguration,
resulting in them being centrosymmetric, the teymis effectively zero. In this

situation, equation 4.1 can be further simplified to
YR Yt Y (4.2)

As can be seen above, the termsand y,, are opposite in sign making their

contribution to the overall third-order polarizability competitivEthe magnitude of
Mo, IS greater thanu,,, then y will be negative; whereas if it is less, thgnwill be

positive. In generalu,,, the two-photon term, is the dominant transition moment, so
most molecules only display positive third-order nonlinearities. Hewegquarylium
dyes are an exception since the optical nonlinearities they diggl@rangly negative;

even though there is significant contribution from the two-photon tramsitoment,

Hop - This indicates that the magnitude @f; is quite substantial, and has been

attributed to thetelectron delocalization nature over the D-A-D moieties of tlgss.

4.3 Photophysics

Direct evidence for the inclusion of the squarylium dyes within theoRic P123
mesostructures of the film can be ascertained from a compaifisea absorption and
emission spectra in solution and in the film. Due to the chaagsfar (CT) nature of

the electronic transitions that take place in squarylium dyemtirgsities and positions
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of absorption and emission bands are very sensitive to the solvent envir¢hjerin
the case of cyanine-type squarylium dyes, going from a more poldege polar
environment causes both the fluorescence and absorption maxima to undergo
bathochromic shifts. Figure 4-2 provides normalized absorption spec8&-Cy1l in
solution and in film. The absorption spectra for SQ-Cy2 is esdgntientical, except
for a 5 nm red-shift due to the sulfate groups. As can be sealgbgtion maximum
in the film is red-shifted by 9 nm and the blue shoulder is sliginifyaeced when
compared to the spectrum in ethanol. Such little variation betsadetion and film
spectra are to be expected since the CT transition is lat@lizéhe central O,
moiety. As a result, only minor deviations from the initial grouadlesstructure occurs
following photoexcitation [16] so the fluorescence spectra in theserwoonments
should differ only slightly.

The fluorescence spectra in ethanol and in the film for SQ-Cytesented in
Figure 4-3. Note that, the spectra for SQ-Cy?2 is virtually idahto that of SQ-Cy1,
aside from a minor blue shift. Unlike the absorption spectrd|ubeescence spectra of
SQ-Cyl and SQ-Cy2 in the film exhibited two noticeable differenceypared to that in
ethanol. Firstly, the maximum in the film is red-shifted by dhlym versus the 9 nm
red shift observed for the absorption maximum. This corresponds to Stokesf 18
nm and 14 nm for solution and film, respectively. Secondly, the reddgrdol dyes in
solution are enhanced compared to that in the film. This is oppositeat would be
expected based on the intensity of the corresponding blue shoulders in tipti@bsor
spectra. The absorbance of the shoulders in the film and solutiomoae, or less

identical, so this relationship might be expected to be maintairtbée fluorescence
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Figure4-2. The normalized absorption spectra of SQ-Cy1lin ethanol and intectalat
into a silica/Pluronic P123 drop-casted film.
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Figure4-3. The normalized fluorescence spectra of SQ-Cylin ethanol ancaiatet
into a silica/Pluronic P123 drop-casted filk, 600 nm.
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spectra if these shoulders are derived from purely vertical Frankdad transitions. An
obvious explanation is that the radiative states that contributeddtshoulder's
intensity in solution and within the films are different. Aated above, the initial
excited state structure of squarlium dyes, for the most painsdhe nuclear geometry
of the ground state structure, so this would suggest that a struattargle occurs within
the film preceding the initial excitation. Indeed, prior studieelshown that a relaxed
excited state, related to twisting about the bond connecting thelsntemaine moiety
to an indolenine group, contributes to the red shoulder's intensityuitioso]16].
Therefore, the steric restriction imposed by the film would dydinder the formation
of this and other twisted relaxed excited states causing aadedrethe red shoulder's
intensity.

The existence of these relaxed excited state conformers is gtemgglested by the
measured radiative lifetimes and quantum yields which are prowidesble 4-1. One
notes that in solution, SQ-Cy1 exhibits a two-component fluorescence wihaiie
dominant component corresponding to a lifetime of 371 ps (83%) and the minor
component of 175 ps (17%). While, in the case of SQ-Cy2, the dominant carhpone
exhibits a somewhat longer lifetime of 690 ps (90%) and the minor compextat
substantially longer lifetime of 2257 ps (10%). These differen@esansistent with the
hindered isomerization concept, in which the sulfate groups of SQ+€yékpected to
hinder the excited-state isomerization to a greater extent thameting| groups of SQ-
Cyl. Also, as expected with this concept, the differenceseiintié of the two dyes
decrease when the dyes were intercalated into the filmgfdahmés of the dominant

components for SQ-Cyl and SQ-Cy2, at a concentration of 0.5 mg/rfduaceto be
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Table 4-1: Lifetime and quantum yield values for SQ-Cy1l and SQ-Cy2 in various
environments.

Dye Solvent Concentratién Lifetime (ps) Quantum Yield
SQ-Cy1 EtOH 2.43x 10° 371 (83%) 0.087
175 (17%)
film 1.2 1770 (92%) 0.220
338 (8%)
film 0.5 2730 (84%) 0.237
140 (16%)
film 0.2 3105 (91%) 0.670
338 (9%)
film 0.1 3092 (90%) 1.000
1309 (10%)
SQ-Cy2 EtOH 2.43x 10° 690 (90%) 0.153
2257 (10%)
film 1.0 1422 (90%) 0.100
381 (10%)
film 0.5 2874 (100%) 0.230
film 0.2 3205 (91%) 0.720
241 (9%)
film 0.1 3312 (94%) 0.885
742 (6%)

2 Concentration in mole/L in EtOH and mg per 1 ml of sol in fillQuantum yields
calculated from Eqg. (2.1), using a refractive index of 1.476 fofilthe.

2730 and 2874 ps, respectively, and the lifetime of the second compon8@-€y1 is
reduced, while no second component is observed for SQ-Cy2. Thiolaewation
suggests that the minor components probably derive from twisted contoisate.
relaxed excited states, whose populations are either reducéchioa&dd in the film
environment. Also, lowering the dye concentration leads to increatss lifetime for
both the major and minor components.

The quantum yields are observed to increase in concert with dionrfti
conformational freedonput not as expected. If as suggested above, the primary
nonradiative deactivation pathway in squarylium dyes is an excitedsiaterization,

then within the confines of the films this process should be signifly reduced or
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eliminated, and the quantum yield for the emission should approach tiutyever,
this is not what is observed for either SQ-Cy1 or SQ-Cy2 whendbeaentrations are
0.2 mg/ml and above. At these concentrations the quantum yieldsmsdmetow 72 %,
and only when the concentration is reduced to 0.1 mg/ml did the quarglghibgcome
unity, but only for SQ-Cy1 not SQ-Cy2. This indicates the presehatleast a second
nonradiative deactivation pathway. As can be seen in Table 4-lanvititrease in dye
concentration the lifetimes and quantum yields decrease for both Tgssbehavior is
interpreted as indicating that an intermolecular quenching processsachen two or
more dye molecules occupy the same mesostructural cavity aimdcéwee enough
proximity for electron or energy transfer to take place. Tfexeis found to be more
pronounced for SQ-Cy2 than for SQ-Cy1 which is attributed to the involweadeng
with ground-state SQ-Cy2 molecules, of the pyridinium counter ions igu&eching
process.

A quantum chemical approach is, additionally, utilized to aid idding light on
the conformation question. Time dependent density functional theory (T D\R&ST
performed at the B3LYP level with a 6-31G(d,p) basis set tutzk conformational
dependent electronic coupling of the SQ-Cy1l dye. Ground- and excite@istatges
for several conformations of SQ-Cy1, in which the bond connecting thelcsgtraraine
moiety with an indolenine group is rotated, were calculatedhoffjh the transitions
energies are overestimated with this approach, the relatiezatitfes are found to be
correct. The results are displayed in Figure 4-4. Two tramdsvédent: first, as the
twist angle is increased, the energy gap between the groundSsf#e), and the first

excited state, £B,,), decreases; second, the excited-state dipole moment is found to
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Figure 4-4. Ground- and excited-state energies for planar and severabmaiati
conformers of SQ-Cyl. Rotation occurs along the bond that connectsitha ce
squaraine moiety and the indolenine groups.

increase by several orders of magnitude. For ghg§ Sand $ states at 0/90 degrees, the
calculated dipole moments are 1.4/6.0, 0.5/14.2 and 2.1/13.4 Debyetikespe This
result agrees well with the findings by Rettig et al. [17] ot#diusing a structural
analog of SQ-Cy1 and supports the assertion of the existence of afaadmative
conformational states. At a twist angle of O degrees, theveelnergy gap between the
S: and ground state is at its maximum. But as the twist angleaises from 0 to 90
degrees, the energy gap decreases to the minimum value. Examaidhe $

potential energy surface (PES) also reveals that it isynsagnergetic with theTstate

at its minimum, potentially leading to a twisted intersysteossing (TISC) process
taking place. Previous studies, however, have indicated that Sqoadyes exhibit

very low intersystem crossing efficiencies, unless a triglesisizer is employed [12,13].



72

It is more likely that the squarylium molecule will undergo adagpmnradiative decay
process at this point. From this, it is clear that a rangadudtive states can occur as a
result of transitions taking place along different points on thmt&ntial energy surface
(PES) to the ground state. Thus, in ethanol, a radiative Btdthds a larger twist angle,
and hence greater polarity would be energetically favored, whitervihe mesopores of
the composite film, a radiative state with a lower, or nottamgle would be favored.
Such changes in the fluorescence spectra of squarylium dyes sa#t afrenatrix
confinement, have previously been observed [16].
4.4 Excited State Deactivation By Electron Exchange

The co-intercalation of electron acceptors, often referred qgoeschers, with
squarylium dyes into the composite films provides an appealing sofatidnastically
reducing the excited state lifetime, and thereby, increasinirtiie optical response. In
recent years, numerous femtosecond transient absorption studietidamelsat the
forward electron transfer from the donor to the acceptor occursun @icsecond time
scale [18-21]. Furthermore, quantum chemical calculations by Batetrsl., have
helped elucidate the mechanistic steps involved in the photoexcitewelansfer
from a squarylium dye to an electron acceptor (a semiconductor naole)drj. An
illustration of the steps involved in this process is provided in Figére Bhe first step
in this process is the electron transfer from an oxygen into thektewnttobutane ring
upon excitation. At this point, the excited dye can either undergaivcktam through
normal radiative or nonradiative pathways or go on to form an excitiedcstarge
transfer complex with a nearby ground state acceptor. If solcarge transfer complex

is formed then electron transfer can take place from the squardlye to the acceptor
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Figure 4-5. The forward and backward steps involved in the electron transfeispesce
that takes place between a photoexcited squarylium dye, to a edactgn acceptor.

leading to the formation of the ground state oxidized dye and reduced accBpor
neutral ground state squarylium dye is then regenerated by back-eleatisfartfrom
the acceptor. The factor that most influences the formatitdreatharge transfer
complex and hence, the transfer of an electron, is the electouptirg between the
excited squarylium dye and the acceptor. This coupling itselimsapty determined by
the distance between the donor and acceptor species, though ihsesse; their
respective orientations would also be a factor. If signifieéedtronic overlap exists
then the quantum yield of electron transfer will be high, wherketgre is little overlap
then the intramolecular deactivation pathways will dominatexicged state
deactivation process.

The first electron acceptor to be trie¢pl¢A because it has been known for some

time that nitro containing aromatic compounds are good electron accf, 23].
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Figure4-6. The absorption and chemical structure of the electron acgeptor
nitroaniline.

Also, the sub-picosecond ground state recovery this molecule possdssesficial to
the overall optical response of the system [24]. In Figure 4-6pgw@@ion spectrum,
as well as the chemical structure of this molecule are giResrcan be seepNA has no
appreciable absorption in the spectral region where the squarylissradgerb or
fluoresce, so any quenching of the fluorescence that takes placbardigt to electron
transfer. The quenching ability pNA was evaluated by adding it to a precursor sol
containing either SQ-Cy1 (0.6 mg/ml) or SQ-Cy2 (0.7 mg/ml) at & ar:1 : 10, dye to
pNA mole ratio. These ratios were chosen because they alweeavenient way in
which to evaluate the quenching efficiency and electron trangéeasaa function of

guencher concentration. The results obtained are outlined in Table 4-2.
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Table 4-2: The electron transfer parameters for SQ-Cy1 and SQ-Cy2 camfibas
containingp-nitroaniline PNA) as an electron acceptor.

Dye mole ratio Mean Lifetime  Quenching Transfer Rate
dye :pNA Lifetime (ps) Decrease Efficiency?  (M7sec)®
SQ-Cyl n/a 1286 n/a n/a n/a
1:10 839 35 % 8 % -8.9x 10
1:1 1015 21 % 32% 5.6 x 0
SQ-Cy2 n/a 1572 n/a n/a n/a
1:10 609 61 % 62 % 1.3x 10
1:1 1152 38 % 36 % 5.7 x 10

aThe efficiencies were calculated using Eq. (2"lectron transfer rates were
calculated using Eq. 2.5.

For SQ-Cy1 containing films, the additionlA at a 1 : 10 mole ratio leads to an 8
% decrease in the fluorescence intensity, or to put it anothertheaguenching
efficiency is 8 %: the mean lifetime is decreased by 35A%a 1 :1 mole ratio, the
fluorescence intensity is now decreased by 32 % and the meandifeyi 21 %. The
results for SQ-Cy2 are somewhat different. Ata 1 : 10 natle the quenching
efficiency is 62 %, while the mean lifetime is decreased b 6For films containing a
1 : 1 mole ratio, the quenching efficiency and decrease in riieamé are 37 % and 27
%, respectively. For all films the electron transfer ramains below ®sec' and is
actually negative for SQ-Cy1 films containing the highest concemntraf pNA.

The results above are quite telling. For one, the fact tpidAamole ratioof 1 : 1
shows a higher quenching efficiency than the 1 : 10 ratio for ilbngaining SQ-Cy1 is
indicative of the presence of a competitive process that causes@ase in the
fluorescence intensity. A clue to the nature of this process cascketained by looking
at the fluorescence quantum yield of the SQ-Cy1 film containiqgN#o The quantum

yield of only 25 % suggest that there is significant intramolequanching taking place
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which infers that a large percentage of SQ-Cyl molecules asistggregates within the
film. Addition of pNA at such a high concentration, in all likelihood would help to break
up these aggregates and increase the relative separationrbttes@gdividual dye
molecules. As a result, intramolecular quenching decreasgigdeto an increase in the
fluorescence intensity. The presence ofgiR& molecules, however, would tend to
decrease fluorescence intensity through electron transfer,aandte small decrease in
the fluorescence, it is the dominating process. Since theesghatips of SQ-Cy2
increase its solubility and hence inhibit the formation of aggregttis effect is not
seen. This also accounts for why the observed quenching effi@épblA, is about
twice as much for this dye. Moreover, at a 1 : 1 mole ratiguleaching efficiency of
pNA is closely matched for SQ-Cyl and SQ-Cy2, indicating thadtimtbncentration
there is negligible solubilization effects. Another interesting othat even at the mole
ratio of 1 : 10, the quenching efficiencyA for either dye never went above 65 %
and the reduction in fluorescence lifetimes does not come closeitsthenent limited
value of 30 ps. Taken together, these facts suggestiNAat not an efficient enough
guencher to effectively decrease the excited state lifetrhige squarylium dyes down
into the desired temporal region of a few picoseconds or less.

To overcome the limitations @NA, MV is employed as an electron acceptor. The
results using this quencher are shown in Table 4-3. Asphifh this is another well
known and often studied quencher. A few femtosecond transient absotpti@s $iave
already shown that the forward electron transfer rate fronx@ted dye molecule to this
molecule occurs in the femtosecond time domain [25,26]. More immqilyrtAough, is

that the back electron transfer was demonstrated to take placenos scale only
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Table 4-3: The electron transfer parameters for SQ-Cy1 and SQ-Cy2 camfitras
containing methyl viologen (MV) as an electron acceptor.

Dye mole ratio Mean Lifetime  Quenching Transfer Rate
dye : MV Lifetime (ps) Decrease Efficiencyr  (M7sec)®
SQ-Cyl n/a 1286 n/a n/a n/a
1:10 793 38 % 36 % 3.8x10
1:1 929 28 % 27 % 4.0x 10
SQ-Cy2 n/a 1572 n/a n/a n/a
1:10 93 94 % 97 % 2.6 x 10
1:1 1152 87 % 92 % 9.6 x 10

2 The efficiencies were calculated using Eq. (2*4}lectron transfer rates were
calculated using Eq. (2.5).

slightly longer than the forward electron transfer. In Figure & absorption
spectrum, as well as the chemical structure for MV areepted and once again, no
spectral overlap occurs between its absorption and that of the sqomadyles. Unlike
pNA, however, MV is a di-cation so electrostatic interactidreutd be a factor,
especially in the case of SQ-Cy2 which is a di-anion. Likeh# study, mole ratios of
1:10and 1: 1 were used and the concentration of the squarylium chased the
same.

Addition of MV at a 1 : 10 mole ratio to composite films containf8{@-Cy1 causes
a 36 % decrease in the fluorescence intensity while the metiméfis reduced by a
similar amount (38 %). When the mole ratio is reduce to lhelfltorescence intensity
is reduced by 27 %, and once again, the reduction in mean lifetime) (@83%&ly
matched that of the reduction in fluorescence intensity. Thalatdd rate constant for
the 1:10 and 1 : 1 mole ratio are 3.8 xd0d 4.1 x 18 M* sec', respectively. The
results for films containing SQ-Cy2 are considerable differénta 1 : 10 mole ratio, the

fluorescence intensity is reduced by an astonishing 97 %. The redudi@nmean
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Figure4-7. The absorption and chemical structure of the electron acceptoylmet
viologen.

lifetime at this same mole ratio is a slightly less a#®41n terms of mean lifetime
values, this corresponds to the lifetime being reduced down to 93 p&5ims.
Surprisingly, for the 1 : 1 mole ratio, the reduction in fluorescemeasity is still rather
significant at 91 %. The reduction in mean lifetime followesralar trend, showing a
reduction of 87 % to 210 ps. The calculated electron transferfoatboth mole ratios
are greater than ¥aV“sec".

The decrease in fluorescence intensities observed for SQ-Cy1 cogtaimis are
close to the value seen usipi§A at the 1 : 1 mole ratio, but not at the 1 : 10 mole ratio.
The values obtained using MV is consistent with the fact kigattore quencher
molecules that are present in the system, the greater thaskeandluorescence
intensity. These results tend to add further support to the abaré@sshatpNA, at

the 1 : 10 mole ratio, helps to reduce the aggregation of SQ-Cylutedetithin the
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film while at the same time acting to deactivate the dye'iseekstate. For either
electron acceptor, however, their ability to reduce the exciéde fetime of SQ-Cy1l is
no where near what is needed to allow the films to be used pbdtanic layer. It
would appear that neither quencher possesses sufficient electsaplng with SQ-
Cyl.

The effect of electrostatic interactions can clearly ba $&efilms containing SQ-
Cy2 and MV. Since the fluorescence quantum yield for the SQ-Cy2 @imtaining no
MV is 50 %, the results for the film containing a 1 : 10 mot@naould suggest that
practically all excited dye molecules, either underwent eladnansfer to a nearby MV
molecule or is deactivated by the intramolecular quenching processsksl above.
Moreover, is that even when the concentration of MV moleculesliseel by a factor of
ten, its quenching efficiency is reduced by only five percent. Lideswhe electron
transfer rates differ only slightly and their magnitudes arssistent with there being
substantial electronic coupling. These results are indicatitlee formation of a tightly
bound ground state complex between the di-anion, SQ-Cy2, and the di-cation, M
Figure 4-8 shows a cartoon representation of a likely orientatioa tivesmolecules
might acquire within such a complex. Due to the negative charga&&ston the
sulfate groups of SQ-Cy2, a MV molecule would most likely be gtlat this location
thereby allowing for maximum charge interaction. Moreover, suchyigbund
complexes have previously been reported to form between MV and atbeicadyes
with similar electron transfer efficiencies being observedZhb-

The calculated electron transfer rates are of interest iotbee respect. On initial

glance, the results appear to be counter intuitive because ¥ tbencentration is
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Figure 4-8. A representation of the likely electrostatic interacbetween the anionic
SQ-Cy2 and cationic MV molecules.

increased the electron transfer rate actually decreasesisTalso the case wheNA is
used as an electron acceptor. These results plainly showdredsing the electron
acceptors concentration to a 1 : 10 mole ratio is of no real besdfr as transfer rates
are concerned. On the face of it, this does not make sense, lbutegta to be kept in
mind is that within the film no diffusion can take place so the nopredictions made
by the Stern-Volmer equation (Eq. 2.5) do not hold. It is certéi@\case that as the
guencher concentration is increased, the average distance bdteege tand the
electron acceptors will be reduced. However, this does not takadobunt any
preferential orientations that may exist between the dye andd¢kptar for electron

transfer to take place. So even if several electron acceg®rgithin the classical Perrin
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guenching sphere, only a few may have the prerequisite orientattomahia lead to a
rapid electron transfer i.e. one that requires little or neaodn energy to proceed.

Though the electron transfer efficiencies and transfer rat8Qety2 films

containing MV, are in the range necessary for them to be empésytia photonic layer,
the back electron transfer process still needs to be ascdrkafae such a judgment can
be made. Ultimately though, it is this back electron trartefdrdetermines the ground
state recovery rate of the neutral dye molecule. To deterlmenetovery kinetics a
femtosecond transient absorption study is conducted on the SQ-Cy2 filrmgoanMV
atthe 1 : 10 mole ratio. The ground state recovery profile for tips 8the window
following excitation by a 630 nm, 100 fs pulse, for SQ-Cy2 filmhand without MV,
can be seen in Figure 4-9. When no MV is present, no ground stavemng can be seen
in this time window. In contrast, when MV is present, rapid groteie secovery is
evident immediately following excitation, but the recovery procesgssskignificantly
after about 3 ps and appears to be leveling of after about 10tjesnpés to fit this
profile to a multi-exponential model proved fruitless and is mostyliéak to the
complex nature of this back electron transfer process. Such aecorapbvery process
may have several origins. The simplest of which is that urttikkdarward electron
transfer process, the back electron transfer has an activatrger tizeit needs to be
overcome. The presence of such activation barriers has previouslydexkto explain
the slower back electron transfer rate observed for dye sensi@madonductor
nanoparticles [21]. Electron hopping from the initial MV molecuolether nearby MV
molecules may also explain the slow ground state recovery prdtdss.initial photo

electron underwent such intramolecular hopping then the time ittakegirn to the
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Figure 4-9. Transient absorption spectra of SQ-Cy2 films with and withovit M hen

MV is present the transient bleach signal indicate a groundmtatess, whereas, in the
pristine films no ground state recovery is evident in this time window

oxidized SQ-Cy2 molecule would certainly be increased, leadingniaca slower
recombination process. A clue to one other possible cause footheesiovery kinetics
might be found in the leveling of ground state recovery after 10 ps., 8mseggested
above, an intramolecular energy transfer process between indisglwalylium dye
molecules is also responsible for the excited state deactivatopertentage of the
excited dye molecules then the ground state recovery through this progbsbe
substantially longer than that of the electron transfer process.camhj in principle, lead
to the observed leveling off after 10 ps, but further studies wouldtbdesconducted to

ascertain the exact nature of this slow back electron tragmsfeess.
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No matter the cause of the slow ground state recovery, the fhettithe overall
kinetics exhibited by the SQ-Cy2 films containing MV does not lend takmes well
towards the targeted application of ultrafast optical switching.
4.5 Excited State Deactivation By Coulombic Exchange

Though the use of electron acceptors to deactivate the photoexciteglisqudyes
proved successful, the slow recovery of the neutral ground state dye tkieuzfck
electron transfer process makes this approach less than Adesther approach taken to
expeditiously deactivate the excited squarylium dyes is to use egyeaeeeptor which
operates through a Coulombic, rather than an electron exchange mechasis
discussed in chapter 1, deactivation through this mechanism requirassfer of
electrons so the recovery of the dye's ground state occurs simultangiighye
transfer of excited state energy to the acceptor. For the cylgp@squarylium dyes
used here, the energy acceptor chosen is the laser dye, rhodamib® 800). Being a
laser dye, this molecule has good photostability, but more importaathysorption
band has substantial spectral overlap with the fluorescence bandsqbiémglium dyes.
In Figure 4-10, the normalized fluorescence spectra for SQ-CylQ@icy3, along with
the absorption spectrum of LD800 are plotted. The area under thesfiance curves
which overlaps with the absorption curve defines the spectral pveflae chemical
structure of LD80O0 is also provided in this figure.

As a result of the long-range nature the Coulombic energy exchanganisechthe
squarylium dye : LD800 mole ratios that are used can be muclinéswhen the
electron acceptorgNA and MV are used. For SQ-Cyl films, the mole ratios 01 1 :

and 3 : 1 are used, whereas, mole ratios of 0.5 : 1 and 2 : 1 dri®uS€-Cy?2 films.
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Figure 4-10. Spectral overlap between the absorption (ab) of LD800 and the
fluorescence (fl) of the cyanine-type squarylium dyes. The chéstrcature of LD800
is also shown.

The corresponding LD800 concentrations, in mg of LD800 per ml of sol, tovadiese
ratios are 1 mg/ml and 0.24 mg/ml, respectively. The concenticitibie squarylium
dyes is the same as used in the above studies involving the elexdemioas. One
should note, that for both dye containing films mole ratios in whichgharglium dyes
outnumbered the LD800 molecules are employed. Use of such réies #ie ability
of a single LD800 molecule to undergo energy transfer with multgla;by squarylium
dye molecules to be ascertained.

The obtained energy transfer parameters for SQ-Cyl and SQ-@2chintaining
various quantities of LD800 are outlined in Table 4-4. For SQ-Cyisfithe energy
transfer efficiencies is 97.7 % at a 1 : 1 mole ratio. hAt same mole ratio, the average

distance between the SQ-Cy1 and LD800 molecules is found to be ~\&hdn a mole
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Table 4-4: The energy transfer parameters for SQ-Cyl and SQ-Cy2 compbusie fi
containing rhodamine 800 (LD800) as an acceptor.

Dye mole ratio Transfer R, (x4 AP r (x4 A@ Transfer Rate
dye : LD800  Efficiency (x10* M*sech)®
SQ-Cyl n/a n/a 46 n/a n/a
1:1 97.7 % n/a 25 4.2
3:1 85.4 % n/a 34 25
SQ-Cy2 n/a n/a 52 n/a n/a
05:1 99.8 % n/a 18 42.5
2:1 97.8 % n/a 27 15.1

aThe efficiencies were calculated using Eqg. (2™)he Forster distanc®,, obtained
using Eq. (2.7)° The average distance,between the squarylium dyes and LD800
calculated from Eq (2.8).Energy transfer rates were calculated using Eq. (2.6).

ratio of 3 : 1 is used, the transfer efficiencies decrea8B.t%, while the average
distance increase to ~ 34 A. Regardless of the mole ratitatisfer rate remains in the
102 Msec! range. The results for SQ-Cy2 varied somewhat, but in a desirasiner.
For one, the transfer efficiencies and rates are higher anddiketive average
donor/acceptor distances are shorter. When a mole ratio of Gsfuséd, the transfer
efficiencies is an astonishing 99.8 % while the rate is in theMsec' range.
Decreasing the LD800 content (2 : 1 mole ratio) only results imarroahange in the
transfer efficiency: it decreases to 97.8 %. The raterstilhins in the 2O M*sec!

range. The average donor/acceptor distances for these molaratiod8 A and ~ 27

A, respectively.

From the above results, it can clearly be seen that exciteddstactivation of the
squarylium dyes through the Coulombic mechanism, results in much higgrgye
transfer rates and efficiencies than when electron accepiousad. Whereas, addition
of the electron acceptors to SQ-Cy1 containing films resulteteienergy transfer, and

hence rapid excited state deactivation, at most 36 % of theusaef LD800 at a much
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lower mole ratio, results in energy transfer over 97 % of the.tiMoreover, the energy
transfer rate at this mole ratio is two orders of magnitudatgre So not only is
practically all the excited SQ-Cy1 molecules undergoing deadiatiey are doing so
on a femtosecond time scale. Even when three times morey$@&h LD800
molecules are present in the film, the energy transfereffigiis still above 85%, while
the transfer rate decreased only slightly. This suggests $siragla LD800 molecule is
accepting energy from multiple squarylium dye molecules. Whstladr energy
transfer occurs in a serial fashion in which a LD800 moleculegpéadenergy from only
one squarylium dye molecule at a time, or in a parallel fashi@mentultiple
squarylium dye molecules donates energy simultaneously to a sing§@Lbolecule,
remains to be seen.

For SQ-Cy2 films, the energy transfer efficiencies and @te$igher than for the
SQ-Cyl films and is undoubtedly due to the electrostatic interactiarebe the anionic
SQ-Cy2 and the cationic LD800. The involvement of electrostaticatien between
SQ-Cy2 and LD800 is supported by the average distances obtained sicaketlsed
distances are always shorter for the SQ-Cy2/LD800 than for théy8{Q. D800
complexes at similar mole ratios. Also, contrary to thedalifferences in energy
transfer efficiencies seen for SQ-Cy1 films, depending on whetlectron acceptors or
LD800 was used, the efficiencies seen for SQ-Cy2 is similenvetither type of
acceptor is employed. This shows that as long as thereigentfielectronic coupling
between the donor and acceptor, energy transfer efficiency igendent of the energy
transfer mechanism involved. What differs significantly betwbertwo mechanisms is

the energy transfer rate. The rates when LD800 is employed kast two orders of
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magnitude bigger and more importantly, are in the same range difftisen limit of
10" sec'. This means that the excited SQ-Cy2 molecules are returnthg ggound
state within 100 fs.

The measured lifetimes for the squarylium dye films containiD§A0 are also of
interest. As expected, the fluorescence decay of the squa§ieisnn films containing
the highest concentration of LD800 exhibits instrument limited dpoafiles (30 ps).
Likewise, lowering the LD800 concentration leads to an increathe ilifetimes, but
only to a few hundred picoseconds; still much less than when no LD80&senpiin the
films. What was unexpected, are the results for the LD800's $lciemee lifetimes at the
two concentrations used. At a concentration of 1 mg/ml and with noysiquadyes
present, the mean lifetime of the LD800 molecules is 561 ps, atréleoncentration of
0.24 mg/ml its lifetime increases to 1705 ps. This disparitjahrhes, as a result of
variation in concentration, is indicative of an intramolecular quegcpiocess similar to
that for the squarylium dyes. When LD800 at a concentration of 1 ngyadted to
films containing SQ-Cy1 and SQ-Cy2, its lifetime decreasekl1l ps and 276 ps,
respectively. At the lower concentration (0.24 mg/ml), the LD8@firife is now 1486
ps for films containing SQ-Cy1 and 638 ps for films containing $Q-Cr'he
fluorescence decay profiles corresponding to these lifetimes aenped in Figure 4-11.
Two things are evident in these results. First, both squaryliumrdgese the
fluorescence lifetime of LD800 and secondly, the effect is more proedunSQ-Cy2
containing films. The latter observation provides a clue as todtuge of the quenching
process involved in reducing the lifetime of LD800. Since the avelistences between

the LD800 and SQ-Cy2 molecules are shorter, greater electaunpting can take place
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Figure4-11. The fluorescence decay profiles for LD800 at different condesrisaand
in the presence of SQ-Cy2. In films containing SQ-Cy2, theydsaauch more rapid,
indicating a quenching process between the squarylium dye and LD80O0.

between the two, thereby increasing the likelihood than electroffieraas take place.
As such, electron transfer appears to be the most likely quenalgdganism which can
account for the reduction of LD800's lifetime. Whether the squarydiyes or LD800
serve as the electron donor is unclear, however, previous studiehbavetban an
excited LD800 molecule plays the role of an electron acceptor 8, since the
above study involving the electron acceptpidA and MV, show that the squarylium
dyes serve as electron donors, they likely retain this role whencalated into films
containing LD800.

In order to evaluate the ultrafast dynamics of the energy trgmsfeess between
LD800 and the squarylium dyes, a femtosecond transient absorption stundy iagain

undertaken. Since the SQ-Cy2 films containing LD800 at a moteah€.5 : 1 has the
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Figure4-12. Transient absorption spectra of SQ-Cy2 films with and with@&Q0.
When LD80O0 is present the transient bleach signal is weak, wherélas pristine films
no ground state recovery is evident in this time window.

highest energy transfer efficiency and rate, it serves aadkel system. The transient
absorption time profiles for this film monitored at 643 nm (SQ-Cy2 alisor

maximum) and 704 nm (LD800 absorption maximum) are shown in Figure 4-12. The
profile for the SQ-Cy2 film at 643 nm containing no LD800 is also providied
comparison. The most noticeable difference when the SQ-Cy2 pratfigs3 nm are
compared is how much less the magnitude of the transient bleachisifgmdahe films
containing LD800. This is a clear indication that energy tramsfgccurring on a time
scale much faster than the ability of the pump-probe system (-s2i00ef resolution) to
resolve. This is in line with the measured energy transfemriaich indicates that

energy transfer, and hence ground state recovery, occurs in less than THe

relatively weak bleach signal and recovery that are obserbd first 5 ps coincides
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well with the rise and fall in the transient gain signal at@®dand is probably due to
the forward and backward electron transfer process that is lbtievake place between
SQ-Cy2 and LD800. The fact that the gain signal at 704 nm did not backyo zero
following the recovery of the 634 nm bleach signal, indicates th@00Dnolecules
remained in the excited state following the electron transfeepsoand this is in
accordance with the fluorescence lifetime data.

Unlike the squarylium dye films containing the electron accepgdid,and MV,
the above ultrafast transient absorption kinetics and fluorescetimhkf data clearly
show that films containing LD800 are suited for use as the photonic |[&yethermore,
the sub 100 fs ground state recovery these films exhibit would makectqeable of

switching operations in the terahertz region.
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5. Xanthene Dyes

5.1 Introduction

First reported in the literature in the 19th century, anionic xantherseaglgeamong
the most widely studied and employed class of organic dyes [1-1Xudhs the
photophysical properties and excited state dynamics of these dyespusva
environments and under a range of experimental conditions are well kifdwenfact
makes this class of dyes excellent candidates for intercalatmthe composite films.
For one, they have proven photostability in sol-gel derived silicaceatrand also,
interpretation of the observed optical properties is greatly siegblifue to the enormous
volume of work in existence. The general structure of these slgb®wn in Figure 5-1
and as can be seen, is composed of a benzene and a xanthene moletyagty
contributes to the optical properties. The fundamental anionic xantlgesefluorescein

(FR), eosin, erythrosin, and rose bengal (RB) differ from each otigiin aromatic ring

Benzene moiety<

Xanthene moiety <

Figure5-1. The general chemical structure of anionic xanthene dyes. The fentidm
xanthene dyes are differentiated from each other by different siggsitfor R.
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substitutions. In fluorescein, positions 1 - 8 and 3' - 6' are subgtiutie hydrogens,
while in eosin, positions 2, 4, 5, and 7 are substituted with bromimgshrosin is
similar to eosin with the only difference being that iodine is usgiace of bromine.
Rose bengal is differentiated from erythrosin by having chlorine swtibstis at
positions 3' - 6'.

Since the photophysical properties of these fundamental xanthene dgbaa@se
entirely determined by the degree and nature of substituent atmyexhibit
distinctive photophysical properties. With an all hydrogen substitia®mith FR, the
absorption band is shifted to higher energy and the quantum yield ofstteoice
approaches unity under certain conditions. When heavy atom substiwenised, as
with RB, the absorption band is shifted to the red, while the quayielchof
fluorescence is drastically reduced. The reduction in quantum giatttibuted to the
classic heavy atom effect in which excited state, singldtetdriplet intersystem crossing
(ISC) efficiency is increased when heavy atoms, such as iadohehlorine, are present
[2]. Furthermore, because of the ability of the oxygen at posittoruBdergo
protonation/deprotonation reactions, these dyes all have acid/basgangioperties.
Upon protonation, the absorption band in the visible along with thespamding
fluorescence, disappears because electron delocalization oxanthene moiety is
broken.
5.2 Rose Bengal

Though RB possesses the key photophysical properties (good photostability, high
absorption coefficient) that makes it well suited towards thenuse photonic layer,

another of its intrinsic property may prove to be a major hindransedh an
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application. As a result of the iodine and chlorine substitutions througi®xanthene
and benzene moieties, the ISC yield from th&$he T, state is quite high (98 % in

solution) [13], so essentially every photoexcited rose bengal moledutross over to

the long lived (~3us) triplet state. Such a long excited state would inherbetly
detrimental to the ultrafast operation of an all-optical dwitg device. Also, formation
of these long lived triplet states are often the root causeofreversible photo-
degradation known to take place with most organic dyes [14]. Thisgpnatdn be
averted, however, by use of a suitable energy acceptor capable ajaingdroth single
and triplet state energy transfer with RB. Employment af surcacceptor is necessary
because upon photoexcitation, rapid energy transfer from, #tat& of RB to the
acceptor can take place before ISC can occur. Howevenmnék fsaction of the RB
molecules do undergo ISC, then nearby acceptors could still deathgatehrough a
triplet energy transfer process. In this way, the excited Btatimes of both the Sand
T, excited states of RB can be reduced to a value which makestitak&or use as the
active medium in the photonic layer in an all-optical switchingakevi

Prior to identifying suitable candidates that can serve as eaeogyptors, it is
important to ascertain the photophysical properties of RB incorpdratethe
composite films. The normalized absorption and fluorescence sfaciitens
containing RB at a concentration (reported in mg of RB to ml ¢faddl.6 mg/ml and 5
mg/ml are presented in Figure 5-2. The absorption spectra sf¢dmtaining the two
concentrations of RB are similar with the only noticeable diffe¥sih@ing a variation in
the intensity of the shoulder at ~ 524 nm and a slight broadening in theuspéar the

film containing the higher concentration of RB. The maximum fan labsorption
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Figure5-2. The normalized absorption (ab) and fluorescence (fl) spectracobergal
(RB) intercalated into the composite film at various concentratidgs525 nm.

spectra occurs at 563 nm and is red-shifted by some 20 nm, retatiheeRB spectrum
in water. This red-shift is indicative of the inclusion of the RBiin the Pluronic P123
mesostructures: red-shifts of similar magnitudes have been othsene@ RB was
occluded within TX-100 and CTAB micelles [15]. The red-shifitisibuted to
molecular interactions between RB and the surfactant molecDI&srence in the films
absorption spectra is, in all likelihood, due to the formation of diraeh-type
aggregates that RB is known to form at higher concentrations [1R24iher evidence
for the formation of such aggregates can been seen in the fluorespectra of these
films.

Similar to the absorption spectra, the fluorescence spedina &B films are also
red-shifted compared to the spectrum in water, but now, not onlyresdtaifference in

the shoulders at ~ 630 nm, the maximum for the two RB films doess/adap either.
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At the concentrations of 1.6 mg/ml and 5 mg/ml, the fluorescencemuaxioccurs at
585 nm and 589 nm, respectively. These differences are in line hatthwould be
expected from the formation of dimers or h-type aggregates. Morebgeneasured
fluorescence quantum yields also lends further support for thisiassdri films
containing the lower concentration of RB, the quantum yield is 19 %g ¥anifilms
containing the higher concentration, it decreases to 4 %. Such donimuthe quantum
yields is indicative of a self quenching process between individBah&ecules, most
likely an electron transfer from the benzene moiety of one RBaulel¢o the xanthene
moiety of an other which is in the excited state [10]. It shbeldoted, that the quantum
yields presented here are higher than those reported for RB entreiipadnicelles by
Gao et al. [15]. This disparity in quantum yields is a cledication that the excited
state of RB is being stabilized by the formation of a chargefea(CT) complex [16]
with Pluronic P123 molecules to a greater extent than it didtivitlpreviously used
surfactants. The excitation spectra (monitored at 610 nm), whichecaeen in Figure
5-3, also shows evidence for the formation of dimers or h-type adgseigahe 5 mg/ml
RB film. At a concentration of 1.6 mg/ml, the excitation speatmirrors that of the
absorption spectrum except it is broadened due to the formation of tben@dlex. The
excitation spectrum for films containing 5 mg/ml RB, on the othadhdeviates
substantially from the absorption spectrum. Whereas, the absa@pgotrum has only
two peaks, the excitation spectrum has three distinct pealsiogcat 524 nm, 547 nm
and 573 nm. The peak at 524 nm clearly corresponds to the shoulderbsdhgtian
spectrum, but the other two have no corresponding peaks in the absorptiomnspect

These peaks most likely results from dynamic disordering within therdior h-type
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Figure 5-3. The normalized excitation (ex) spectra monitored at 610 nmBor R
containing films.

aggregates [17]. Simply put, when multiple RB molecules irsénee dimer or
aggregate structure are simultaneously excited, the quantunof/ieldrescence
decreases due to increased vibrations throughout the aggregate. Sumnsibds as
an additional nonradiative pathway for excited state deactivation.
5.3 Rose Bengal Excited State Deactivation

From the absorption and fluorescence properties exhibited by theoRButes
intercalated within the composite films, it is determined ¢hatiitable energy acceptor is
the same cyanine-type squarylium dyes discussed in the previous claptarFigure
5-4 it can been seen that the fluorescence band of RB has suf§igextral overlap with
the absorption bands of the squarylium dyes to allow for efficient Coutoameirgy

exchange. Also, previous work has shown that squarylium dyes at#ecapaccepting
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Figure 5-4. Spectral overlap between the absorption (ab) of the cyanine-type
squarylium dyes, and the fluorescence (fl) of RB.

energy from a donor molecule in the triplet state [18]. The erteaggfer takes place
from the T, state of the donor to the low-lying $tate of the squarylium dye. The RB :
squarylium dye mole ratios used for this study, varies from 2 : 4 high as 12 : 1.
This relatively wide range is chosen in order to probe the spataéibnship of the
donor and acceptor species within the Pluronic P123 mesostructuses.th®l higher
ratios allows for the ability of a single squarylium dye to aceeptgy from multiple
RB molecules to be determined.

In order to probe the interactions between the monomeric or aggredatatiRhe
squarylium dyes, detailed fluorescence lifetime studies are didmekey results from
these studies are presented in Table 5-1. For films containirggrdl iRB and no

squarylium dyes, the fluorescence decay can be fitted well u$mg @mponent
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Table 5-1: Lifetimes of rose bengal (RB) films containing the squarylium d8€xCy1
and SQ-Cy2 at various mole ratios. In these films, the squargyes serve as the
energy acceptors. An excitation wavelength of 510 nm was used.

RB :SQ 2%Conc. RB ®Dyes 11 (pS) T, (ps) T3 (pS)
mole ratio  (mg/ml)
n/a 5 RB 323 (69 %) 123 (31 %)
n/ 1.6 RB 878 (100 %)
2:1 5 RB: SQ-Cyl 44 (95 %) 242 (5 %)
2:1 5 RB : SQ-Cyl 397 (76 %) °32 (14 %) 899 (10 %)
3:1 5 RB: SQ-Cy2 30 (100 %)
3:1 5 RB : SQ-Cy2 533 (66 %) 237 (20%) °30 (14 %)
1:1 1.6 RB: SQ-Cyl 134 (64 %) 127 (36 %)
1:1 1.6 RB :SQ-Cyl 1687 (78 %) 256 (22 %)
3:1 1.6 RB: SQ-Cyl 668 (88%) 153 (12 %)
3:1 1.6 RB :SQ-Cy1 2706 (45 %) 2196 (45 %) °173 (10 %)
6:1 1.6 RB: SQ-Cyl 662 (85 %) 46 (15 %)
6:1 1.6 RB : SQ-Cyl 2613 (83 %) “1732 (11 %) °167 (6 %)
2:1 1.6 RB: SQ-Cy2 92 (78 %) 275 (22 %)
2:1 1.6 RB :SQ-Cy2 1248 (84 %) ©150 (16 %)
6:1 1.6 RB: SQ-Cy2 526 (52%) 210 (48 %)
6:1 1.6 RB SQ-Cy2 2530 (54 %) €457 (26 %) 3154 (20 %)

[ —
N..
H

1.6 _RB: SQ-Cy2 629 (58 %) 262 (42 %)

12:1 1.6 RB : SQ-Cy2 3045 (61 %) 2092 (22 %) 635 (17 %)
3 Concentration of RB in mg per 1 ml of s8lAn underline indicates the dye's
fluorescence for which the lifetime is presentéthdicates that this component is a rise
component.

exponential model, with the major component having a time constant of 383 95,
while the minor component had a time constant of 123 ps (31 %). WhRBthe
concentration is reduced to 1.6 mg/ml, the fluorescence decaynis-exponential with
a time constant of 878 ps. This difference in lifetime is fursiogport for the assertion
that at a concentration of 5 mg/ml individual RB moleculesasdtmble into either
dimers or h-type aggregates. As expected, when either squady®im added to the 5
mg/ml RB film, the fluorescence lifetime decreases, bhafptercent decrease is more
pronounced when SQ-Cy2 is employed rather than when SQ-Cy1 is usedth&wgh

less SQ-Cy2 is used, the fluorescence lifetime of RB is redidmen to the instrument
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limited value of 30 ps. The greater ability of SQ-Cy2 to redeekcited state lifetime
is most likely due to its greater solubility, which allows mareeptor molecules to be in
closer proximity to the RB dimer or aggregate structures. Mnendiscussion in the
previous chapter, it was shown that since SQ-Cy1 prefererfibaityed aggregates at the
concentration used, less SQ-Cy1 molecules would be available to undergg e
transfer with RB. This would have the effect of reducing the eneaggfer efficiency
of SQ-Cy1 relative to SQ-Cy2, and would lead to the observed results.

When the concentration of RB is reduced to 1.6 mg/ml a similar isevtaserved,
except now neither squarylium dye is able to reduce the fluoresdfeniced of RB
down to the instrumented limited value, even though the mole raéoaa@e closely
matched. This suggests that the squarylium dyes are moreveffactieactivating the
excited state of the RB dimers or aggregates than the isolBtetbRRcules. A simple
explanation for this is that when RB forms dimers or h-type agtgegés negative
charge is passivated to some extent, thereby allowing a elppsvach by the
squarylium dyes and leading to higher energy transfer efficiendien RB isolated
within the matrix, no such charge passivation occurs so the etatitaspulsive force is
greater and the squarylium dyes, on average, remain further esmayhie RB
molecules. From this data, it is clear that efficient tieatton of the isolated RB
molecules requires that there to be a greater number of squarylignthdyeRB present
in the film. One should note that these lifetime measurementgpomlide information
for the deactivation rate of the &ate of RB and not the Btate. If triplet states are
being formed prior to energy transfer taking place, then the oesxated state lifetime

of RB will be much longer than is suggested by the measuraikfet
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The fluorescence decay of the squarylium dyes following the eneggfér from
RB are also of interest. Irrespective of the RB conceatrati the film, the fluorescence
decay of the squarylium dyes always exhibits a minor rise componigce t8e number
of RB molecules outnumbered the squarylium dyes in every cas, litecconcluded
that these rise components are due to energy transfer from s&&plto a single
squarylium dye molecule. In the case of the 1.6 mg/ml RB filomsaining SQ-Cy1, the
lifetime value of this rise component increases from 256 ps to 1732tps &B: SQ-
Cy1 mole ratio is increased froma 1:1to6:1. Comparabldtseare also seen for
films containing SQ-Cy2. Ata RB : SQ-Cy2 mole ratio ofl2 the lifetime of the rise
component is 150 ps, while at mole ratio of 12 : 1 the rise componégitiadi is
increases to 635 ps. The smaller lifetime values for theoisgonents infer that the
rate of energy transfer in these films is higher compared 8@€y1 containing films.
Regardless of which squarylium dye results in the greatest emangyer rate and
efficiency, one thing is clear from the data. The confining natutieeoPluronic P123
mesostructures allows multiple RB molecules to under energydramsh a single
squarylium dye molecule, making the energy transfer process nficrergfthan it
would otherwise be.

The overall dynamics and donor/acceptor interactions of the energyetrarnstess
is further elucidated when the energy transfer parametecalatdated. The results of
these calculations are presented in Table 5-2. When SQ-Cydissis& energy
acceptor, the transfer efficiency (82.5 %) is the highest fdb thg/ml RB film, which
as mentioned above, contains either RB dimer or h-type aggregatethe 1.6 mg/ml

RB film, the transfer efficiency decreases from 75.0 % to 35when the mole ratio is
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Table 5-2: The energy transfer parameters for RB composite films conga®ihCy1
or SQ-Cy2 as energy acceptors.

SQ Dye *Conc. RBmole ratio Transfer R, (4 A r (x4 Af Transfer Rate

(mg/ml) RB:SQ Efficiency’ (x10" M*sech)®
SQ-Cyl n/a n/a n/a 62 n/a n/a
5 2:1 82.5% 48 6.0
1.6 1:1 75.0 % 52 5.5
1.6 3:1 31.0% 71 2.4
1.6 6:1 35.0% 69 6.2
SQ-Cy2 n/a n/a n/a 66 n/a n/a
5 3:1 99.2 % 30 7.8
1.6 2:1 85.0 % 50 50.0
1.6 6:1 57.3 % 63 61.5
1.6 12:1 46.0 % 68 48.0

aConcentration of RB in mg per 1 ml of s8IThe efficiencies were calculated using
Eq. (2.4).°The Forster distanc®,, obtained using Eq. (2.7).The average distance,
between the RB and squarylium dyes calculated from Eq (ZB)ergy transfer rates
were calculated using Eq. (2.6).

varied from 1:1to 6 : 1. Surprisingly, the 3 : 1 mole rati@githe lowest transfer
efficiency (31 %) and is probably due to self aggregation of SQ-Cyitkeatoncentration
used in this film. The transfer rates for all films remsain the 18 M sec' range, too
low to be practical for use as the photonic layer: the trarsiemmust be at least10/1"
!sec’. The average distanae between a RB and SQ-Cy1 molecule is also a point of
interest. Since anof ~70 A is maintained when the mole ratio is increased fron@®
6 :1, this indicates that the boundaries of the Pluronic P123 mesostsudictates an
upper limit for donor/acceptor separation. If this is not the,dagn decreasing the SQ-
Cy1 content in the films should result in a concurrent increasenmt a leveling off of
it.

As expected, the calculated energy transfer parameter8foinis containing SQ-

Cy2, is similar to what is observed when SQ-Cy1 is used, but vigw differences.
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For one, the transfer efficiency now exceeds 99 % for the 5 niRfAnfilm even though
less SQ-Cy2 than SQ-Cyl is used. The reason for this becomesrdpplaen the
average distance, of the SQ-Cy2 containing film is examined. Withraralue of ~ 30
A, SQ-Cyz2 is getting much closer to the RB dimer or h-type agtgsgand
consequently resulting in a higher energy transfer efficiency. ederythe transfer rate
measured for this film is not the highest among the SQ-Cy2 contdilmmgy as a matter
of fact, it is the lowest with a value of 7.8 x*1M* sec'. The transfer rates for the 1.6
mg/ml RB films are all in the £0M™* sec, this is an order of magnitude higher than the
5 mg/ml RB films. It would seem that the energy transfer mot®m the RB dimer or
h-type aggregates, occurs at a slower rate than the tramsfeafrisolated RB molecule.
The reason for this remains unclear at this time, but it coulddien the RB dimer or h-
type aggregates, electron exchange (a slower process at the)gieys a role in the
energy transfer process, along with typical Coulombic exchange methafAswith
the RB films containing SQ-Cyt, appears to level off at ~ 70 A even though the
concentration of SQ-Cy2 is half as much. This fact seems toagate confirm the fact
that the Pluronic P123 mesostructures serve to limit the sepabatiaren the RB and
squarylium molecules.

Though a significant amount of information is obtained from the tselved
fluorescence and energy transfer studies, they provide no real atfonnabout the role
of RB's ISC has on the overall energy transfer process and exatedgnamics. In
order to obtain such information, a femtosecond transient absorptionstatyied out.
The samples used in this study contains 1.4 mg/ml RB and SQ-Cy2:4t mole ratio

or no SQ-Cy2. A 100 fs, 555 nm pump pulse is used for all sampidsgure 5-5, the
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Figure 5-5. Transient absorption spectra of RB films with and without $Q-GNVhen
SQ-Cy2 is present, the transient signals monitored at 684 nm and 526 wena
different, indicating the presence of an ultrafast energy tnapsbeess.

transient profiles monitored at 526 nm and 684 nm, and for the 20 ps imnaewv
following excitation are shown. For the RB film containing no S@-tere is a
transient bleach signal at 526 nm which takes about 7 ps to leveldodf imansient gain
signal at 684 nm which levels off in about the same time. Tmalkat 526 nm is clearly
due to the depletion of ground state RB molecules, whereas the @8veran is most
likely attributable to the So S, transition of RB [13]. The relatively slow initial
progression of these signals before leveling off is indicativeeoftto T, ISC process.
When SQ-Cy2 is added to the film, the bleach signal at 526 nm no lapgears,
instead it is replaced by a gain signal that slowly levelsftdf & 14 ps. Likewise, the
transient gain signal at 684 nm disappears. This means thatetfyy éransfer from the

S, state of the RB takes place on a time scale less than ths 28@lution of the pump-



104
probe system. From the energy transfer data, it is found thgirtduess occurs in
roughly 100 fs. The origin of the gain signal at 526 nm is not evideim¢ adment, but
visual inspection of the film following data acquisition, showsrcéégns of irreversible
photodegradation: a ring outlined the area the pump pulse was focubedsample
rotated. As such, this signal is most likely due to the photodegraoedats of SQ-
Cy2, since the pure RB film shows no signs of photodegradation under itlentica
experimental conditions. Coincidentally, the existence of these fsoskeive as proof
that triplet energy transfer is taking place because filmsagong only SQ-Cy2 show
no signs of degradation even when the pump pulse intensity is inceggmedimately
five fold. Unfortunately, the existence of these photodegraded produrisdisate that

the switching ability of these films would rapidly degrade under oper@tconditions.

5.4 Fluorescein

Though the rapid deactivation of both the singlet and triplet exciteeb<tGRB
using squarylium dyes shows that ultrafast optical switching imalktie in composite
films containing these dyes, unfortunately the unforeseen photodegraofaten
squarylium dyes would make such films unsuitable for the intended applic&everal
possible solutions exists to eliminate or significantly reduc@hio¢odegradation
process taking place. The simplest of which is the use of agyeaeceptor that is less
susceptible to photodegradation. However, finding or synthesizing sucleeaute,
whose spectral properties allows for efficient energy transfeake place with RB and
could be intercalated into the composite films at high enough contemsravould
probable be a long and tedious task in this author's opinion. Another ap@oach i

employ a photoprotective additive with a low lying triplet statehsasp-carotene [19].
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Such additives are shown to improve the photostability of organic dyesdmsaitices
[20], but their effectiveness is short lived for the followingsma Since no diffusion of
the additives can occur in the host matrix, then once the additilfeohseodegrades
(which it will eventually do) the organic dye it is meant to protat be left
unprotected and photodegradation of this dye will most likely follow. hEumtore, the
radical species from the photodegradation of the additive couldwéhdhe organic
dyes, causing them to permanently lose their optical propefteden these factors into
consideration, another, more practical solution, is to replaceiiBone of the other
xanthene dyes which do not undergo ISC as readily. The dye chosen ikBiélR,as a
result of the all-hydrogen substitution on the xanthene and benzene mdiatea very
low ISC yield.

Within the composite film, FR at a concentration of 0.8 mg/mldraabsorption
and fluorescence spectra that closely match that in a 0.1 N Naldtibn [10]. As can
be seen in Figure 5-6, the absorption and fluorescence maxirab484 nm and 515
nm, respectively. In solution these maxima occurs at 492 nm anthh1This
relatively small difference in the film and solution spactndicates that there is little
electronic interaction between FR and the Pluronic P123 molecutetharomise the
mesostructures, in the ground or excited state. The fluorescemutiguyield in the
film is close to unity (99 %), whereas, in the basic solutivalae of 76 % was reported
[12]. Such an increase in the quantum yield is consistent withisvbbserved when FR
is intercalated into CTAB micelles [12]. The measureditife in the film is 3870 ps

and is shorter than the measured value in solution or within the CTiédles.
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Figure5-6. The normalized absorption and fluorescence spectra of fluoreg€din (
intercalated into the composite filmkx 470 nm.

Indubitably, with such a high quantum yield and long lived excited, statg little, if
any, ISC is taking place.

From comparison of the fluorescence spectrum of FR and the abs@pdicina of
the squarylium dyes, it is apparent that there is less speetidap than with the
RB/squarylium dye system. As a result, it is expected thatdgharylium dyes will be
less effective at reducing the excited state lifetimeRvBRd that is exactly what is
observed. In Table 5-3, the lifetimes of the FR films contginarious mole ratios of
SQ-Cyl and SQ-Cy2 are presented. It is found that neither squadyeineduced FR's
lifetime below 100 ps at the mole ratios used. Increasing thewctaton of the
squarylium dyes by a factor of two or three probably would have resnltacher

reduction in the lifetime, but the film quality would have been adgsfected. Also,
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Table 5-3: Lifetimes of fluorescein (FR) films containing the squaryliums)y&Q-Cy1
and SQ-Cy2 at various mole ratios. In these films, the squarydyes serve as the
energy acceptors. The excitation wavelength was 490 nm.

FR:SQ 2Conc. FR ®Dyes 1 (pS) T, (ps) T3 (ps)
mole ratio  (mg/ml)
n/a 0.8 FR 3870 (100 %)
1:1 0.8 FR SQ-Cyl 178(58 %) 538 (42 %)
1:1 0.8 FR :SQ-Cyl 766 (63 %) 233 (37 %) 3151 (0.3 %)
2:1 0.8 FR SQ-Cyl 322(52%) 1114 (48 %)
2:1 0.8 FR :SQ-Cy1 1470 (65 %) °484 (35 %)
2:1 0.8 FR SQ-Cy2 143 (66 %) 493 (34 %)
2:1 0.8 FR :SQ-Cy2 674 (37 %) 27533 %) 1070 (30 %)
4:1 0.8 FR SQ-Cy2 285(62%) 825 (38 %)
4:1 0.8 FR : SQ-Cy2 1825 (65 %) “484 (35 %)

2 Concentration of FR in mg per 1 ml of s8lAn underline indicates the dye's
fluorescence for which the lifetime is presentéthdicates that this component is a rise
component.

rise components compromised a greater percentage of the oenastence decay
than is seen with the RB systems and is suggestive of arstorgy transfer process.
The calculated energy transfer parameters, which are ouihrieable 5-4, are more
informative. When SQ-Cy1l is used as an acceptor, the maximosfetrafficiency is
91.5 %, with a corresponding transfer rate of 2.7% MJ sec'. Use of SQ-Cy2 does
not result in much of an improvement in either the energy traraeor efficiency. The
maximum efficiency is 93.2 %, while the corresponding rate is 6.3Ibsec' for FR
films containing SQ-Cy2. This translated into excited staséetdation of the FR
molecules occurring within 1.5 ps. The obtainede, on average, smaller than is found
for the non-aggregated RB systems and might account for the highgy éna@sfer
efficiencies for these systems. Unfortunately, higher trae$fierencies does not result
in higher transfer rates. This one fact effectively makeseth® films poorly suited for

use as the photonic layer.
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Table 5-4: The energy transfer parameters for FR composite films conta8@nrgyl
or SQ-Cy2 as energy acceptors.

SQ Dye “Conc. FRmole ratio Transfer R, (x4 Af r (x4 Ay Transfer Rate

(mg/ml) FR:SQ Efficiency (x10" M*sech)®
SQ-Cyl n/a n/a n/a 61 n/a n/a
0.8 1:1 91.5% 41 2.7
0.8 2:1 82.0 % 47 2.3
SQ-Cy2 n/a n/a n/a 65 n/a n/a
0.8 2:1 93.2 % 42 6.5
0.8 4:1 87.3% 47 6.5

aConcentration of FR in mg per 1 ml of s8IThe efficiencies were calculated using Eq.
(2.4). °The Forster distanc&®, obtained using Eq. (2.7Y.The average distance,
between the FR and squarylium dyes calculated from Eq (ZEB)ergy transfer rates
were calculated using Eq. (2.6).

Ultimately, the ability of FR films to be used as the photoayet is going to
depend on finding an energy acceptor whose absorption band possesses spgetaaér
overlap with the fluorescence band of FR. This will not only irszdhe efficiency of
the energy transfer process, but more importantly, will allewtansfer rate to approach
the diffusion limited value. The acceptor chosen is the triphenlgame dye, crystal
violet (CRV) [21,22]. Aside from the significant spectral ovetbepween the absorption
band of this dye and the fluorescence band of FR, its cationic nadarmahns that
electrostatic interaction would decrease the average sepdratiseen the two dyes.
This decrease inwill undoubtedly aid in increasing the energy transfer efficiemcy a
rate. The spectral overlap, along with the structure of GlRR\élaown in Figure 5-7. For
FR/CRYV films, mole ratiosof 1 : 1,1 : 3, and 6 : 1 are ugddo, the FR concentration
is now 1.5 mg/ml.

In Table 5-5, the fluorescence lifetimes of films containingaRR CRV at various

mole ratios are presented. The pristine FR film exhibi#gacbmponent fluorescence
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Figure5-7. Spectral overlap between the absorption (ab) of crystal vioRY] and the
fluorescence (fl) of fluorescein (FR).

decay profile, whose time constants are 1160 ps (60 %) and 2260 (4&6). T
corresponding fluorescence quantum yield for this film is 30 %. Twgather, these
results are consistent with the presence of an intramoleculaclyuog mechanism

between individual FR molecules, as is the case with the higineentration (5 mg/ml)

Table 5-5: Lifetimes of fluorescein (FR) films containing the energyeptor crystal
violet (CRV) at various mole ratios. The excitation wavelengib ¥90 nm.

FR: CRV 2Conc. FR ®Dyes 11 (pS) T, (ps)
mole ratio  (mg/ml)
n/ 15 FR 1160 (60 %) 2260 (40 %)
1:1 15 _FR: CRV 30 (100 %)
1:1 15 FR : CRV 139 (77 %) 512 (23 %)
3:1 15 _FR: CRV 71 (81 %) 233 (19 %)
3:1 15 FR : CRV 231 (73 %) 657 (27 %)
6:1 15 _FR: CRV 145 (67 %) 514 (33 %)
6:1 15 FR : CRV 455 (67 %) 1033 (33 %)

2 Concentration of FR in mg per 1 ml of s8lAn underline indicates the dye's
fluorescence for which the lifetime is presented.
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RB film. When CRV is present at a 1 : 1 mole ratio, thesuesl FR lifetime decreases
to the instrumented limited value of 30 ps. Decreasing CRV catachieve the mole
ratios of the 3:1 and 6 : 1, leads to increases in the FR lifetames, but the values are
still much less than is found when no CRV is added. These signifisductions in
fluorescence lifetimes are indicative of an ultrafast, higffficient, energy transfer
process between FR and CRV. The fluorescence decay, monitonediatvielengths
which corresponds to the CRV fluorescence, are also of intddedike the decay
profiles of the squarylium dyes, which possess rise components, thoB/ado not.
There is an increase in the major component's lifetime value8&hps to 455 ps on
increasing the FR : CRV mole ratio from 1 : 1 to 6 : 1, buisecomponent can be
detected. Lack of such rise components lends further support t@threent that it is an
ultrafast energy transfer process that occurs between FR and CR

The calculated energy transfer parameters provides an evesr gednre showing
just how fast the energy transfer process is, and likewisepiblecability of these films
to be used as the photonic layer. These parameters are outliredalerbi6. Atal:1

mole ratio, the energy transfer efficiency and rate are foube ©9.6 % and 13.2 x 20

Table 5-6: The energy transfer parameters for FR composite films conga@®RV as
an energy acceptor.

Conc. FR  moleratio  Transfer R, (x4 Ar r (x4 AY Transfer Rate

(mg/ml) FR:CRV Efficiency’ (x10"* M*sech)®
n/a n/a n/a 61 n/a n/a
1.5 1:1 99.6 % 24 13.2
1.5 3:1 96.7 % 35 3.3
1.5 6:1 88.8 % 43 1.8

aConcentration of FR in mg per 1 ml of séIThe efficiencies were calculated using Eq.
(2.4). °The Forster distanc&, obtained using Eg. (2.7Y.The average distance,
between the FR and CRV calculated from Eq (2:&nergy transfer rates were
calculated using Eg. (2.6).
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M sec, respectively. To put it simply, practically all of the R®lecules that are
excited, return to the ground state in less than a 100 fs. Morewgarnmden a mole
ratio of 6 : 1 is used, the efficiency remains above 88 % whileatieds still in the 16
M sec! range. That still means that excited state deactivatiorosf af the excited FR
molecules is occurring within 1 ps. These results and the laakyafise component in
the fluorescence decay profile of CRV, strongly suggests theyadfilit single CRV
molecule to simultaneously except energy from multiple, nearbynélecules. Such a
process is akin to a two-photon absorption. This is of no surpriseGRMdas been
shown to readily undergo two-photon absorption [21]. The effectivendiss of
electrostatic attraction between FR and CRV to minimjze also observed. For
example, at the 1 : 1 mole ratio, mvalue of 24 A is obtained. This is much less than
ther values seen using the squarylium dyes at similar mole ratiosoaitdionly be due
to electrostatic interaction since there is not a substargeatigference between these

two molecules.
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6. Rhodamine 6G

6.1 Introduction

Rhodamines are a class of cationic xanthene dyes which are ehaeatby their
strong absorption in the visible region, high fluorescence quantum \salostantial
nonlinear properties, and good thermal and optical stability. Amoisg thees,
probably the most widely studied and employed is rhodamine 6G (R6G).triitieie
of this dye is shown in Figure 6-1. With a fluorescence quantumrnygaldunity (0.94
in ethanol), as well as good optical and thermal stability, R6G®é&@s extensively
employed as the lasing medium in both liquid and solid optically pumpecsiges|[1-
6]. In fact, R6G is often considered the yard stick to which atiganic laser dyes are
measured against [1]. The sensitivity of R6G's fluorescente tsutrrounding
environment, has also led to its use as a biological label fdhumEescence microscopy,
and as the active component in thin film and fiber optic chemicabse [7-10]. Owing
to its high absorption coefficient in the visible and good photostability, IR&Glso

been used as a sensitizer for nanoparticle based solar cells [1A t®jermore, the

Figure6-1. The chemical structure of the laser dye rhodamine 6G (R6G).
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nonlinear properties R6G exhibits, in particular two-photon absorption,desre
exploited to show the feasibility of true 3D displays [13]. Indeedtdlits unique
photophysical properties, the applications of R6G have been quitsalivEhis being
the case, it is only natural that composite films containingdyesbe explored for
potential use as the photonic layer. However, as with the otheriodjges discussed
thus far, R6G's relatively long-lived excited state needs to bdisantly reduced to
allow for optical switching operations in the terahertz regionorder to accomplish
this, both techniques of induced aggregation, and formation of donor/acaegtgy e
transfer complexes are employed.

6.2 Aggregation

Since the majority of applications in which R6G is used explo#titsng absorption
and fluorescence in the visible region, steps are often taken tmizerthe self-
assembly aggregation process between individual dye molecules. MNabeslthe
formation of aggregates significantly reduce the quantum yield ofefgence, it also
leads to intensity decrease and to a lesser extent, broadenegatisbrption band.
Fortunately, for the intended application as the active mediuheiphotonic layer, the
negative effects on these optical properties as a result cdgeggm, would not be
detrimental to the performance of the optical switching dewtat is important is
whether or not aggregation led to rapid excited state deactivaiohgoes with cyanine
dyes, TTBC and DODC explored in chapter 3.

The aggregation behavior of R6G intercalated into thin films, for pas$t has been
ignored in the literature, but recent studies by Arboloa et al. édded some

illumination on the nature of these aggregates [14]. By absorbingméGaponite
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Energy

H-type dimers Monomer J-type dimers
Figure 6-2. The exciton splitting of the electronic excited states foamt J-type dimer
aggregates formed by R6G intercalated into the composite filinardd M2 are the
transition dipole moments, aidis the interaction angle between the monomer units.

The degree to which transitions with two slashes are allosvddpgendent oa.

clay films at various concentrations, they show that as the conoemtsaincreased,
various H- and J-type dimer aggregates would form and coexist whthiiiim. In

Figure 6-2, the proposed exciton splitting of the electron excigesstalong with the
corresponding geometric orientation of these dimer aggregates saerbeln the

typical H-aggregate the monomer units are stacked in such datayniy transitions
from the ground state to the upper exciton state is allowed, wiattidgation occurs
through a non-radiative internal conversion process. On the other hahtype dimer
aggregates, transitions from the ground state to both the lower andepjten states
are allowed and radiative transitions from the lower excitoe stathe ground state is no

longer prohibited. The degree to which transitions to the lowetoexsiate is allowed is

governed by the angle between the monomer umit¥¥hena is zero, the dimer takes

on the electronic properties of the typical H-aggregate, but whenigtee from zero,
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then transitions which are forbidden, become allowed. Likewisge dimer
aggregates also exhibit electronic transitions which are dependenbanhin this case,

it is the upper exciton state that becomes alloweddesviates from zero. Also, it
should be noted that the energy levels of the exciton states of bothahne B-type
dimer aggregates are closer to the monomer's than in the typiaatlH-aggregates
because of the shorter coherence length involved in these dimer aggregates

The affect on the absorption spectrum of R6G intercalated withicotin@osite film
when its concentration is increased is shown in Figure 6-3. Th&wwpen ethanol is
also provided for comparison. At a concentration of 0.8 mg/ml, tmesfilectrum is
almost identical to that in solution, with the only difference geird nm shift to the red
in the film. Such a shift is most likely due to a weak grouateshteraction between the
R6G molecules and Pluronic P123 molecules of the host mesostrucimitar &d-
shifts have been observed when other xanthene dyes are incorporatea éflEsmi
consisting of the nonionic surfactant, TX-100 [15]. When the concemtigtdoubled to
1.6 mg/ml, the intensity of the shoulder at ~ 500 nm increaseslglagit is indicative
of the formation of the H-type aggregates discussed above. Upon fadfease in the
concentration to 7 mg/ml, the shoulder at ~ 500 nm becomes much mbdefined
and the peak maximum also undergoes an additional shift to the redbddretion
spectrum for this sample is also broadened relative to the OBl sghple. Taken
together, these changes most likely signify the formation of aggreamber of H-type
dimer aggregates along with the formation of J-type aggreghtesthese J-type
aggregates which causes the spectrum to shift to the red and bgmectrally

broadened.
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Figure 6-3. The normalized absorption spectra of R6G in ethanol, and intexdala
within the composite film at various concentrations. (a) 0.8 mg/th)mi..6 mg/ml, (c)
7.0 mg/ml.

Whereas, only minor variations are observed in the absorption sfoedttea R6G
film and solution samples, as far as peak location and shape aezrmmhcignificant
differences are seen in their fluorescence spectra. It sheuldted, that such
differences can have be the result of an inner filter effecsibaé the front-face
configuration is employed to collect the fluorescence signal, contnitsuto the signal
from this effect, in all likelihood, is minimized [8]. The nahzed fluorescence spectra
for the solution and film samples are plotted in Figure 6-ar. fiflns containing a 0.8
mg/ml R6G concentration, the fluorescence spectrum is now broademedred to the
solution spectrum. Since such broadening is not observed in the absquptitmrs for
this film, it is most likely attributable to the formation of excited state complex

between the R6G and the Pluronic P123 molecules [16]. When the catioent
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Figure 6-4. The normalized fluorescence spectra of R6G in ethanol, andalatesd
within the composite film at various concentrations. (a) 0.8 nmg/(b) 1.6 mg/ml, (c)
7.0 mg/ml.

increased to 1.8 mg/ml, not only does the spectrum further broadetsduhea

maximum is now shifted 6 nm to the red. The broadening, in conjunctiortheith
spectral shift is certainly due to the presence of H-type daggregates, as suggested by
the shoulder in the absorption spectrum for this film. Furtherrioeegppearance of a
shoulder at ~ 600 nm, can be attributed to the fluorescence of thgpe Hggregates
exclusively. At a concentration of 7 mg/ml, the fluorescence spads now very
different from that of the solution or even the lower concentratimnsamples. The
maximum now occurs at 610 nm, compared to 564 nm for the 0.8 mg/minilm a
solution sample. Moreover, significant broadening of the spectrura pd&ee. These

changes are clearly the result of a high percentage of H- and aggpegates, with

various interaction angleq, coexisting within the film. The existence of these
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aggregates can also account for the disappearance of the monamesscénce band at
564 nm. Since the H- and J-type aggregates possess exciksngdtase energy levels
lie below the monomer;State, they would serve to efficiently quench its fluorescence
through an energy transfer process.

The presence of H- and J-type aggregates, as indicated by ttrlsgiganges in the
absorption and fluorescence spectra, still do not attest to theadpltly of these films
to be used as the photonic layer. In order to answer this questierresaived
fluorescence studies are conducted on the films. Such studidsefggto illuminate the
nature of the aggregates. The results from these studies|l@s\the calculated
guantum yields are outlined in Table 6-1. In ethanol, the lifetihiR6G is reported to
be 3850 ps, with a fluorescence quantum yield of 0.94 [14]. At a conoemin& 0.5
mg/ml, the decay profile can be fitted using a two component expaherddel with
lifetime values of 3960 ps (92 %) and 255 ps (8 %). The slight increéetime of the
dominant component further supports the above assertion that the etatiteld s
somewhat stabilized through interactions with the Pluronic P123oiekeof the
mesostructure. The origin of the minor component can not be asceaites point,
but could be due to the excited state CT complex between R6G and surgoBhdbnic
P123 molecules. Increasing the concentration to 0.8 mg/ml stiltedsn a two
component decay profile being seen, but now the major component's lifgtime i
decreased to 3490 ps (90 %), while the minor component's increases to( 9894)s
Doubling the concentration to 1.6 mg/ml leads to a further decreéise mnajor
component's lifetime, but now a third, much longer lived component, pasg@ssi

lifetime value of 4743 ps (17 %) appears. This long-lived componestigad to
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Table 6-1: Lifetimes and quantum yields of R6G in solution and intercalated vittein
composite film, at various concentrations. An excitation wavelesigdiO nm was
used.

®Conc. R6G Environment 1, (ps) T2 (ps) T3 (pS) *Quantum
yield
— ethanol  °3850 (100 %) ‘0.94
0.5 mg/ml film 3960 (92 %) 255 (8 %) —
0.8 mg/ml film 3490 (90 %) 989 (10 %) 0.71
1.6 mg/ml film 1023 (72 %) 4743 (17 %) 181 (11 %) 0.30
7 mg/ml film 44 (68 %) 3036 (19 %) 182 (15 %) 0.06

2 Concentration of R6G in mg per 1 ml of sol for film sampleghe quantum yield of
fluorescence obtained using Eq. (2.1), and a refractive index of 1.4ff&foomposite
film. ¢ Data from reference [12].

radiative H-type dimer aggregates [14]. Since the diminution imjer component's
lifetime and overall contribution to the decay profile, is als@aganied by a
substantial reduction in the quantum yield of fluorescence, this comperessigned to
the monomer's fluorescence. This decrease in lifetime and qugiglanon increasing
concentration, indubitably results from quenching by the H-type dimeegaigs, and to
a lesser extent, from nearby R6G monomers in the ground state.

For films containing a 7 mg/ml concentration of R6G, the fluoreseelecay profile
is dominated by a near instrument limited component with anligetialue of 44 ps (68
%). As with the 1.6 mg/ml film, there is also two minor gaments with lifetimes of
3036 ps (19 %) and 182 ps (15 %). This decay profile, along with thode f0r8
mg/ml and 1.6 mg/ml films, are shown in Figure 6-5. As withltilemg/ml film, the
long-lived component can be attributed to the fluorescence from the Hggpegates
and/or J-Type aggregates. The much shorter component, however, casmotddily
assigned. The simplest explanation for this component is thatueito the
fluorescence of the R6G monomer whose lifetime is significantdyaed because of

guenching by H- and J-type aggregates. However, this explanationatoaake sense
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Figure 6-5. The normalized fluorescence decay profiles for various conaens aif
R6G intercalated into the composite film.

because from the steady-state fluorescence spectrum, it caarbthat the monomer
contributes little to the overall fluorescence signal. Only the deowlt ~ 564 nm can be
attributed to the monomer's fluorescence with a high level of ertahlso, if the

above explanation is correct, then the fast component would be a minoore@m and
not the most dominant one. Another, more plausible explanation for ttag de
component, is that it is due to the exciton-exciton annihilation pratessssed in
chapter 3. If this is the case, then the maximum of this compshentd be blue shifted
relative to the decay from the other components as time prodre$hes is exactly what
is observed. In Figure 6-6, it can be seen that for the firspg®alowing excitation,

the maximum occurs at ~ 580 nm, but as time progressed, it rapifis/te ~ 610 nm.



121

1.0 |-
i — @ O0ps
- — (b) 394 ps
08" —(c) 792 ps
ER — (d) 1191 ps
L 06( — (e) 1593 ps
%* g — () 1995 ps
S 04l —(g) 2397 ps
c i — (h) 2798 ps
0.2 — (1) 3197 ps

0.0
550 600 650 700
Wavelength (nm)

Figure 6-6. Time-resolved fluorescence spectra for the 7.0 mg/ml R6G campids.
Spectra were recorded from 0 to 3200 ps after excitation at 408rps or so.

Such a drastic shift in the fluorescence maximum, as time [@sEgecan only be due to
the aforementioned exciton-exciton annihilation process.

No matter the origin of this rapidly decaying component, one thingas, gts
presence signifies that ultrafast deactivation of the majoritlyeoéxcited R6G
molecules is taking place. This inherently makes these §iitable for employment as
the photonic layer.

6.3 Excited State Deactivation

Although the formation of H- and J-type dimer aggregates, aivediahigh

concentrations, proves effective at substantially reducing theee>atiite lifetime of

R6G, there are a few pitfalls using this approach. One oétlaosl probably the most
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troubling, is the fact that a long-lived species still remaites ¢he initial rapid, near
instrument limited decay of the majority of excited R6G molecubdbeit, the overall
percentage of excited state molecules which undergo this slow decagpis below 20
%, but their presence would tend to impact negatively on the photostabilitg film.

As mentioned in earlier chapters, the photostability of organicidyasyely dependent
on whether or not reactive triplet states are formed [17].ir8e ¢he long-lived species
in R6G films has an excited state lifetime that is longer thaitmonomer's, there is an
increased likelihood that intersystem crossing (ISC) can take ghatthereby introduce
photochemically reactive species in the film. It is neaclwhether simply increasing
the R6G concentration would eliminate the aggregate species pdsshkss this long-
lived excited state. Doing so, however, would have most likelycteganegatively on
the films properties. For example, increasing the concentreaiotead to the films
becoming to optical dense, and more problematically, can causardidddefects in the
casted film past a certain concentration. In order to migipuzeven circumvent these
problems, an energy acceptor is instead employed to bring about rapitvaton of
both the monomeric and aggregated R6G species in the film.

As an energy acceptor, the anionic dye bromophenol blue, BPB is usisddyé&
has already been shown capable of forming a tightly bound energy tremsilex with
R6G, as well as other cationic dyes [18,19]. The acid/base iodmaiperties [20,21] of
BPB also makes it a good candidate for the following reason. WRBn<$protonated
very little spectral overlap between its absorption band andubeeficence band of R6G
takes place. However, in the depronated form, significant speetdap with R6G's

fluorescence exists. Moreover, since deprotonation of BPB can teplcshed by
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Figure 6-7. Spectral overlap between the absorption of the protonated and de@dtonat
form of BPB and the fluorescence (fl) of R6G. The chemicatgire of BPB is also
presented.

simply exposing the casted films to ammonia vapor, the abilitgleztvely tune the
spectral overlap becomes a possibility. This ability is expladesdudy the role of
electron transfer, if any, in the energy transfer process betR@& and BPB. The
absorption spectra for the protonated and deprotonated form of BPBoane & Figure
6-7 along with its chemical structure. Also, the normalized ésoence spectrum for
R6G is provided to allow the spectral overlap to be examined.

The effectiveness of BPB, as an energy acceptor, is $stri@ined by conducting
time-resolved fluorescence studies on R6G films containing BR&r@ius mole ratios.
The results of these studies are outlined in Table 6-2. Wher6the RPB mole ratio is

varied from 0.5: 1to 2 : 1, the measured radiative lifetim&& is found to be the
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Table 6-2: Lifetimes of R6G composite films containing BPB at variousemwatios.
The excitation wavelength was 470 nm.

R6G : BPB “*Conc. R6G (mg/ml) T; (ps) T2 (ps)
mole ratio
05:1 0.8 30 (100 %)

b1:1 1.4 159 (60 %) 610 (40 %)
1:1 14 30 (100 %)
2:1 1.6 30 (100 %)
3:1 1.6 90 (89 %) 470 (11 %)
6:1 1.6 118 (88%) 620 (12 %)

2 Concentration of R6G in mg per 1 ml of soNo NH,OH added to sol.

instrument limited value of 30 ps. This is a definitive indicatlwat BPB is rapidly
deactivating the excited state of R6G by an efficient Coulombdat passible electron
exchange, energy transfer process. Moreover, even the protonatesf 8RB can
effectively reduce the lifetime of R6G, but as expected,nbishere near as effective as
the deprotonated form at doing so. For films containing a 1 : 1 ntadeofahe
protonated form of BPB, the decay profile of R6G can be fitted usivwp @aomponent
model with time constants of 159 ps (60 %) and 610 ps (40 %). Thiae@REG film

at this concentration has a complex three component decay profiie sigabnymous
with the presence of H-type dimer aggregates. The time ciosi$ta this decay profile
are 1538 ps (51 %), 4220 ps (44 %), and 2012 ps (6 %). Since thdle spéctral
overlap between the R6G and the deprotonated form of BPB, the redndifetime is
mostly likely due to a combination of electron and Coulombic energy egeha
mechanisms. The normalized fluorescence spectra for thmsegfie also shown in
Figure 6-8, and as can be seen, when the BPB in the film istdepted, the previously
weak fluorescence from the R6G completely disappears. Tateredy low intensity
band at ~ 640 nm is that of the deprotonated BPB and not R6G. Furtleasing the

mole ratioto 3: 1 and 6 : 1, leads to a gradual increase mdjue component's
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Figure 6-8. The normalized fluorescence spectra for the 1.6 mg/ml R6&aihtaining
BPB in the protonated and deprotonated form.

lifetime, but it does not come close to the lifetime value wheBRB is added to the
film. Such low lifetime values relative to the R6G film caniiag no BPB, even when 6
times more R6G molecules are present in the film than BPBated that a single BPB
molecule is undergoing energy transfer with multiple R6G molecdlbs. phenomenal
guenching ability of BPB is certainly aided by its electrostiatieraction with R6G,
which causes the two molecules to be in closer proximity tharvibald otherwise be.
The results from the time-resolved fluorescence study are adaadwhen the
energy transfer parameters are evaluated. Those paraaretpresented in Table 6-3.
At a mole ratio of 0.5 : 1, the energy transfer efficiency i8 98, with a corresponding
rate of 4.6 x 1§ M™*sec". Increasing the mole ratio to 1 : 1 results in a slight asaen

the transfer efficiency to 99.8 %, but now the corresponding raboid ghree times as
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much. At first glance, these results appear to be counterstbgcause the transfer
efficiency and rate actually decrease with increasing Béhtent. This disparity,
however, can be ascribed to the difference in the R6G concentratientimo films. In
the 0.5 : 1 mole ratio film, the R6G molecules exists predominastmonomers,
whereas in the 1 : 1 mole ratio, they exists as a combinatimomdmers and H-type
dimer aggregates. Energy transfer to BPB clearly takese pl@re readily with the R6G
aggregates than it does with the monomers. The reason fomti@gseunclear at the
moment, but might have to do with the fact that the aggregatesctas energy
conduits, allowing the energy from an excited monomer to more rdaaplyo a nearby
BPB molecule. At a mole ratio of 2 : 1, the transfer edficy and rate change little from
the 1: 1 mole ratio. Even at a mole ratio of 6 : 1, the effy still remains above 93
%, and the rate is still in the #0™* sec' range. Such high transfer efficiencies and
rates, even when the donor outnumbered the acceptor six fold, is no dotdbadue
combination of aggregate formation, electrostatic interactiongaad spectral overlap.
All these factors results in the deactivation of the exciteie ®f R6G molecules within
100 fs, a rate more than sufficient to allow these films terbployed as the photonic
layer.

As mentioned above, electron transfer may also play a role andrgy transfer
process between R6G and BPB. Further evidence for this can belesoig seen when
the energy transfer parameters for the 1 : 1 mole ratio bimaming either the
protonated, or deprotonated form of BPB, are compared. When the deprbfonaief
BPB is present, the transfer efficiency drops to 99.5 %, from 99t8i¢4he energy

transfer rate drops by almost a factor of ten. These resalis line with what would be
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Table 6-3: The energy transfer parameters for R6G composite films corgeBiB as
an energy acceptor.
®Conc. R6G  mol ratio Transfer R, (x4 Af r (x4 Ay Transfer Rate

(mg/ml) R6G : BPB Efficiency’ (x10"* Msec')®
n/a n/a n/a 62 n/a n/a
0.8 05:1 99.5 % 26 4.6
1.4 1:1 95.0 % 21 0.58
1.4 1:1 99.8 % 23 15.3
1.6 2:1 99.5 % 26 19.1
1.6 3:1 97.5 % 34 2.4
1.6 6:1 93.6 % 40 1.8

aConcentration of R6G in mg per 1 ml of séIThe efficiencies were calculated using
Eq. (2.4).°The Forster distanc®,, obtained using Eq. (2.7).The average distance,
between the R6G and BPB calculated from Eq (ZBhergy transfer rates were
calculated using Eg. (2.6).Contains the protonated form of BPB.

expected on moving from a predominantly electron exchange, to a predogninantl
Coulombic exchange mechanism. Since transfer efficiency tsvetyaindependent of
transfer mechanism, there should be little variation in itseveketween the two films,
and this is the case. The transfer rate, on the other hand, bkeaulore sensitive to the
energy exchange mechanism since energy transfer by electron exisharuge
sensitive to the average donor/acceptor spacinghe rate of energy transfer by the
Coulombic exchange mechanism ha$®alependency, whereas that dependence is
exponential for the electron exchange mechanism [22]. Simply puat,gwen
donor/acceptor spacing greater than 10 A or so, the rate of enersfetray the
Coulombic exchange mechanism will always be greater than thaefetdctron
exchange mechanism.

From the time-resolved fluorescence and energy transfer studiesaar that rapid
excited state deactivation of the R6G molecules is taking pldoeever, these studies

provide no real information about the ultrafast dynamics of the oveigg transfer
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process. In order to obtain such information, a femtosecond transsempaon study is
carried out. The samples used for this study contains 1.6 mg/maR68PB ata 1:1
mole ratio, or no BPB. A 100 fs, 530 nm pump pulse is used feamlples. In Figure
6-9, the transient profiles monitored at 588 nm for these sampdef®athe 10 ps time
window following excitation are presented. For the R6G film daoirtg no BPB, there
is a strong transient signal at 588 nm whose profile is indicafiae energy transfer
process. Initially, there is an almost instantaneous rigesrsignal following excitation,
but it soon maximized after about 1 ps then starts to decréasdout 2 ps, the signal
starts to rise again until about 9 ps, at which point it stewtaadergo a second decrease.
This repetitive rise and fall behavior in the transient gain lerafimost likely due to an

energy transfer process from the monomeric R6G molecules to typgeHimer
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Figure 6-9. Transient absorption spectra of R6G films with and without .BRBien

BPB is present, there was no transient gain signal at 58&ditating the presence of
an ultrafast energy transfer process.
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aggregates, which have been shown in the above discussion to fornc@id¢batration
used in the film. Keeping with this explanation, the transiamt gignal within the first
2 ps can be assigned to the monomeric R6G molecules which then undegyo ene
transfer to the H-type aggregates, leading to the gradually sgngl for the next 7 ps.
Whatever the processes which cause such a complex transienggairt@ioccur, upon
addition of BPB to the film, this signal disappears completat/fadtt, no transient
signals due to R6G can be observed for films containing BPB. Téxpected from the
obtained energy transfer rates. With an energy transfeinrtte 16°* M sec' range,
virtually all the excited R6G molecules are undergoing deactivatithin 100 fs. This
rate is faster than the 200 fs resolution of the pump-probe systeracamdirms the

suitability of these films for use as the photonic layer.
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/. Summary

Optical time-division multiplexing (OTDM) is one of the few teclogés which
shows great potential for delivering the high bandwidth multimedigadiigontent to the
next generation computers and network connected devices. The fundamenaiiab ogle
principle of OTDM is the ability to transmit data as a sedeclosely spaced light
pulses. The closer the temporal spacing between these phésagyher the data
throughput. However, in order for data throughput to exceed the Thisit@éacond)
mark, significant strides need to be made in the development of trediopal
components of the OTDM system, namely the ultrafast all-optealultiplexing switch.
One such switching device is the time-to-space converter whiachassive device that
makes use of a femtosecond gating pulse and a photonic layer passéssfast
nonlinear optical responses in order to perform the demultiplexing grooehe stream
of data pulses.

In this work, the use of sol-gel derived inorganic/organic composits,fiimped
with organic dyes, were explored for use as the photonic layer i @liegptical time-
to-space converters. The dyes by themselves, did not possessebsang ultrafast
optical response (i.e. rapid deactivation of the excited stdtevioh optical excitation)
necessary for optimum operation of a switching device, so methuds tarought about
this response were employed. For dyes which form H- and J-typegadges,
preparative methods that induced aggregation was used, whereasofihiethayes,
energy acceptors were employed to bring about ultrafast deamtiwdtine dye's excited

state. Both methods proved successful at increasing the opsipahse of the
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intercalated dyes to a point that would make these composite pipfisable for use as
the photonic layer.

The sol-gel derived composite films employed, consisted of a &iéiceework, and
self-assembled organic mesostructures formed by the nonionic surfakctaomtic P123.
These films showed remarkable physical and optical properties.eXcellent
processability of the precursor sol made it possible to fabtgltequality films, of
varying thicknesses, using either drop-casting, dip- or spin-coatpig- &d dip-coated

films had thicknesses measuring a few hundred nanometers, wipleasted films

exhibited an average thickness of 6 £ Regardless of the film fabrication method
employed, the RMS surface roughness was never more than a few rensorgeich

low surface roughness resulted in the films having an average dmitstnission

greater than 92 % throughout the visible region. The ability of theded|Pluronic

P123 mesostructures to solubilize low molecular weight organic mekemade these
films ideal host matrices for organic dyes and molecular asgsnpbssessing
substantial nonlinear susceptibilities.

Incorporation of the cyanine dyes, TDBC and DODC, above a certain cratzant
into these composite films, resulted in the formation of J- arngpé aggregates,
respectively. From the steady-state and time-resolved studiess concluded that the
photophysical properties of these molecular assemblies are nitggbrdithan those
formed in solution. In solution, one type (as defined by the coherench)ehgt
aggregate dominates, whereas, the broad absorption and fluorescenda baniébn,
indicated that aggregates with various coherence lengths coexistedovdr, the time-

resolved fluorescence spectra showed that the excited state ajatggreas rapidly
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deactivated through either stimulated emission or exciton-excitohikation. These
exciton dynamic processes resulted in the films having ultrafasneanloptical
responses, making them suitable for use as the photonic layer Ihdpacal switch.
There was, however, one drawback associated with these filnesclustering of the
coherent aggregates to form micron size macroaggregates whialdpbthe surface,
caused the films to have increased light scattering. Suclersegtivould inherently lead
to signal losses in an operational switching device so attemptdmuosade to minimize
their formation and/or size.

Upon intercalation into the composite films, the cyanine-type squarydiyes
(specifically, SQ-Cyl and SQ-Cy2) exhibit different photophysicabg@ries when
compared to the same properties in homogeneous solution. From stdadnsttime-
resolved spectroscopic studies it was observed that the constantiigydrophobic
environment within the Pluronic P123 mesostructures results irnifesl & both the
absorption and fluorescence maxima, but to varying degrees. The lsgattsa
intensity differences, and fluorescence dynamics have been explaioagi a
combination of optical spectral measurements, as well as quaheermical, time-
dependent DFT calculations. It was deduced that conformational Vigyriakthin the
mesostructures and intramolecular interactions between the indigglugtylium dye
molecules explain the bulk of spectroscopic and time-resolved measusem

In order to make these squarylium dye containing films suitable éoasishe
photonic layer, various quencher molecules were used to bring aboutxeiped state
deactivation of the dyes. Use of the well known electron accpptitroaniline resulted

in poor quenching efficiencies in films containing either squarylium alye was most
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likely due to insufficient electronic coupling betwgaMA and the dyes. By contrast,
SQ-Cy2 (a di-anion) films containing the di-cation electron acceptethyl viologen,
showed quenching efficiencies close to 100 % and electron transfeartgw orders of
magnitude below the diffusion limited value of18ec'. However, femtosecond
transient absorption studies indicated that ground state recovéy aXitized SQ-Cy2
dye, through back electron transfer, occurred on a time-scaledb#t prevent these
films from being used as the photonic layer. To circumvent the backan transfer
problem, another quencher, rhodamine 800 (LD800), which operated through the
Coulombic exchange mechanism was used. In films containing sgbarylium dye,
the energy transfer efficiencies approached 100 %, while ttewate at least 10M™
sec' for films containing SQ-Cy1 and even was as high dsM0sec' for SQ-Cy2
films. These results indicated that ground state recovery sftiaylium dyes took
place on a femtosecond time-scale. These results westamant to the long-range
nature of the Coulombic mechanism. The ultrafast energy éramsfd hence ground
state recovery, for the squarylium dyes was also confirmed ktp$econd transient
absorption studies. The energy transfer occurred at a rateahdteyond the 200 fs
resolution of the pump-probe system and from the calculated rates;enciruless than
100 fs. Time-resolved fluorescence data, in conjunction with thadrdrasorption
data also indicated the presence of a slower electron transtesprbetween the
squarylium dyes and LD800, which took place after the initial eneagsfier process.
Because this electron transfer process appeared to only takenila@ small

percentage of the excited squarylium dye molecules, it did not #ifeoverall ultrafast
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optical response of the films. As such, these films would leswiéed for use as the
photonic layer in the all-optical switching device discussed here.

The anionic xanthene dyes, rose bengal (RB) and fluorescein (FR), esthibit
properties which made them well suited for use in the photonic layke iall-optical
switching device. Along with retention of their well defined amdnse absorption
bands, both dyes also retained their long-lived singlet and in the cage tfplet
excited states. In order to rapidly deactivate these long-livetbe)stiates, the
squarylium dyes, SQ-Cyl and SQ-Cy2, as well as the triphenylmethanerygstal
violet (CRV), were employed as energy acceptors. In vielweohigh ISC yield from
the S to the T, state of RB, the squarylium dyes were used as energy accapttris
dye system because of their ability to accept energy from bothdtetses. It was found
that the efficiency and rate of the energy transfer procesgertRB and the
squarylium dyes, strongly depended on whether RB existed as isolatexlii@®ler as
molecular aggregates within the film. The most desirabletsgsd far as transfer
efficiency was concerned, was obtained for the films containBig@&molecular
aggregates and SQ-Cy2 as an acceptor. The highest trandfehoatever, were
obtained for films containing RB as isolated molecules using $8aS the energy
acceptor. A femtosecond transient absorption study confirmedridagyetransfer to the
squarylium dyes was occurring from both theafd T, states of RB, and more
importantly, at a rate faster than the 200 fs resolution ofuhgpprobe system.
Unfortunately, it was also evident from the data that triphetrgy transfer to the

squarylium dyes caused them to undergo irreversible photodegradation.
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Since such degradation would render these RB films useless under rthigoopé
conditions of the all-optical switch, FR, with its very low IS@lgliwas used in place of
RB. Use of the squarylium dyes as the energy acceptors in thienSResulted in
energy transfer efficiencies and rates which were too lowdw @hese films to be used
in the intended application. Since this was due to the poor spaatrédp between FR
and the squarylium dyes another energy acceptor, CRV, was uszdling he results
using CRV were quite impressive to say the least, and was nodlebd the good
spectral overlap and the electrostatic interaction it had®th At a mole ratioof 1 : 1,
the transfer efficiency was almost 100 %, while energy tramgisrtaken place in less
than 100 fs. These energy transfer characteristics wouldiedigcallow such films to
perform optical switching in the terahertz time domain.

The ultrafast excited state dynamics of composite films contathmgvell known
and often studied laser dye, rhodamine 6G (R6G) was also examirkédifgrotential
use as the photonic layer in an all-optical switching device. WiBéhvas added to the
composite film at a concentration of 0.5 mg/ml, it displayed flsmeace dynamics that
was similar to that in solution. However, when the concentratamimcreased, both the
absorption and fluorescence spectra indicated the formation of H- dngtfae dimer
aggregates. Formation of these aggregates significantlgdkpectral properties and
the excited state dynamics of R6G. At the highest concentrationusegiml, time-
resolved fluorescence studies revealed a complex three componenindebah the
dominant component had a near instrument limited time constant of(88 fs). This
ultrafast component was assigned to the exciton dynamics of tyeettiimer

aggregates and suggested that such films could be used as the phpéonic la
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Furthermore, the cationic dye bromophenol blue (BPB) was employedese gy
acceptor in order to rapidly deactivate a greater percentdape ekcited R6G
molecules. Steady-state absorption and fluorescence studiekedetrat as a result of
the good spectral overlap and electrostatic attraction betwesa two molecules, close
to 100 % of the excited R6G molecules underwent energy trandfex pgmary means
of excited state deactivation. Moreover, time-resolved fluorescamd transient
absorption studies showed that energy transfer occurred in less than 40@lue close
to the diffusion limited value. Once again, the presence of suefasitidynamics in
these films made them good candidates for use as the photonic layer.

Given the proven ultrafast optical response of the dye doped compasge fil
presented here, future work on these films should focus on improvimoyeha!|
photostability of the intercalated dyes. Until such steps &emtahe application of such
films will be limited to research and development use and netweddl deployment.
Improvement of the intercalated dyes photostability could be accsimedlby several
methods. The simplest of which, is the addition of organic addittésh would
prevent or limit the formation of the reactive triplet stadéthe dyes. The protective
action of such additives, however, would be short lived because theg exmritually
undergo degradation themselves. Synthesis of dyes with greater phbtpshen
those used here is also another solution to this problem, but iuthea'a opinion, the
synthesis of such dyes will be no trivial undertaken. A more praatcbcost effective
method towards solving the dye photostability problem, would be not to usatdylés
Rather, inorganic quantum dots should be employed as the active chromofbkare

result of their inorganic nature, these quantum dots have been showsdegpoastly
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superior photostability than any known organic dye. Furthermore, theialoptic
properties can be readily tuned by controlling their size. As soohposite films
containing these quantum dots may very well prove to be the ideal phisigsidor the

ultrafast, all-optical switching devices of the future.
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