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|. Introduction and basic principles

A. Introduction

“Technology is a way oforganizing the universe so that man doesn't have to
experience it.” When Mother Theresa said that,diie’t realize that she was describing the
concept of nanotechnologies focusing on two impurideas in this field: organization and
things that you don’t see or feel. The universeyod full of so-called nanotechnologies but
if you ask someone in the street if he knows wtsatotechnologies are he would probably
answer “it's something like my Nano Ip8tand that person would actually be really close to
the truth: something useful and that you can’'t &sen though nanotechnologies are seen as
a relatively recent subject, they have been preseater in nature. The superhydrophobicity
of the Lotus leaf or the highly efficient light asting system in plants wouldn't exist if

there was no nanostructuration lying underneath.

Fig I-1: Superhydrophobicity on the Lotus leaf as aesult of the multilevel structures of the leaf suface

In 1946 Theodor Forster described how molecules tklorophylls can transfer
electronic excitation energy by means of inducegbl@-dipole interaction. However, for

electronic excitation energy transfer to take plaesveen pigments, several conditions must
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be met. The pigments must be kept in a well deforéehtation, highly organised with a short
inter-molecular distance and they must be preveimted building dimers. Such organization

can be achieved in zeolite L crystals, a crystallpprous aluminosilicate by introducing

specifically tuned organic dyes within the hexadlynarranged zeolite L channels. These
loaded zeolite crystals can then be manipulatedviy that they further organize. One of the
major challenges in the case of zeolites is to &nday to address (electrically or optically)

the dye included.

The present doctoral thesis aims to contributeh® @advances in structuration and
organization of organic molecules in order to bikilh films and nanofibers which could then
be used in devices such as Light Emitting DeviddsX) or hybrid solar cells. Conjugated
polymers, such as the ones synthesized by Alan é¢teégan MacDiarmid and Hideki
Shirakawa (Nobel prize in chemistry in 2000) exhibiectroluminescent properties thus
being a material that can be used in Organic LEDHR). Since their work, vast research has
been conducted in the field of polymer LED aimingirmprove their properties and to tune
their emission spectra. In OLED there are manywotoixing techniques all characterized by
having multiple emitters in a single device. Sorh¢he most common techniques are multi-
layer structures of green, red, and blue emitmgrgy transfer blends comprised of a blue
donor and red/orange acceptor; bimolecular complaiters which produce exciplex and
excimer states to broaden the emission; microcatityctures which tune the final emission
via deconstructive interference; multi-pixel sturets which combine multiple emissive
regions in to a single structure; and doping oingle emission layer with multiple emitters.
This work will mainly concentrate on the two fitsthniques reported above.

Another type of organization of polymer chains gsissin the electrospinning
technique which allows obtaining fibers of polynecematerials with diameters down to a few

hundreds of nanometers using a high voltage suplych structures present many
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advantages as we will see later on but more spatifithey are flexible and confined in
space which could lead to very interesting appbeet in the field of biotechnologies to
specifically excite a cell for example. The sameaidays behind the inclusion of zeolite L
crystals to the external world. The many advantadeise zeolite nanochannels which will be
described in Chapter Il have to be linked in sonag to the external world in order to create
and develop new technologies such as nanosensthgaamolasing. Conjugated polymers will
be therefore used as a medium to link the macraardevices to the peculiar properties of
the nanoworld. The work presented here is a préabocept but could be the base of many
functional devices obtained with low costs techegjand allowing to obtain functional
devices where the organization and the confinerokttie different mechanisms which take

place will open very interesting perspectives irstrad the opto electronic related fields.
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B. Basic principles of photophysics

1. The complex nature of light

Many of the observable properties of light can Inelarstood if it is regarded as a
wave which travels with a finite speed3 x 1¢ m/s). In 1864, James Clerk Maxwell could
show that equations which he had derived to desdhib behaviour of time-varying electric
and magnetic fieldsHg. 1) predicted the existence of propagating waves ta@adtheory

yields precisely the speed of light (known from sweaments) as their velocty?

EfJE -dA =gq/ ¢,
fB-dA=0
YE-dS=—do, / dt

EEB%J’S = i+ pedd. /dt

Eqg. 1 : Maxwell's equations

Figure I-2 displays a schematic representation of such artreieagnetic wave: The
red and blue arrows symbolize the electric and magrfields respectively, which are
perpendicular to one another and perpendiculaneadirection the wave is travelling. If the
wave moves inz-direction, and the electric field oscillates inetk-direction, then the

magnetic field oscillates in thedirection.
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Figure 1-2: schematic representation of an electrongnetic wave

The amplitude of these fields varies along the @gapion path; this is indicated by the
lengths of the arrows. Both these fields also wvarime and this leads to the propagation of
the wave. Two important parameters to characteameelectromagnetic wave are its
wavelengthi and its frequency. The wavelength. is the shortest distance between two
points along the propagation path at which thetetedéield amplitude is the same at any

given momentKigure 1-3).

~ wavelength \.

Figure I-3: sideview of an electromagnetic wave

The frequency of the electromagnetic radiation ireemsure for how fast the electric
and the magnetic field oscillate (the number ofeinper second they change their direction
for any point along the propagation path). Visilight corresponds to wavelengths between

380 and 720 nmHjgure I-1).
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Figure I-4: the electromagnetic spectrum

Even though the Maxwell's electrodynamic theorydasy successful in explaining the
properties of light, it cannot account for all elpeental observations and the idea that the
energy in a radiation field is quantized in disersteps, which is a contradiction to the model
of "smooth" electromagnetic waves, has to be intced. These "grains" of energy are called
photong®# Light can therefore be described in two opposiégsvand the right “nature” of
light to be taken in account will depend on theeskpent and whether light will show either
its wave character or its photon character aslitngver be both at the same time. This notion
is called the principle of complementarity. The photon picture is often very convenient to
describe the interaction of light with moleculdse nergy of a photon is proportional to the

frequency of the radiation (and inversely propardibto its wavelength). When a photon
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"hits" a molecule, if it carries enough energy toess one of the allowed excited states of the

molecule, it can change the molecule's state ilousaways.

2. Interactions of light with molecules

When the electronic cloud of a molecule is excifafter the absorption of one
photon), thet-electron density is changed, which means thag#wemetry of the molecule, in
particular the distances between the carbon atienstightly changed. This leads to coupling
of the electronic excitation with vibrations. Thime, absorption leads to an electronic
transition accompanied by a series of vibronic lsantere 0, 1, 2, etc. vibration quanta are

created along with the electronic excitation.

Q
>
vibration coordinate

Figure I-5: potential energy curves and absorption rachanism

The Figure I-5 shows potential energy curves for this vibratidrthee atoms in the
ground and first excited state of the electron @)oas functions of a vibration coordinate.

Absorption induces transitions between levelsndgated by the arrows.
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Figure 1-6: schematic representation of the absorptin and the fluorescence spectrum of a molecule

In the conjugated fluorescence process, one phstemitted from the relaxed excited
state (O vibrations) to vibrational levels of thegnd state. Vibronic coupling will give rise to
side-bands at energies higher than the 0-0 transiti the case of absorption, and lower
energies in the case of fluorescence. For puralsnbiaic vibrations, this leads to symmetry
(mirror image) between normalized absorption ansbritscence spectra as a function of
energy. A schematic representation of the absorpaiod the fluorescence spectrum of a
molecule as a function of the frequency is showigure 1-6 . Each transition is represented
by sticks, or by very sharp lines at low tempergurAt room temperature, all lines are
broadened (smooth contours).

It is important to consider how strongly a molecufansition is coupled to radiation.
The quantity describing the strength of this cauplis called oscillator strength. It is
proportional to the square of the transition dipolement, a vector homogeneous to an
electric dipole and with a constant orientationhwiespect to the molecular axis. Being
conjugated processes, absorption and fluorescetneagths are related (as long as the
geometry of the molecule does not change too metivden absorption and emission). The

inverse of the radiative lifetime of the molecudeproportional to the integral of its absorption
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coefficient over the spectrum. However, other raten processes than the radiative ones can
be accessible from the excited state of the modectiius decreasing the fluorescence
intensity. The ratio of the radiative rate over sluen of the radiative and the nonradiative rate
is called the fluorescence quantum yield. Molecuwig high radiative rates will therefore

tend to be better emitters. This is the case ofynteser dyes, which are also good fluorescent

probes.

(1) the Jablonski diagram

The non-radiative processes are mainly governedradolation-less transitions to
lower-lying electronic statd$” in particular the ground state, and to a lesseergxthe
metastable triplet stat&igure 1-7). Planar rigid molecules tend to exhibit a lowaanqtity of
non radiative processes. As a rule, therefore, dlumiophores have to be planar, rigid and
sufficiently stable chemically to sustain many éximon-emission cycles in such reactive
environments as air or water.

A schematic level scheme of an organic moleculecivhncludes the three main
electronic states involved in absorption, fluoremee and intersystem crossing is shown
below. Such a scheme is called a Jablonski diaftamhen light energy is absorbed, it can
be converted to thermal energy, kinetic energyhenucal energy (no matter what conversion
process takes place, the initial absorption alwagates an excited state of the absorbing
molecule). The fate of the excited state is deteechiby a number of factors, which control
whether the atom or molecule loses the energy bgstom of a photon (fluorescence or
phosphorescence), heat, or some photochemicalgmo@etermediate states can also occur if

the atom or molecule undergoes intersystem crossiigernal conversion).
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Figure I-7: the Jablonski diagram

In the diagram as drawn, the molecule may be iingles or a triplet state. This is the
multiplicity of a species, and describes how thag¢cses interacts with a magnetic field.
Transitions between states are allowed if theyohrthe same multiplicity (from one singlet
state to another or from one triplet state to amQthand formally forbidden if a change of
multiplicity occurs (from singlet to triplet or \@cversa). Formally forbidden transitions are
sometimes called relatively forbidden because thmour, but are often less frequent (take a
longer time) than transitions that are not forbidd&he ground state of a large majority of
fluorescent molecules is a singlet state, whichmaehat their electrons are paired into a zero
spin state. The ground state is therefore called & first excited singlet state S the one
reached after absorption of a photon. Because miagheld effects are weak, a photon
cannot flip spins which is why the first excitedtst is also a singlet. Although, because of
exchange interactions, another excited state ag¢ri@mergy exists: it is the triplet statg T
with total spin of 1. It therefore has three spiblsvels (usually undistinguishable at room
temperature). Transitions between singlet andetriptates are called intersystem crossing

(ISC). ISC is spin-forbidden, therefore caused dmfyweak interactions such as spin-orbit
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coupling. ISC transition rates are rather low amal ltfetime of the triplet state is rather long

(often microseconds to seconds). However, theetrigtates play a central role in the
photodynamics of the molecule, because they lihetiumber of resonant absorptions and
fluorescence per unit time that a molecule cangperf The thickly drawn lines in this

diagram represent the lowest vibrational level a€le state. The thinner lines are higher
vibrational levels of that state. Absorption ofleopn occurs within & second. The energy

of the photon must match the energy of the tramsitif there is not a transition of the same
energy in a molecule then absorption cannot océagged lines in the diagram represent
radiationless transitions; that is, photons are¢heeiabsorbed nor emitted. The first excited
singlet state typically has a lifetime of nanose&trShould intersystem crossing occur to the
triplet state, which can happen with high efficignender certain circumstances, then the

triplet state may live for milliseconds or evengden.

(2) What happens after the absorption of a photon?

Fluorescence

The emission of light is a random spontaneous pc&he emission lifetime is a
measure of the probability of a certain percentaigthe excited states decaying within that
time. It is a reasonable approximation that elewtrdransitions originate from the lowest
vibrational level of a given state. Frequently thghest energy fluorescence band is of lower
energy than the lowest energy absorption band ehieegydifference observed between these
two bands is called the Stokes sHif?! A Stokes shift is generally defined as the energy

difference between the maximum absorption and tawemum fluorescence.
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Internal Conversion

The radiationless transitions described above tthah't involve a change of
multiplicity are referred to as internal conversoftnergy is released in the form of heat
when internal conversion occurs. Internal converstan be a very rapid process and is
responsible for the prompt loss of vibrational gyeto the lowest vibrational level for each
electronic state. This is the reason that fluoreseas assumed to occur from the lowest
vibrational level of any state. No matter what leigeinitially populated by light absorption,
internal conversion will rapidlyrelease (18* sec) vibrational energy until the lowest

vibrational level is reached, long before fluoresmeoccurs.

Intersystem Crossing

Radiationless transitions between two states oferdiht multiplicity are termed
intersystem crossings. Like internal conversioeséhtransitions result in a loss of energy as
heat, but because they are formally forbidden, thexyuire a longer time to occur. The
electronic configuration of some molecules favomtsrsystem crossing from singlet states
produced by light absorption to a triplet stateswhilar energy. These transitions are very
important in photobiology, because the exciteddtiptate can have a relatively long lifetime
allowing ample time for the excited state moledaleuse the absorbed energy in a reaction
with another molecule nearby. Intersystem crossinglso the typical precursor event to

phosphorescence.
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Phosphorescence

Phosphorescence is the emission of a photon imglaichange of multiplicity, while
fluorescence does not involve a change. Becausechthage in multiplicity is formally
forbidden, phosphorescence lifetimes are signiflgaltonger than fluorescence lifetimes.
Phosphorescence is commonly observed from td S. Because the lifetime of
phosphorescence is so long, molecules;imdy lose their energy by other transitions that ar
more efficient, or by chemical reaction. Common moefs of deactivation include solvent

interactions and energy transfer to oxygen.

Quantum yield

We can predict how much of the absorbed light gnesigj follow each of the possible
deactivation pathways or photophysical processewefknow the rates of the various
transitions. The efficiency of a photophysical mse is normally expressed in terms of a
quantum yield. The quantum yield is given the sylr ¢and is defined as the number of
products formed per photon absorbed. For examplgtiantum yield for photoionizatio ¢,

can be expressed as

(t) __Number of electrons produced
| Mumber of photons absorbed

The quantum yield of fluorescence F may be written:

q) —__ Number of photons emitted
F Mumber of photons absorbed
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The quantum yield may also be written as a fractbrspecies that take one route

compared to species that take all routes:

K
0= r

K, +Kn+ KigctKe

where k is the radiative rate constanty ks the non radiative rate constang. s the
rate constant for intersystem crossing, aptsKkhe rate constant for chemical reaction. The
guantum yield for generation of & unity, since for every photon absorbed the cdi will

be promoted to S

3. Optical spectroscopy

Figure 1-8: schematic representation of the interadbns between a photon and a molecule

An incident photon can be absorbed by a moleculee Photon energy is then
converted into an excitation of that molecule'scetn cloud. This type of interaction is
sensitive to the internal structure of the molecsiece the laws of quantum mechanics only
allow the existence of a limited number of excistdtes of the electron cloud of any given
chemical species. Each of these excited states ldefined energy; the absorption of the
photon has to bridge the energy gap between thendrstate (lowest energy state) and an

allowed excited state of the electron cloud. Moleswcan therefore be identified by their
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absorption spectrum: Their wavelength-dependeraappfor absorbing photons depends on
the energy spacing of the states of their eleattond. This is, for example, the reason why
astronomers use absorption lines to determine éneposition of a star. Molecules which
strongly absorb visible light appear coloured te thuman eye and are therefore called
"chromophores” ("carriers of colour").

From this state the molecule can relax to the elagt ground state by transforming
the excess energy into vibrations of the nuclebytransferring it through a non radiative
mechanism to the molecule's surroundings, butntafacourse also simply re-emit a photon.
This re-emission of the absorbed energy is calledréscence and some single-molecule
chromophores can have fluorescence yields of nimaa ©0% (they are sometimes called
fluorophores). However, when a photon is emittedaés not always carry the full excess
energy of the electronically excited state; thdedénce corresponds to what goes to the
nuclei and the environment. Due to this partial rgneloss a significant portion of the
fluorescence emission occurs at wavelengths albaverte that corresponds to the energy gap
between ground and lowest excited state. Our diamtaon the other hand will naturally
operate at or below thatavelength, since it has to provide a flux of pimstavhich have

sufficient energy to bring the chromophore to theited state.

Varun VOHRA 1-18



Multilevel organisation of hybrid materials basedzeolite L crystals for Light Emitting Devices applions

(1) Beer-Lambert law: base of absorption spectroscopy

Figure 1-9: inside UV-visible absorption

The Beer-Lambert law describes the absorption ahtliin a transparent
material. Lambert's law states that the proportainlight absorbed by a material is
independent of the intensity of the incident radiat>'* Beer's law states that the absorption
is proportional to the concentration of the samplee combination of these two laws gives

the expression:
A: Eic if
where A is the absorbancef is the molar absorption coefficienC is the

concentration ancf is the pathlength. The absorbance is measured imeally and is

given by:
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where } is the intensity of the incident light and i the intensity of the light

transmitted through the sample. It is sometimesemmonvenient to express the molar

absorption coefficient as an absorption cross @e i

In %_U.N.g

whereN is the number of absorbing species per unit volume

There is a common confusion with absorbance ths¢sfrom terminology. It must be
made clear that absorbance is the log of the mitioncident and transmitted light. The
absorbed light is the number of photons absorbked.nmber of photons absorbegchn be
calculated by rearranging the Beer-Lambert equagioan above:

£of
I,=1,(1-10 )

The Beer-Lambert law is the base of the UV-visibsorption spectroscopy allowing one to

obtain the absorption spectrum of a given molecublution.

(2) The potentials of fluorescence spectroscopy

All fluorescence instruments contain three baseeng: a source of light, a sample
holder and a detector. In addition, to be of amedytuse, the wavelength of incident radiation
needs to be selectable and the detector signalbleapat precise manipulation and
presentation. In sophisticated instruments, morwmuhators are provided for both the
selection of exciting light and the analysis of péanemission. Such instruments are also
capable of measuring the variation of emissionnisity with exciting wavelength, the

fluorescence excitation spectrum.
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Sample
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Figure 1-20: schematic representation of the luminesence spectrometer

Commonly employed sources in fluorescence spectrgrh@ve spectral outputs either as a
continuum of energy over a wide range or as a seafediscrete lines. Although in many
cases the output from a line source will be adequdtis rare that an available line will
exactly coincide with the optimum excitation wavejeéh of the sample. It is therefore
advantageous to employ a source whose output isnanaum and the most commonly
employed type is the xenon arc. The output is é¢mdlgna continuum on which are
superimposed a number of sharp lines, allowing wayelength throughout the UV-visible
region of the spectrum to be selected.

Most modern instruments of this type employ diffrae grating monochromators to select

both the excitation and emission wavelengths. Sufthorescence spectrometer is capable of
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recording both excitation and emission spectrataedefore makes full use of the analytical
potential of the technique.

All commercial fluorescence instruments use phottplier tubes as detectors and a wide
variety of types are available. The material froimck the photocathode is made determines
the spectral range of the photomultiplier. The fimof sensitivity of a photomultiplier is
normally governed by the level of dark current (gthis the signal derived from the tube with
no light falling on it). The dark current is causley thermal activation and can usually be
reduced by cooling the photomultiplier. Our meamerts PL continuous-wave
measurements were obtained with an SPEX 270 M nfiwop@ator equipped with an N2-
cooled CCD and a monochromated Xe lamp. The specira corrected for the instrument
response.

The spectral response of all photomultipliers \&anégth wavelength, but it is sometimes
necessary to determine the actual quantum intens$itiie incident radiation and a detector
insensitive to changes in wavelength is requiredsuftable quantum counter can be made
from a concentrated solution of Rhodamine B in kethg glycol which has the property of
emitting the same number of quanta of light adgoabs, but over a very wide wavelength
range. Thus, by measuring the output of the quartommter at one wavelength, the number
of incident quanta over a wide wavelength range lmamrmeasured. This is, in particular,

necessary for excitation profile measurements.

(a) Excitation profiles

The excitation profiles measurements are very Ustfustudy energy transfer
processes which will be introduced in the next ¢dapFluorescence spectra are recorded
with a wide range of excitation wavelengths. Thefescence of the studied molecules will

be integrated for each excitation wavelength. Cgueetly, those integrations will be plotted
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with respect to the excitation wavelength to gige ito the uncorrected excitation profile. As
the name suggests, this first spectrum needs toobected because of the changes in the
lamp intensity throughout the wavelength range thifit be considered. We therefore use
quantum counters (usually Rhodamine B) to corréet lamp intensity. The correction
spectrum corresponds to the integration of the gomsfrom the quantum counter at each of
the excitation wavelengths plotted with respect th@se excitation wavelengths. The
uncorrected excitation profile should be dividedtbg correction spectra in order to obtain
the effective excitation profiles.

In order to study energy transfer from one dondh&acceptor, making the excitation
profiles of the acceptor alone and the accepttinerpresence of the donor is an alternative to
the lifetime measurements (which will not be iniodd). Both excitation profiles should be
obtained by integration of the fluorescence from #cceptor only. In the case of an energy
transfer, the resulting spectr&idure 1-11) will be different and the difference will
correspond to the excitation profile (or absorpspectrum) of the donor: the donor is excited
and transfer’'s energy to the acceptor which theiseatthough it is not excited directly. On

the other hand, if no energy transfer occurs,weeexcitation profiles will be identical.

= = excitation of acceptor
excitation of donor+acceptor

1.0+

0.8 o

0.6

rel. intensity / a.u.

0.4+

0.0 . T ,
300 400 500 600

wavelength / nm

Figure 1-11: excitation profiles of an example of dnor-acceptor system
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(b) Solid state quantum yield measurements

The quantum yield of a fluorescent material givesmportant information about the
material. The quantum yield depends on many extg@@r@ameters, e.g. if the molecule is in
solid state or in solution. In solution, the measoents will be done by comparing the
fluorescence intensity of the molecule with theemsity of a quantum counter. Solution
measurements do not require any particular instnirmed can be done with the fluorescence
spectrometer introduced previously. On the otherdh#he solid state measurements require

an integrating sphere such as the one presentédure 1-12.

Laser

Beam

(@) (b) (¢)

Figure 1-12: picture of an integrating sphere (top)and schematic representation of the three
measurements (bottom) in which the laser strikes gnsample directly (a), after impinging the sphereh
and where no sample is present in the sphere (c)
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The PL QY on solid-state materials was obtained usjng a home-made integrating
spher&>® and correcting the spectra of the low-emissiveenies for the background of the

exciting lamp, according to the following equations

P¥ — (1 — AP
AL,

QY =

p* —p . _ Lo p
c/b T c/b 1 a
a
where P and L are the integrated intensity of the Spectra and the exciting lamp,
respectively; index c refers to the measuremert wie laser impinging the sample, and b
and a refer to the measurements with the lamp ignpinthe sphere with the sample inside

and outside, respectively.

4. The use of fluorescence in microscopy

The emission of light through the fluorescence pssds nearly simultaneous with the
absorption of the excitation light due to a relalyv short time delay between photon
absorption and emission, ranging usually less thamcrosecond in duration. Fluorescence
microscopy takes advantage of this phenomenon ansists in the irradiation of the sample
with a desired and specific band of wavelengths, ianthe separation of the much weaker
emitted fluorescence from the excitation lightalproperly configured microscope, only the
emission light should reach the eye or detectadhabthe resulting fluorescent structures are
superimposed with high contrast against a very darkblack) background. The limits of
detection are generally governed by the darknefisedbackground, and the excitation light is

typically several hundred thousand to a milliondasbrighter than the emitted fluorescence.
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There are two types of fluorescence microscopiee: wide field fluorescent optical
microscopy and the confocal microscopy. A widédfiduorescence microscope uses a lamp,
e.g. a Mercury arc lamp, to illuminate and exdite specimen. This is a fast and economical
way to obtain fluorescent images, which can be gekwirectly with your eyes through the
ocular or captured with a camera. This is any nsicope whereby image formation takes
place by the optic without scanning. The lens diydorms an image, which can be projected

on a camera or observed through the oculars.

Photomultiplier COI;IFOCEI

Detector Light
Pathways
= Pinhole Aperture
—Barrier Filter
Dichromatic
,Q _ Mirror

Aperture

- Objective

Figure 1-13: schematic representation of the confodanicroscope (left) and picture of the Nikon TE-200U
inverted confocal microscope (right)

Confocal microscopy/ ¥ offers several distinct advantages over tradifiovidefield
fluorescence microscop’?? including the ability to control depth of fieldlirination or
reduction of background information away from thecdl plane (that leads to image
degradation), and the capability to collect seoiatical sections (from different focal plans)

from thick samples. The basic key to the confoggiraach is the use of spatial filtering

Varun VOHRA 1-26



Multilevel organisation of hybrid materials basedzeolite L crystals for Light Emitting Devices applions

techniques to eliminate out-of-focus light or glamesamples whose thickness exceeds the

dimensions of the focal plane.

Cover
//Glass\ \ i
) _Microscope e
Slide
Widefield illumination Poeint Scannin
(Large Volume) - (Small Volume

Figure 1-14: comparaison between wide field and contal fluorescence microscope

In a conventional widefield optical fluorescencecrascope, secondary fluorescence
emitted by the sample often occurs through thetedovolume and obscures resolution of
features that lie in the objective focal plane. Ppheblem is especially important with thicker
samples (greater than 2 micrometers), which usuelthibit such a high degree of
fluorescence emission that most of the fine detddst. Confocal microscopy provides only a
marginal improvement in both axiat;(along the optical axis) and lateral 4ndy; in the
sample plane) optical resolution, but is able telwde secondary fluorescence in areas
removed from the focal plane from resulting imageégen though resolution is somewhat
enhanced with confocal microscopy over conventiowadefield techniques, it is still
considerably less than that of the transmissiontle microscope. In this regard, confocal
microscopy can be considered a bridge between ttveseclassical methodologiesaser
scanning confocal microscopy represents one ofntbest significant advances in optical
microscopy ever developed, primarily because tlehrigue enables visualization deep
within the sample and affords the ability to cdllebarply defined optical sections from
which three-dimensional renderings can be credtee .basic concept of confocal microscopy
was originally developed by Marvin Minsky in thedvi950s (patented in 1961) when he

was a postdoctoral student at Harvard Universitndiy wanted to image neural networks in
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unstained preparations of brain tissue and wa®ndiy the desire to image biological events
as they occur in living systems. Modern confocaknoscopes can be considered as
completely integrated electronic systems whereofitecal microscope plays a central role in
a configuration that consists of one or more eteitr detectors, a computer (for image
display, processing, output, and storage), and rabviaser systems combined with
wavelength selection devices and a beam scannsegrdnty. Coherent light emitted by the
laser system (excitation source) passes throughnlaole aperture that is situated in a
conjugate plane (confocal) with a scanning pointtib@ specimen and a second pinhole
aperture positioned in front of the detector (atphuwltiplier tube). As the laser is reflected
by a dichromatic mirror and scanned across theisecin a defined focal plane, secondary
fluorescence emitted from points on the specimenh@ same focal plane) pass back through
the dichromatic mirror and are focused as a comfpomnt at the detector pinhole aperture.
The significant amount of fluorescence emissiort te@urs at points above and below the
objective focal plane is not confocal with the mfeh Because only a small fraction of the
out-of-focus fluorescence emission is delivereduigh the pinhole aperture, most of this
extraneous light is not detected by the photomiigtimnd does not contribute to the resulting
image. Refocusing the objective in a confocal ngcope shifts the excitation and emission
points on a specimen to a new plane that becom#saa with the pinhole apertures of the

light source and detector.
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Il. First level of organization: Hybrid organic/ino rganic
assembly based on zeolite L crystals

The concept of using materials of different cleahnature, assembling them
to obtain a new one which exhibits enhanced pragsedan be applied to many different
fields?® Although, to obtain interesting properties, a denmixture of organic and inorganic
materials is not enough, one has to organize thera specific way. Some of the most
significative examples of such hybrid systems carfdond in nature and more specifically in
the human body. If we take a closer look at ourdsonve understand that nature has been
able to design a material with extremely high medata properties by combining organic
and inorganic materials arranged in the approprathitecturé®? In this chapter will be
presented one of the concepts which allow us t@imbénhanced fluorescent properties
through supramolecular assembly of dye moleculesmonodirectional channels of an
inorganic guest. The idea of having such supramtdeassembly is not limited to hybrid
organic-inorganic assemblies. The formation of brgacrystals embedding organized
fluorescent dye molecules can also lead to enhaficedescence propertiéd but the
inorganic crystals present a major advantage wespect to those all organic inclusion
compounds: the hybrid materials can be manipulatedl processed using organic solvents

and can be heated at high temperatures withoutogésy the crystal.

A. The zeolite L crystal

Zeolites are microporous crystalline solids contgjrholes and channels within their
well-defined structures. Generally zeolite framekgorconsist of silicon, aluminium and
oxygen and their pores contain cations, water berotnolecules. So far over 60 different
species of naturally occurring zeolites have bdsnotered and describ&42” Zeolites are
widely used in industry due to both their ion-exufpa properties and large availability at low

cost?®3! The interesting characteristics of zeolites matidaindustries to synthesise them.
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The history of synthetic zeolites started in 1938w Union Carbide managed the synthesis
of pure zeolite A and zeolite X. Since then, adbtesearch has been done on this topic. To

date, over 100 zeolite framework topologies ardtmtically available.

o8 .
*l’*#

of '“a,w.n“m“‘

3 o8 o
- lal Z lal

Figure 1I-1: the zeolite L crystal structure

In the 1950s, the scientists of the Linde Compamydivision of Union Carbide
Corporations, were the first to synthesize zedlitele type L, or short, zeolite 233 Zeolite
L has a cylindrical shape with hexagonal symmelhe stoichiometry of zeolite L with M+
as charge compensating cation is equal to [M9(HRIO)R9Si27072] in a fully hydrated
crystal. Zeolite L has been found to be an ideal lhar supramolecular organization of dyes.
Figure 1l-1 presents the crystalline structure of zeolite he primary building units are TO
tetrahedra where T can be an Al or a Si atom. Tikel $etrahedra are electrically neutral
whereas the AlO4 entities have a negative chamgding to an overall anionic zeolite
framework. This negative charge is compensated dtiprts which are located at specific
positions within the framework. The cations cantipgrate in ion-exchange processes. The
secondary building unit, the cancranite cage, taiabd by linking the primary units through
oxygen bridges. The cancranite cages are stackedatumns along the c-axis. The channels

consist of 7.5 A long unit cells (u.c.). They havéee open diameter of 7.1 A and are 12.6 A
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wide at the largest place. The centre-to-centréanice between two neighbouring main
channels is 18.4 A. The resulting monodirectiomarmels along the c-axis of the crystal can
therefore be filled by cationic exchange with tlwimter which can lead to supramolecular

organization inside the channels.

Figure 11-2: SEM images of different sizes of zeolé L crystals: nanodisc shaped (left) and long cylarical
microcrystals (right)

As one can see fromigure 1l-2, zeolite L crystals have different sizes and shapes.
Some of them are small nanometric disc shapedatsyahd others are micro objects with a

long tube like morphology.

B. Supramolecular organization of organic dyes inside the
zeolite L channels

1. Organic guest molecules

(1) Cationic exchange

Insertion of dyes into the channels of zeolite b te realized in different ways: by
cation exchange for cationic dyes, or from the ghase for neutral dy&¥:*! A typical
procedure for the insertion of neutral molecule®idry the zeolite under vacuum and then to
sublime the dye, again under vacuum. Cation exaharayn be carried out from different
solvents. Choice of the right solvent and tempeeatoay be critical. It is important to choose
a solvent which doesn’t dissolve the dye too muetthat the insertion inside the zeolite

channels is favoured. In this section, we will fscon the simple solution based cationic
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exchange of monovalent cationic dyes. Such dyeskaog/n to occupy two unit cells in
zeolite L. Therefore, a loading of 100% of the #eotrystal would correspond to a ratio

between number of unit cells and dye moleculeshf 2

(2) Oxonine

—I 1+ Oxonine (Ox)
NH,

m{ CLHNO
mw 21223 g mol
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Figure 11-3: Top: Structure, molecular formula (mf), molecular weight (mw) and extinction coefficient
(emax) Of oxonine. Middle: Polarised fluorescence micra®pe image of two Ox-zeolite crystals.
Bottom: Excitation (dashed) and emission (solid) stra of oxonine in zeolite (red) and in water (blek).

Oxoniné® is a cationic dye which has Cl as a counter Kigure 11-3 displays the
formula as well as the chemical structure of thenixe molecule. The molecule is well
soluble in water and can easily be inserted int zbolite channels from water solutions.

Typically, the desired amount of oxonine molecuiesadded to a suspension of zeolite
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crystals in water and kept at 80°C under stirrimgdt least five hours. One oxonine molecule
occupies two unit cells of the zeolite structurd @makes an angle of 72° with respect to the
c-axis of the zeolite cryst&l" Figure 11-3 displays the excitation and emission spectra f th
dye loaded zeolite crystals as well as the absorpind emission spectra of the dye in
solution. A polarized emission from the loaded #eotrystals can also be seen which

confirms the positioning of the dye molecules altpEspendicular to the channel axis.

(3) Oxazine 1

L 1+ | Oxazine (Ox1)
~ ]
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Figure 1l-4: Top: Structure, molecular formula (mf) , molecular weight (mw) and extinction coefficient
(emax) Of oxazine 1. Middle: Polarised fluorescence micszope image of two Ox1-zeolite crystals. Bottom:
Excitation (dashed) and emission (solid) spectra @ixazine 1 in zeolite (red) and in methanol (black)

Oxazine 1 (Ox1) is a cationic dye which has Cl asanter ionFigure II-4 displays

the formula as well as the chemical structure & @x1 molecule. Unlike the previous
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cationic dye, the Ox1 loading procedure is not fraqueous solutions. Ox1 is soluble in
toluene at low concentrations. One Ox1 moleculeupies two unit cells of the zeolite
structure and unlike oxonine, it stays parallethe c-axis of the zeolite crysta&igure 11-4
displays the excitation and emission spectra ofde loaded zeolite crystals as well as the
absorption and emission spectra of the dye in moluA polarized emission from the loaded
zeolite crystals can also be seen which confirmaspibsitioning of the dye molecules almost

parallel to the channel axis.

2. Advantages of the supramolecular assembly

Organic dye molecules tend to form aggregates, lwhie known to cause fast thermal
relaxation of the electronically excited stateseytare usually unstable under irradiation,
especially when present as monomers. Protectiomstghimolecular reactions but also
unwanted isomerization reactions is possible byapsalating them in an appropriate host
such as a zeolite. Furthermore, such encapsulptendes a protection from the environment

and avoids quenching of the photoluminescence duehioto oxidation for example.

Figure II-5: influence of size on the position of tk dye molecule relative to the channel axis of theeolite
crystal

Dye/zeolite composites sometimes represent a supeamiar organization with new
material properties. Playing on the size and shafpthe guest molecule, one can obtain
different situations going from the one where th@auule stays parallel to the channel axis to

the opposite one where it is almost perpendicti4r
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As we will see in the following part, in order tave fast and efficient energy
transport, it is necessary that the donor and accepolecules stay close to each others and
that their dipole moments are as parallel as plessithese conditions are necessary for both
the homo energy transfer and when the donor andatoeptor molecules are different
species. Through the supramolecular assembly irzebéte framework, optimal conditions
for such an efficient energy transfer and a fastrgy transport can be achieved by inserting

the right molecules into the channels.

C. How can we inject energy inside the zeolite channels?

1. FoOrster Resonant Energy Transfer (FRET)

Donor Donor

Excitation Coupled Transitions Energ
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Figure 11-6: energy diagram of the FRET process

The fundamental mechanism of FRET involves a ddhmrophore in an excited
electronic state, which may transfer its excitagmergy to a nearby acceptor fluorophore (or
chromophore) in a non-radiative fashion throughgtoange dipole-dipole interactioff$:*®!
The theory supporting energy transfer is based han doncept of treating an excited
fluorophore as an oscillating dipole that can ugdean energy exchange with a second dipole

having a similar resonance frequency. In this r@gasonance energy transfer is analogous to
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the behavior of coupled oscillators, such as a paituning forks vibrating at the same
frequency or a radio antenna.

There are only certain pairs of fluorophores sigdbr FRET since, besides other
prerequisites (e.g. dipole orientation, sufficidlutorescence lifetime), the donor emission
spectrum has to overlap the excitation spectrurthefacceptorKigure 11-7). The overlap

integral,Jpa()), is the region of overlap between the two spectra.

Joa(4) = f Fo(4) x Ea(4) x A%dA

The other parameters that can affect FRET areubhatgm yield of the donor and the
extinction coefficient of the acceptor. Thus, itl@rto maximize the FRET, one must choose
the highest quantum yield donor, the highest alisgricceptor, and fluorophores having
significant overlap in their spectral profiles. @re other hand, these parameters can also
allow one to tune the quantity of energy transférkmowing that it could result in the

simultaneous emission of both species.
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Figure 1I-7: an example of overlap between the donds emission and acceptor's excitation spectra
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The phenomenon of FRET is not mediated by photassom, and furthermore, does
not even require the acceptor chromophore to @dicent. In most applications, however,
both donor and acceptor are fluorescent, and tbermence of energy transfer manifests itself
through quenching of donor fluorescence and a temluwmf the fluorescence lifetime,
accompanied also by an increase in acceptor flueneg emission. The theory of resonance
energy transfer was originally developed by Thedetinster and, in honor of his contribution,
has recently been named after him. The Forsteryhgmws that FRET efficiencyEfrer)
varies as the inverse sixth power of the distamte/den the two moleculessf):

E. =

FRET 6

14|04

Ry

Ro is the characteristic distance where the FRETieficy is 50 percent, which can be
calculated for any pair of fluorescent moleculdss(tvariable is also termed tRérster
radius. The FRET efficiency of a theoretical fluorophqguair therefore depends on the

distance between the donor and the acceptor asxsindvigure 11-8.
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Figure 11-8: FRET efficiency vs Distance for an exarple where R, is considered to be 5 nm
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Because of the inverse sixth power dependence euligtance between the two molecules,
the curve has a very sharp decline. For distaressstharRo, the FRET efficiency is close to
maximal, whereas for distances greater tRgnthe efficiency rapidly approaches zero. The
useful range for observing FRET is indicated by rtb@ shaded region iRigure 11-8 with
values ofr between 0,5 and 1,5 tim&s.

Ro can be calculated for any pair of fluorescent malles using the equation with the

well-established input parameters:

91n(10) o x°
128 w°n? N,

Ro=§/Jpa

where 3a is the previously introduced overlap integral begw the emission spectrum
of the donor and the excitation spectrum of theeptar, @ is the fluorescence quantum yield
of the donor and the parameterdescribes the relative orientation of the transititipole
moments of the donor and the accepkogyre 11-9).
k%= (codr— 3 cogh coshh)?

k= (sin@sinGxcosp— 2 codh cosh)?
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Figure 11-9: relative orientation of the donor and the acceptor's dipole moments and calculation of the
orientation factor
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The orientation angle variabke? simply indicates that the FRET coupling depends on
the angle between the two fluorophores in muchsdrae manner as the position of a radio
antenna can affect its reception. If the donor acckptor are aligned parallel to each other,
the FRET efficiency will be higher than if they avdented perpendicular. This degree of
alignment definex %. Althoughk? can vary between zero and 4, it is usually assuimdzd

2/3, which is the average value integrated ovep@dkible angles.

2. The stopcock principle

The stopcock principle is based on the designpdréicular dye which will allow one
to inject energy to the dye inside the zeolite cleds® The stopcock molecule is designed in
such a way that it stays at the channel entranocéstdherefore provides a link between the
environment of the zeolite and the dye inside thenoeld*®“® The stopcock molecules are
composed of two parts which are covalently boundeézh others. Depending on the
application and the processes used to address dlecutes inside the channel through the
stopcock, it will be designed in different wayscationic dye or label is linked to a part that
is too big to enter the zeolite channels. This sdcblocking part avoids the complete

entrance of the molecule in the zeolite channelshvstays at the channel entrance.
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Figure 11-10: two examples of fluorescent stopcock olecules (left) MTG and (right) Cy02702
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Figure 11-10 displays the chemical structures of the two stokcnolecules that were
used in this study. The Cy02702 molecule displagstéon on its tail which will be easily
introduced inside the zeolite channels. On therdtla@d, the cation on MTG is on the head
and therefore the conditions to have the zeoldpfsick assembly in this case will be harder
to obtain and is much more unstable. When MTG Idaglites L are put again in a solvent
or blended in a polymer, the risk of having MTG @ognhout of the zeolite channels is

relatively high.

3. Functionalization of the external surface

In order to graft molecules on the external surfacéhe zeolites, one has to start by
functionalizing them with a silicate derivati¥®>® The choice of the silicate derivative
depends on the functions present on the molecuiehwtill be consequently grafted. One of
the molecules used for the first functionalizatstep of the surface of the crystals is the
Aminopropyltriethoxy Silane (APTES). The silanologps present on the external surface
(coat and base) of the zeolite react with the asiiicate forming Si-O-Si bridges. The
modified zeolite surface therefore displays amiraugs that can be further used for grafting
an organic dye with carboxylic acid or aldehydections for example. Unlike the stopcock
principle, in the case of grafted molecule, the atenfor an energy transfer to the dye
molecules inside the channels are covalently botmndhe zeolite crystals using trivial
chemical reactions. The zeolite crystal can alscubed as a support for a very efficient
energy transfer between two molecules grafted enstivface as it provides a cylindrical
substrate where molecules can be grafted closedther (one molecule can be grafted on
each of the —OH groups present on the zeolite sexféAs the molecules in this case are

covalently bound to the surface, the resultingesysis much more stable than the one based
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on the stopcock molecules. In the case of dye epadh the external surface, zeolite crystals

can be further processed in solution or blendel paiymers.

4. Comparative study of the advantages and the draw  backs
of each system

Unlike the zeolite crystals loaded with stopcocklewales, in the case of the dye
molecule grafted on the external surface, energyster occurs not only from the base but
also from the coat of the zeolite crystals. Lethave a closer look at the case of the
nanozeolites which are 25nm x 25 nm of dimensi@uéa at 20% of the maximum loading
of the zeolite. This corresponds to a ratio dyeanwle to repeating unit of the zeolite crystals
of 1:10.

The total number of channels in a 25 nm particle6ig and therefore, the total number
of channel openings is 334. The length of the vecta the zeolite L crystal structure is 0,75
nm. Taking this parameter, the fact that one dymipies two unit cells, and a Forster’s radius
of around 5 nm into account, we estimate that thexgy is transferred from the grafted dye
present on the base to two dye molecules presese ¢b each of the channel entrances.
Assuming that the dye molecules are homogeneoisheied (with a loading of 20%) in the
zeolite channels, an average of 134 molecules nystat can be an acceptor for an energy
transfer from the bases. This same number of m@sauould also be potential acceptors for
an energy transfer if stopcock molecules are uBatlin the case of transfer from molecules
grafted on the external surface, the energy trara&® occurs from the coat and not only
from the bases.

The length of the vectors a and b of the crystaicstire of the zeolite L is 1,84 nm,
therefore we estimate that energy is transferrech ihe molecule on the coat of the zeolite to
the dye molecules present into the two outermaahicéls of the zeolite crystals. The number

of the two outermost channels of a single cryst&? (43 outermost + 39 second outermost).
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Thus, the number of dye molecules that can be exk¢iirough energy transfer from the coat

is 82 x 4 = 328 molecules.

Figure 11-11: schematic representation of the positins of the dyes which can be an acceptor for energy
transfer: (left) acceptor molecules for both stopcok and functionalisation approaches and (right) for
functionalisation but not for energy transfer from stopcocks

Using both the energy transfer processes from #se land the coat simultaneously,
we strongly increase the probability of addressirigrge number of dye molecules included
in the nanosized inorganic crystal. Therefore,dbeccurring energy transfers from the dye
grafted on the bases and the coat of the zeoltgtals lead to a far more efficient process

than the systems based on stopcock molecules.
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ll.Second level of organization: Zeolite L crysta Is
assembled in polymeric materials

As we saw in the previous chapter, the dye insiie zeolite channels can be
addressed through energy transfer from a dye wiickomehow linked to the zeolite
(stopcock molecule or dye molecule grafted on tkereal surface) but now a strategy to
properly address the zeolite crystals is neededh@sim of this study is to build functional
opto electronic devices, it is important to provalenedium to contact the zeolite crystals. In
order to do that, the approach we will be focusimgis to embed or assemble the zeolite
crystals in a conjugated polymer. Conjugated pelgpresent many advantages and can be
the base of low cost production of highly efficiaito electronic devices:>® Conjugated
polymers are now widely used in opto electronicickes such as OLED because of their
intrinsic optical and electronical properties, kalso because they can be processed and
structured much more easily then inorganic matrighe genesis of the field can be traced
back to the mid 1970s when the first polymer capalblconducting electricity polyacetylene
was prepared by accident by ShirakdWaThe subsequent discovery by Heeger and
MacDiarmid that the polymer would undergo an insee@ conductivity of 12 orders of
magnitude by oxidative doping raised the scienagamanity’s curiosity and research about
other conducting polymers soon followet®! The target was (and continues to be) a
material which could combine the processibility,viemnmental stability, and weight
advantages of a fully organic polymer with the utefectrical properties of a metal.

In this chapter, we will see how we can take adagatof different known techniques
to obtain polymer thin films or nanofibers and tsem to contact, organise or structure dye
loaded zeolite L crystals in the polymer. The reswf this study will provide optimal
structures for the incorporation of zeolite crystaito OLED or into nanofibers which could

be the first step towards the fabrication of zediased flexible nanodevices.
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A. Zeolite L crystals embedded in electroluminescent
electrospun nanofibers

Fibers with a diameter of between 100 nm-500 nm geaerally classified as
nanofibers. These fibers can be made from a widetyaof materials ranging from metdfd),
ceramic&® to polymers. What makes nanofibers of great istdgetheir extremely small size
and high aspect ratio. With higher surface areaotame ratios and smaller spaces between
individual fibers than larger fibers, nanofibergeofan opportunity for use in a wide variety of
applications. Increased awareness of the currahttaa potential applications of nanofibers
have in recent years accelerated the research ewelopment of these structures. Some
important applications for these nanofibers inc|uué are not limited to, catalytic substrates,
photonics, filtration, protective clothing, cellagtolding, drug delivery and wound healing.
To date, the most successful method of producingpfitzers is through the process of

electrospinning®® "}

1. Electrospinning electroluminescent polymer blend S

(1) The electrospinning process

Electrospinning traces its roots back to electtastgpray painting, which has been in
operation for almost 100 years. In 1934, a prodesshe production of polymer filaments
using electrostatic force was patented by Forntf418.Formhals encountered a number of
problems early in his work, but by 1940 not onlyl e overcome those initial problems, but
he had developed methods of producing composigdibsing multiple polymers and fibers
that were aligned parallel to one another. Althotigh fibers produced by Formhals were
much larger than the nanofibers which can be obthimowadays, his work set the stage for
the production of these structures. The electrogpinprocess uses high voltage to create an
electric field between a droplet of polymer solatat the tip of a needle or a capillary and a

collector plate. One electrode of the voltage seusmlaced into the solution and the other is
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connected to the collector. This creates an elstttic force. As the voltage is increased, the
electric field intensifies causing a force to builpl on the pendant drop of polymer solution at
the tip of the needle. This force acts in a dim@ttpposing the surface tension of the drop.
The increasing electrostatic force causes the tirgbongate forming a conical shape known
as a Taylor cone. When the electrostatic force amraes the surface tension of the drop, a
charged, continuous jet of solution is ejected fribyim cone. The jet of solution accelerates
towards the collector, whipping and bending wildis the solution moves away from the
needle and toward the collector, the jet rapidipgrand dries as the solvent evaporates. On
the surface of the grounded collector, a nonwovah ahrandomly oriented solid nanofibers
is deposited.

Taylor did a study of the polymer droplet at the end oé ttapillary in an
electrospinning setup in 1969. This study led tbetter understanding of the process by
which the polymer solution streams from the capjllan 1987, the experimental conditions
and factors that cause highly conductive fluidsomga to increasing voltages to produce
unstable streams was studied by Hayati eftese conditions cause the fluid stream to whip
around in different directions as it leaves thedteelhe work of Doshi and Renelexplored
how changing the concentration of the polymer smfutand the voltage applied to the
solution affected the formation of nanofibers.

Numerous other studies have been done to exam@eftact of changing both the
polymer solution and the experimental setup. Baeadthese studies it is clear that
characteristics such as fiber diameter and morgiyottepend on a large number of both
experimental variables and material properties whioclude solution concentration,
viscosity, surface tension, voltage, capillary diéen, flow rate and capillary-to-collector

working distance.
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Figure 111-1: different set ups for electrospinning going from the classic vertical set up (top left)d the
horizontal (top right) through the oriented one (bdtom right) and schematic representation of the dohle
spinneret (bottom left)

Different set ups have also been introduced gaioign fa simple vertical one involving
gravitational forces to much more elaborated hatiab ones using an external pressure
system to create the droplet at the tip of thellzapi® The vertical set up has one major
drawback: during the initial part of the processfdpe stabilization, some drops of the
polymer solution fall on the collector screen. Tégbstrates covered with the polymer
nanofibers are therefore also covered with somgnped drops. In the horizontal set up, the
collector screen is not placed under the capiliang therefore the problem of the drops
falling on it is avoided. Although, obtaining a nfuenore controlled horizontal set up
involves a lot of engineering and automatisatiormaonstant pressure should be applied to

the polymer solution. By coming to a compromisensen the simple horizontal set up and
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the much more controlled but complicated horizorgat up, it is possible to have the
advantages of both “extreme” set ups: if the sesugiented with a consequent angle (in our
case, 60° with respect to the vertical plane), dropll not fall on the substrates and
gravitational forces can still be used to contt@ formation of the droplet at the tip of the

capillary.

(2) Are conjugated polymers electrospinnable?

Electrospinning a conjugated polymer on its owndsan easy task. As we previously
saw, the electospinning technique is based onetcking of the polymer solution droplet
created at the tip of the capillary. This stretghiof the droplet closely depends on the
polymer’s intrinsic visco elastic properties. Cayated polymers are known to have a rigid
backbone which allows charge transport. Unlike tbemmon polymers used for
electrospinning, the rigid conjugated backbone @néy the stretching of the polymer. This
lack of good visco elastic response towards stmegctof the polymer chain has to be
overcome in some other way. Different concepts vatuelied to help the process. Most of
these techniques use complicated systems sucle aetible spinneret to obtain core shell co-
electrospun structuré®:% In this approach, two immiscible polymer solutiais used. The
double spinneret consists of two capillaries oratietneedles with different diameters placed
one into the other. Each of them contains a polys@ution and typically for the co-
electrospinning of conjugated polymers, the extecagillary contains a polymer with good
visco elastic properties in a polar solvent whetbasinner capillary contains the conjugated
polymer in an organic solvent. It is very importaghat the two solvent are immiscible.
Having such a system, once the electrospinninggsostarts, the polymer contained in the
outer capillary will form a micro or nanotube thgtuwhich the inner polymer solution will
flow. The inner polymer solution will thereforelfihe stretched polymer nanotube and form a

nanofiber after solvent evaporation. The resultsath co-electrospinning using double
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spinneret is interesting as one directly obtaitisreaded flexible nanowire but the technique
has a major drawback: the morphology of the inraet pf the nanowire cannot be controlled.
The main advantage of this technique consistsenfdlot that one can obtain a nanofiber of
pure conjugated polymer by selectively dissolving polymer present in the external part of
the core-shell nanotube.

The double spinneret technique is not the only wéybtaining pure conjugated
polymer nanofibers. Blending the conjugated polymih a polymer with good visco elastic
properties such as Polyethyleneoxide (PEO) or Bolyse (PS), obtaining the same results is
possible but very selective towards the used naseriThese blended electrospun fibers
sometimes exhibit a phase segregation of the tonmys which induces a tubular structure
(core made of the conjugated polymer and shell noddher polymer or vice versa) of the
fiber. After the selective dissolution of the namnpugated polymer, one can obtain fibers or
nanotubes of pure conjugated polymers. Another agmbr would be to use precursors of
conjugated polymers for the electrospinning proasesgh are consequently converted into
conjugated polymers. With this last approach, tladymer still has good visco elastic
properties during the electrospinning process aedoimes rigid only after the thermal
conversion. This last method is an easy way ofioioig. very well defined pure conjugated
polymer nanofibers with a diameter which can bedothan 100 nm but the choice of the
polymer is very restricted. With respect to the laeuspinneret set up, the blend and the
polymer precursor methods use much simpler sebupshey are also much more selective

towards the conjugated polymer which is electrospun
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PEO+PFO (fluorescence) PEO+P3HT (confocal)

PS+F8BT (fluorescence precursor

Figure 111-2: examples of nanofibers obtained from bends based on polyfluorene (top left), P3HT (top
right), F8BT (bottom left) and AFM image of the 100 m fibers obtained from PPV precursors (bottom
right)

In the following paragraph, we will see a numbeex&mples of what can be achieved
without the use of the double spinneret set up.
(3) Morphological study of the electroluminescent

nanofibers resulting from electrospinning a blendf o
polymers

The use of blends for the electrospinning processlead to different morphologies.
When it comes to blending two polymers togethernynparameters have to be taken into
account to obtain the desired morphology. Thosarpaters include the ratio between both
polymer quantities, the miscibility of the two polgrs and all the experimental parameters
which were previously introduced concerning thectetespinning process. We will focus our

study on the following green emitting alternativagpolymer: Poly[(9,9-dioctylfluorenyl-2,7-
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diyl)-alt-co-(1,4-benzo-{2,1’,3}-thiadiazole)]H8BT). The function of the second polymer
which will be added to the blend will be to hel@th8BT to be electrospun, therefore, to
undergo the study of the morphology of the fibdrgp polymers known to be easy to
electrospin and to be miscible with F8BT were deldcPolystyrene (PS) and Polyethylene
oxide (PEO). As the miscibility of the two blendgalymers is one of the major parameters to
influence the morphology, it is necessary to undeis that, due to the hydrophilic groups

present along the PEO chains, PS will have a highwpatibility with F8BT than PEO.

Figure 111-3: Fluorescence microscope images with settively (a) vertically and (b) horizontally polarized
emissions of an electrospun fiber (blend of F8BT angS)

Fibers obtained with a blend of F8BT and PS arainbt with a broad range of
relative concentrations. The higher the quantity-8BT becomes, the harder it is to obtain
decent fibers. The fibers obtained with more theam®so of F8BT are not smooth fibers and
they display many beads due to the high viscodityh® polymer solution. When the w% of
F8BT is kept under 60%, nice and smooth nanofibezsobtained, the diameter of which can
be tuned by playing on the relative concentratiohboth polymers and the electrospinning
parameters. Those nanofibers also exhibit an istiege property: polarized emission along
the axis of the nanofiber. This can be easily aérpld During the electrospinning process, the

chains of PS are stretched and therefore aligngatbe nanofiber axis. As there is no
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demixing between the two polymers, the PS chaiag dne F8BT ones which also align
along the axis of the nanofiber leading to a pe&tiemission from the blended polymer
nanofiber Figure 111-3).

The case of the PEO-F8BT blends is slightly différé&mooth fibers can be obtained
with a w% of F8BT upto 85% without any problems.eTpolarized emission from the PS-
F8BT blend is not seen on any of the fibers obthingh the PEO-F8BT blends. This already
gives us the hint that the miscibility of both pwolgrs plays an important role in the
morphology of the obtained fiber. By electrospimnim range of different relative
concentration, phase segregation of the two polgman be studied. As long as the w% of
F8BT is kept under 65%, no phase segregation is apd fibers of a mean diameter on the
nanometric scale are obtained. By further incrgpsie w% of F8BT, a demixing of the
polymers can be observed which leads to the foomaif a core-shell fiber. The diameter of
the fibers obtained with such blends increasesféwamicrons and clearly displays emission
mainly from the external part. PEO is soluble inevavhereas F8BT is insoluble. This core
shell structure can therefore lead to the formatibhollow F8BT microtubes by selectively
dissolving the core in water. The dissolution ofPEan be observed directly thanks to its
tension active properties. After the elctrospinnprgcess is over, the collected fibers are
immersed into water for 3 hours to allow complassdiution of the PEO and we can observe
bubble formation. Before and after the immersidre tubular morphology of the fiber is
maintained in the case of F8BT/PEO core shell §b&io obtain fibers of pure F8BT, they
can be further annealed over 150°C which allowsnctrebility and induces the formation of

fibers.
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Figure 111-4: confocal microscope images of (left)ibers obtained with 85 w% of F8BT after PEO
dissolution in water and (right) fibers obtained with 60 W% of F8BT blended with PEO

Different morphologies and properties of electrasgibers of electroluminescent
polymer blends can therefore be obtained. In tHeviing parts of this work, only nanofibers
displaying no phase segregation will be used.

2. Inclusion of zeolite L crystals in polymeric nan ofibers:

Two step energy transfer from the polymer nanofiber to the
guest dye molecules

As we saw inChapter I, the host-guest organic/inorganic hybrid systensplay
enhanced fluorescent properties from the includgsl dut, the major challenge consists in
being able to address the fluorescent dye includedhe nanocrystals optically or
electronically to obtain interesting functional ew@ls. Blending the crystals in a conjugated
polymer can be an option to do so. As the zeoliteyistals cannot be diluted and destroyed in
common organic solvents, the inclusion compounds ki dispersed in polymer solutions
without loosing the crystal structure and therefeeeping their peculiar optical properties.
Dye loaded zeolites can be embedded in electrospnofibers by simply suspending the
crystals in the polymer solution used for electiosing®® A second level of organization

can be observed in zeolite L crystals embeddedimofibers: crystals with a high aspect ratio
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align along the nanofiber axis during the electanpig process. If the dye loaded crystals can
be linked to the external environment, a two stegrgy transfer from the electroluminescent
polymer nanofiber to the dye inside the zeolitencieds can be obtainéd:#®!

(1) Stopcock  molecules: a link between the

electroluminescent nanofiber and the organic dye
included in the zeolite L channels

To obtain materials for innovative devices it ic@gsary to have an energy transfer
from the electroluminescent polymer in the fibethe dyes inside the zeolites. The stopcock
molecule is composed of two parts: a head thatataemter the zeolite channels due to size
issues; and a tail which fits in those channelsiftpasuch a structure, the molecule will stay
at the channel entrances thus creating a “linkivben the surrounding environment (the
polymer in the case of fibers) and the dye insidedrystals. In this part, we will focus on the
study of the previously introduced Cy02702 stopaociecule.

The use of the stopcock molecule Cy02702 is nog tmlbe an acceptor for energy
transfer from the polymer fiber but also a donar tlee dye molecules inside the zeolites
channels. The oxonine and oxazine 1 are two paieaticeptors for this second energy
transfer. The overlap between Cy02702 stopcock entdeas donor and those two organic
molecules is almost equivalent in both cases. Tterence between the two systems comes
from the specific orientation of the molecules desithe zeolite L channels. Oxazine 1's
dipole moment is oriented along the channel axistivr oxonine’s makes an angle of 72°
with the channel axis. Taking into account thedatinee orientations of the dipole moments,
the Forster's radius for the energy transfer betw€g02702 and oxonine and oxazine 1
become respectively 25 A and 45 A. Zeolites loadtti oxonine are refered to as ZLOX.
Zeolites loaded with the stopcock molecule and ;m@@and oxazinel are respectively called

CyZLOx and CyZLOx1.
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Figure 111-5: chemical formula, excitation profiles and solid state emission spectra of (a) F8BT, (b)
Cy02702 stopcock molecule, (c) oxonine and (d) oxae 1

The fact that the emission from the stopcock anohime molecules are in the same
wavelength range makes it difficult to discern drem the other especially as, by exciting
one directly, we also excite the other. Thoughwascan see oifrigure IlI-6 , when the
zeolites CyZLOx are excited at 480 nm, the respaisained is a sum of both signals from
oxonine and the stopcock molecule. On the othed hianthe case of zeolites CyZLOx1, by
exciting specifically the stopcock molecule (exiida at 500 nm), the recorded fluorescence
spectra display an intense emission from the oeai while the signal from Cy02702 is

strongly reduced due to nearly complete energysfeario oxazine 1.
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Figure 111-6: (a) emission spectra of CyZLOx excitedat 480 nm (solid) and zeolites loaded with Cy02702
(dashed) and oxonine (spotted) and (b) emissionesgira of CyZLOx1 excited at 500 nm (solid) and
zeolites loaded with Cy02702 (dashed) and oxazih€spotted)

The conjugated polymer used in the fiber was P8|9Fdioctylfluorenyl-2,7-diyl)-alt-
co-(1,4-benzo-{2,1’,3}-thiadiazole)] (F8BTFigure 1lI-5) blended with polystyrene (PS)
which can easily be electrosplfi. The blend of polymers consisted of 25% of F8BT and
75% of PS in wt.%. The diameters of the fibers wieth can be tuned from 300 nm to 2
microns by changing the diameter of the capillang dhe polymer concentration in the
solution used for electrospinning. The resultirgefs display a polarized emission along the
fiber axis due to the stretching of the polymersirdy the electrospinning process and
therefore an orientation of the polymer chains.obtain zeolite embedded fibers, 2,5 % of
the selected zeolites (in mass with respect to patigmer mass) was added to the electrospun
solution. Fibers FB-ZLOx, FB-CyZLOx and FB-CyZLOxbrrespond respectively to fibers
containing zeolites ZLOx, CyZLOx and CyZLOx1. Therizontally and vertically polarized
emissions show us as well that, unlike the resthef fiber, the polymer surrounding the
zeolite is not oriented.

To study whether there is or not an energy trarfsben the polymer to the dye loaded
zeolites, one has to measure the emission spectwaidifferent points of the fiber, one only

with the polymer and one with the polymer and zedlicrystals Figure 111-7).
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Figure 1ll-7: Confocal (a) and fluorescence (b) miroscope images of an electrospun fiber (FS8EAS)
FB-CyZLox1 excited at 488 nm. A and B are the regiaof integration of the photoluminescence for the
fiber and the embedded zeolite respectively (A: Filvavithout zeolites; B: Fiber embedding the zeolites

CyZLOx1)

In order to specifically excite part A or part B af given fiber, the confocal
microscope was used. By using such a system, we al@e to compare the fluorescence
from the dye loaded zeolites when they are inside fibers (in contact with the
electroluminescent polymer) and when they are eir twn. To demonstrate whether there is
or not an energy transfer, one has to introducevaterms: JavelenghtCOrresponds to the
integration of the signal from the dye loaded Zeslivhen excited at the given wavelengih. |
is defined assbsnmoOver kasnm(the latter corresponding to a direct excitatidbthe dye loaded
zeolites).

Table 1displays the results obtained for the integratiointhe different systems.

o ZLOX I CyZLOx Il CyZLOxl

ZL 0,05 0,14 0,17

FB-ZL 0,03 1,22 0,71

Table 1: I, for ZLOx, CyZLOx, CyZLOx1, FB-ZLOx, FB-CyZLOx and FB- CyZLOx1.
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If energy transfer from the conjugated polymertthe zeolite crystals occurs, the
emission from the organic dyes should increase evtiez polymer is excited. Therefore, we
expect to observe,lwith higher values for the zeolites embedded enfibers with respect to
those of the zeolites alone. In the case of therditFB-ZLOx (zeolites without stopcock
molecules), we do not observe an enhancement oérfigsion from the dye with direct
excitation of the polymer. On the other hand, theers FB-CyZLOx and FB-CyZLOx1
display a remarkable increase gfwhich means that in the case of these fibers we laa
energy transfer from the polymer to the dye loadedlites. The Forster’'s radius for the
energy transfer between F8BT and the organic dyesta A and 55,5 A for oxonine and
Cy02702 respectively considering an isotropic dagon of the polymeric chains
surrounding the zeolites. Since both organic gukatge similar absorption properties, the
particular position of the Cy02702 molecules on #eslite L crystals thus increases the
amount of energy transferred. By adding the stopaoolecules to the zeolites, we have
provided a link between the electroluminescentrfimed the inclusion complex, a link that
could also be used as a donor in order to trarsfiergy to the dye included inside the
channels. In the case of FB-CyZLOx, the energyassferred only to the stopcock molecule.
On the other hand, in the case of fibers FB-CyZLQk# energy is transferred to the oxazine
1 molecules inside the zeolite channels througlstbecock molecule.

The energy transfer obtained using such a methdthugh not very efficient, is a
proof of principle that three simultaneous emissi@an be obtained from an electrospun
nanofiber. By adding the stopcock molecules tozbealites and loading them with the dyes
having the right properties (optical and geomelyjoae have provided a link between the
electroluminescent fiber and the inclusion complgxch opens new perspectives to the

development of nano devices based on hybrid hasttgystems.
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(2) Functionalized zeolite L crystals for efficient twstep
energy transfer

An alternative way of addressing the dye insidezib@ite L crystals is through energy
transfer from an organic dye grafted on the exilesngace of the crystal. Those crystals are
then again embedded in an organic light emittingofiber being used as acceptors for FRET.
The fibers obtained from the electrospinning precesre prepared from a blend of a
fluorene-based copolymer containing triphenylangreups (PFTPA) and Polyethylene oxide
(PEO). PFTPA was shown to avoid formation of flummee which quenches the emission
from the fluorene inducing a green shift of the €ston of the polyfluorene (as can be seen
with commercial polyfluorene$}**? Oxonine (Ox+) loaded zeolites with the derivatbfea
dialdehyde substituted tetra-hexylsexithioph&né (T6) grafted on the outer surface were
added to the electrospun solution in order to oltaplite crystals dispersed in the polymeric
nanofiber.Figure 111-8 presents the structures of the different molecthlaswere used along

with their optical characterisation.

Varun VOHRA 111-58



Multilevel organisation of hybrid materials basedzeolite L crystals for Light Emitting Devices applions

oxohine

LINNL I N (L I (L N L L L L L L O L I
350 400 450 500 550 600 650 700 750
wavelength

Figure 111-8: (dotted) excitation profiles, (solid) fluorescence spectra (left) and formula (right) othe
different molecules composing the system. Top: PFTP@Im). Middle: T6 on zeolites (powder). Bottom:
oxonine in zeolites (powder)

The loading of the zeolite L crystals with orgadiee molecules is done as described
previously. The zeolite crystals used were nandz=sobf a mean diameter of 25 nm and a
mean height of 25 nm which tend to form nanoagge=gaf around 100nm x 100nm. The
procedure for grafting the T6 molecule on the zeddxternal surface is the one described in
Chapter I1.

To obtain a material which simultaneously emits three different ranges of
wavelengths, it is necessary to have a controlfegy transfer from the electroluminescent

polymer in the nanofiber to the dye grafted onzhelite and consequently to the dye inside
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the channels. The important parameters for a gesdnant energy transfer are the spectral
overlap between the donor’s emission and the accepdbsorption spectra, as well as the
quantum yield of the donor molecule. These parammetbow us to calculate the Forster's
radius (R) which corresponds to the distance at which tleeptor should be from the donor
in order to have half of the energy transferrede Thlculated values forgRor the systems
PFTPA-T6 and T6-Ox+ are respectively 5,73 and 50l

Figure 111-9 displays the excitation profiles of ZLOx alone ar@¥L Ox dispersed in a blend
of PFTPA:PEO (65:35 in w%). The compatibility beemethe T6 present on the surface of
the zeolite crystals with polymer materials induadar better dispersion of the host-guest
inclusion compound in the prepared solution andequoently in the polymer film obtained.
The emissions from the samples were integrateddset\880 and 700 nm where only the
emission from Ox+ is present. This demonstratesaltao step energy transfer from the

conjugated polymer to the dye inside the zeolitayistal is achieved.

450 a00 550 GO0 400 450 500 550 GO0 B0 ] Too 740
wavelength wavelength

Figure 111-9: top: excitation profiles (left) of ZLO x (solid) T6ZLOx (stripped) T6ZLOx dispersed in a
PFTPA-PEO blend (dotted) integrated between 680 and 70tm and emission (right) from T6ZLOx
(stripped) and T6ZLOx dispersed in a PFTPA-PEO blenddotted) excited at 350 nm; bottom: schematic
representation of the two step energy transfer witim the electroluminescent nanofiber
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In Figure I111-9, the photoluminescence of loaded zeolites in tAR€FA-PEO blend
exhibits white light by combining the emission frddFTPA, T6 and Ox+. As shown in
Figure 1lI-10, the CIE (Comission Internationale de I'Eclairagebrdinates of the emission

recorded with a single excitation at 350 nm ar8300,26).

Figure 111-10: CIE coordinates of the blend of electoluminescent polymer with dye loaded zeolites

The electrospinning step will now allow us to ohbtananofibers of an
electroluminescent polymer blended with PE&g(Qre 1lI-11) embedding T6ZLOXx crystals
displaying the emissions from the three materidlse confocal images, obtained with a
single excitation at 407 nm, exhibit emissionshat different wavelengths corresponding to
the polymer, the grafted T6 and the Ox+ moleculdse nanofibers embedding zeolites
display mainly blue emission from the polymer addlly exhibit white emission in the parts

of the fiber containing zeolites.
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Figure 11I-11: fluorescence microscope image of fibs of PFTPA-PEO (left) and confocal microscope
image of T6ZLOX in PFTPA-PEQO nanofiber (right)

In Chapter Il we have demonstrated that energy transfer frommblecules grafted
on the external surface is much more efficient theing a stopcock molecule. The
functionalisation also presents other advantaghs. grafted molecules and the conjugated
polymer are in direct contact which makes the fiesergy transfer very efficient. The
compatibility of the conjugated polymer with thefied conjugated oligomer leads to a better
dispersion of the zeolite crystals in polymers\wilg us to increase the zeolite concentration
in the polymer. Adding the zeolites to the eleetroinescent blend used for electrospinning
led to the creation of nanofibers which exhibitighlly efficient two step energy transfer to
the dye included in the zeolite channels. The qgated polymer partly transfers its energy to
the organic molecule on the surface of the crystdlEh consequently injects the energy to
the final acceptor molecule inside the zeolite cleds1 Such fibers display emissions of the
three fundamental colours: blue, green and redimjaon the concentrations of the different
molecules, one could realize electroluminescentenight emitting nanofibers which could

be used to create a hybrid organic/inorganic naeotbased light emitting device.
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B. Zeolite L crystals in hexagonally arranged in conjugated
polymer thin films

Studies of the very well arranged light harvestiygtems in plants revealed that the
concept of enhancement through hybrid organizatcam also be applied to opto
electronicd® Many examples in literature are related to hylsidar cells with increased
efficiencie®® or hybrid light emitting devices based on an oigamatrix embedding
inorganic nanoparticles for colour tunnifif. By including cationic dyes through ion
exchange in the zeolite L framework, the aggregatibthe dye molecules is avoided which
further leads to an increase of the emission quangield. As nature teaches us, a well
organized system is what is needed to obtain ggud electronic devices (like the solar
energy conversion during photosynthesis), thereforghis chapter, the methods to obtain
highly organised zeolite L crystals in polymerictevéls will be discussé@®®® This is one
of the key factors to obtain highly efficient hydbfunctional thin films.

1. Breath figure formation combined with soft litho graphy: a

cheap and easy way to obtain micro/nanopatterned po  lymeric
thin films

In the past years, obtaining micro- or nano pastemith easy to use and cheap
techniqgues has been the centre of interest in adbnm@ange of fields going from
biotechnological applications to microelectrorfi@8°? The well known techniques using
photolithography work perfectly but the cost of ndises the whole process price.
Consequently, a greater importance has been govphdénomena such as self-assembly and
other self-organization proces$¥a%¥ The formation of breath figure arrdys**” on a
polymeric thin film is one of those investigated@traiques which can, once combined with
soft lithography!® lead to a cheap and easy way to obtain micro mpatten different

materials.
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(1) Breath figure formation process

water con der{sati 0N

|

solvent evaporation \ 3) droplets sink into polymer solution

packed array

intorhefil

I i

2) water droplets amange in a dose 4) wiater eva%orati; and}mpriﬁt remains

Figure 111-12: schematic representation of the breal figure formation mechanism leading to the
formation of honeycomb structures on thin polymer fims

The term breath figure refers to the arrangemenwvater droplets formed by the
condensation of water vapour on either a cold smliiquid surface. Using the right polymer
material and solvent, during solvent evaporatiammfrsolution, water vapour present in the
atmosphere will condense and self-organize int@xafonal arrangement of water droplets
on the evaporating solution. Once both the solegewl the water droplets are evaporated, the

latter leave the imprint of their honeycomb-likeusture in the polymer film.

Figure 111-13: a) Scanning Electron Microscopy (SEM)picture of a holey PS film and b) confocal and
fluorescence microscopy images of a holey P3HT film

Varun VOHRA 111-64



Multilevel organisation of hybrid materials basedzeolite L crystals for Light Emitting Devices applions

Such a technique allows us to easily obtain a henagarrangement on some polymer
films. Unfortunately, the formation of breath figgr cannot be obtained with any polymer.
The choice of the polymer is one of the key facfordhe breath figure formation. In order to
select the polymer which can be used, one has é¢p ke mind that the process involves
condensation of water droplets on a polymeric filtherefore, if the polymer is completely
hydrophobic, the water droplets will tend to coaéesvhich will lead to a loss of the regular
hexagonal structure. Polymers which are commongédusan be listed into two categories:
amphiphilic polymers (e.g. polystyrene terminatedthwa hydrophilic headf® and
substituted conjugated polymers (e.g. poly-3-héxgfihene).

The choice of the polymer is not the only importaatameter to obtain a regular
hexagonal array. The moist air flow, the polymenantration, the temperature and the
solvent are among other parameters which influémeejuality of the formed pattern. Playing
on these parameters, one can tune the diametke alities obtained on the polymeric thin
film from 400 nm to a few microngsigure 1lI-13 displays arrays obtained with different

polymers inducing different sizes of the hexaggnattanged cavities.

(2) Soft lithography for more versatility

The breath figure technique can be useful for magpylications but it still presents a
few drawbacks when it comes to creating nanostrastior organic light emitting devices
type structures. The BF formation is based on #ngagechnique which leads to thicknesses
of more than an order of magnitude larger than vihaised for the active layers of OLED.
Other than that, regular structures can only baiobtl with some particular polymers and
therefore, there isn’t much versatility towards ttiwice of the electroluminescent polymer
one would use in an OLED. Using a simple technigqueh as soft lithography or more

specifically in this case nanoimprinting, replicalsthe hexagonal array formed by the BF
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technique can be obtained on most of the polymmaterials. The combination of breath

figure formation and soft lithography allows usoteercome the material selectivity.
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imprinting a different polvmer on the substrate

Figure 111-14: combining breath figure formation and soft lithography

In order to do that, a PDMS mold or negative is enfising the breath figured thin film),
which will then be used to imprint the desired po&ric materials. The problem of the
thickness of the film can be overcome as the reptian be printed on a spin coated film
(thickness of a few hundreds of nm). The choicahef material, which is one of the key
factors to obtain breath figured films, becomes liesportant thanks to the soft lithography.
Once the stamp is obtained, almost any polymer niahtean be nanopatterned by simply
adjusting the experimental parameters (pressurth@mBF replica, temperature and time of
the process).

An alternative to nanoimprinting was also developedbtain hexagonal networks of
polymer on a substraté&igure 111-14, 11I-15 ). This second method consists in putting the
desired polymer inside the free space betweenrthtelerances of the PDMS negative which
is consequently repressed against a substrate rghaenough temperature to melt the

polymer. With this method, we are able to obtainh@xagonal network of polymer on a
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substrate with a thickness going fronuth down to 100 nm. The thickness of that polymer
network depends on the quantity of polymer addetherPDMS negative. The substrate can
be of any nature as long as it resists to tempesthigher than the melting temperature of
the polymer. This method opens new perspectivemwél architectures for OLED which we

will see inChapter IV.

Figure 111-15: PFO (top-left), P3HT (bottom-left) and F8BT (right) hexagonal networks printed on glass
substrates

2. Hegaxonal arrangement of zeolite L crystals in ¢ onjugated
polymer thin films

(1) Amphiphilic zeolite crystals for direct organizatio
during the breath figure formation

Ox loaded zeolite L nanocrystals’ external suefacas chemically modified, as
shown inFigure 111-16, in order to give hydrophilic properties to thelusion complex.
The silanol groups on the external surface easiact with APTES to give rise to surface
amine functionalized zeolite crystals (ZLOXxNH2).€eThesulting amine groups present on

the external surface of the inorganic host are bgdiic. ZLOxNH2 can be further
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modified using a fumaric acid. One of the acidindtions reacts with the amino groups of
ZLLOXNH2 to form an amide while the second giveg ttig carboxylic acid groups present
on the outer surface of the zeolites connectethe¢cctystals through a bridge containing a
C=C double bond. This second type of modified algstire designated as ZLOxCOOH

and present hydrophilic properties as well as hgbobic ones.
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Figure 111-16: schematic representation of the diffeéent functionalized zeolite L crystals and moleculg

@ 4mmmp NH,(CH,):—S—(OEt),

The formation of BF arrays on a polymeric thimfidepends on many parameters.
One of the major parameters is the nature of théeeonbes present in the cast solution.
Ambipolar polymers are the best candidates forpitozess as they easily form films and
stabilize the amphiphilic interface between the roypdhobic film and the water droplets.
Some conjugated polymers, such as PF8BT, whencdebgrom a low concentration
solution in C$ under moist airflow induce formation of BF. Sudhmk can also be

obtained using an amphiphilic polystyrene (aPS)e Timensions of the pores resulting
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from the presence of the water droplets vary betwk¥) nm and 5 microns depending on
the nature of the polymer used: the better themelycan stabilize the water droplets, the
smaller the pore diameter. Other parameters suchthasmoist air flow and the

concentration of the solution have also to be takesccount to be able to obtain nice and

regular arrays.

Figure 111-17: confocal images of aPS (left) and ZLONH2 in aPS (right) films formed under moist air
flow

Amino functionalized zeolites are added to théyper solutions. The hydrophilic
zeolites are expected to diffuse close to the wdteplets during the film formation and
stay at the polymer air interface in the cavitisdlee water droplet evaporaté€sgure IllI-

17 presents the thin film obtained from ZLOXxNH2 disged in an aPS solution to which a
blue pigment (fluorescamine) was added (2 w% weigpect to the weight of the polymer)
to give a blue-green emission from the polymerimfiThe confocal image clearly shows
that the ZLOXNH2 crystals are present only where tmater droplet was before its
complete evaporation. The other information we geim these images is that the
presence of ZLOXxNH2 actually disturbs the formatodrBF. aPS forms regular pores of a
mean diameter of 600 nm when used without thosditeeo As the modified zeolite

crystals recover completely the polymer-water ifdee during the BF formation, it

becomes harder for the polymer to stabilize theewdtoplet. Therefore, irregular arrays
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are obtained which display larger pore diametetOxNH2 is not amphiphilic, therefore,
it is not able to stabilize the water droplet. lider to overcome this issue, a new system

was introduced.

Figure 111-18: : confocal images of BF formation onPF8BT (left) and self assembled ZLOxCOOH at the
polymer-air interface in the cavities of a BF PF8BT (ight)

ZLOXCOOH, unlike ZLOxNH2, has amphiphilic propedieThe presence of the C=C
double bond and the functional groups in the diatidlecule grafted on the crystals
induce compatibility of ZLOXCOOH with both conjugat polymers and water. The
modified zeolite crystals therefore tend to furts&abilize the polymer-water interface as
they can stabilize the water droplets direcHigure 111-18 shows a confocal image of BF
arrays obtained from a solution of PF8BT containklgOXCOOH. The image clearly
shows two different emissions from the bordershef tavities and from the rest of the
film. The array obtained in this case is regulathwdimensions of the cavities in the same
range as the ones formed with conjugated polymdrenwno zeolites are present. The
amphiphilic loaded crystals move towards the watssplet to stabilize it but can be
mixed with the polymer which also stabilizes themglet. Unlike the previous case, here
the zeolites and the polymer are not incompatiblke therefore, during the film formation,
the zeolites are entrapped in the polymer closghdonater-polymer interface. Using such

a system, three levels of organisation are obtairedregular hexagonal array of
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microcavities in a polymeric film; a selective piwsining of the inclusion compounds in
the polymeric micropatterned film; and a molecutarangement of the dye molecules

within the hexagonal channels provided by the iaorg host.

(2) Breath figured polymeric thin films as a templaterf
zeolite L organization

A similar arrangement can be obtained through geiht approach. This second method
also aims to suppress the chemical reaction stegggaagive more versatility towards the
polymeric materials which can be used. The ideashg soft lithography to reproduce
the BF array on polymers which do not form BF asrayth the conventional process was
introduced in previously. This method consists ieating a negative PDMS film of the
BF array. The PDMS film is consequently used asaap for creating replica BF on a
different polymer thin layer. The cavities preseant such polymeric films or films
obtained by direct BF formation are consequentlgdi with ZLOx by simply casting a
dispersion of crystals in water on top of the fil’&fter water evaporation, the zeolites
cover the whole polymeric surface and fill the ¢@&. In order to obtain zeolite crystals
organized in a honeycomb arrangement, the excesd Ok present on the surface is
removed by pressing a flat PDMS block on top of bybrid film. The zeolite crystals
which are not in the cavities are therefore tramsfit on the inorganic elastomere. The
only zeolites which remain in the film are the omeghe hexagonally arranged cauvities.
Depending on the size of the zeolites used, théieawvill contain one or more zeolite
crystals. This second method therefore gives mogesatility towards the polymer
material used as well as the quantity of zeolitgstals present in one cavity. Although
dye loaded zeolites’ optical properties are noeetéd by the aggregation in solid state,

the good dispersion of the crystals is one of tlagomissues to obtain good functional thin
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films which could be used for applications suchzaslite based organic light emitting

devices.

Figure 111-19: confocal images of ZLOx in F8BT embosed using PDMS replicas of BF on aPS

Figure 111-19 displays a confocal image of a thin film of F8BJatled with ZLOx of a

mean diameter of 600 nm and a mean length of 800Umntike the nanocrystals (25nm x
25nm) used for the method based on hydrophilicratigons, only one crystal will be
present in the cavities due to spatial and geowpw®dtriestrictions. The confocal images
show a bicolour fluorescent film. The green emissi@corresponds to the
photoluminescence of F8BT, whereas the red emiss@mnes from the Ox molecules
present in the zeolite crystals. The crystals aapped in the cavities within the film

which leads to this bicolour microstructured enossi
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C. Self assembly of zeolite L crystals and conjugated polymer

1. Polyphenylene vinylene precursors: a polycationi c
precursor presenting many advantages

One of the major issues when it comes to electrislestent polymers is their poor
solubility in organic solvents. Different approasheave been studied in order to overcome
that problem leading to easy to process materieit® most common way to make the
conjugated polymers more soluble is to use longlalkains or polar groups as substituents
or building block of the unsoluble rigid backbdhg:**? Here, we will discuss an alternative
approach to obtain conjugated polymer films or cttrees from very easy to process
materials. This approach consists in processingesoan conjugated polymers which can
then be converted into conjugated ones. This faofilyolymers is called conjugated polymer

precursors.

Q
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Figure 111-20: thermal conversion of the PPV precursa into unsubstituted unsoluble PPV

The precursor we will mainly be discussing aboud isationic polymer (as shown in
Figure 111-20) which is converted into unsubstituted PPV aftéhermal annealing at 150°C
in an inert atmosphere. The unsubstituted polymen tbecomes insoluble which opens the
way to the preparation of some original architezsuof polymer and composite thin films.
Another advantage of this precursor is that it @nés polycationic properties before it is
converted and therefore also has a great poteat@eate original self assembled structures.

We saw at the beginning @hapter Il that such precursors also have quite good visco
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elastic properties and therefore are not only delubsolvent such as water or methanol but
can also easily be electrospun. In the followinggave will see that not only are they a good
candidate for electrospinning, but they can alsovée interesting to obtain hybrid self
assembled structures or innovative bilayers ofwgated polymerg*®!
2. Polyelectrolytic assembly of functionalized zeol ite L
crystals and polyphenylene vinylene precursors

(1) Principle of polyelectrolyte assemblies

Polyelectrolytes are polymers whose repeating uréer an electrolyte grodjd***®
As they are polymers, their viscoelastic propertiesgood and when in solution, they usually
display a high viscosity which is one of the kegsnbaking nice multilayer films in an

efficient and low cost way. Many biological moleesiisuch as polypeptides and DNA are

5%

SO, Na

polyelectrolytes.

Figure 111-21: chemical formula of two polyanions: (left) poly(sodium styrene sulfonate) (PSS) and (righ
polyacrylic acid (PAA)

Figure 1lI-21 displays two molecules which are considered aygmabns: poly(sodium
styrene sulfonate) (PSS) and polyacrylic acid (PA®jhough both of these molecules are
polyanions, PSS is considered a “strong” polyetdgte as it is fully charged in solution
whereas PAA is said to be a “weak” polyelectrolgpartially charged). When solutions of
oppositely charged polyelectrolytes are mixed togetit usually leads to the formation of
bulk complex as the opposite charges attract edwdroand therefore irreversibely bind the

two polymers together. Therefore, polyelectrolytesn assemble in many different ways
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using these peculiar properties. Among the diffeesmsemblies of polyelectrolytes which can
be obtained, two have drawn a particular interasthe past decade: the layer by layer
assembly (LbL) and the nanoparticle coating. Duridg. deposition, a suitable growth

substrate (usually charged) is dipped back andh foetween dilute baths of positively and

negatively charged polyelectrolyte solutiortsig(re 111-22)

Figure 111-22: schematic representation of the layery layer polyelectrolyte assembly

During each dip a small amount of polyelectrolyseadsorbed and the surface charge is
reversed, allowing the gradual and controlled bujpdof electrostatically cross-linked films
of polycation-polyanion layers. When a substratth\ai negative surface charge is immersed
into a solution with positively charged polyeledyte chains, the electrostatic attraction leads
to an irreversible binding of the chain to the aad, while the counterions remain in the
electric double layer. Thus, a monomolecular laygh a thickness on the order of one
nanometer is formed:® Under suitable conditions, the net surface chisgeositive, such
that as a next step, a negatively charged polyagonbe adsorbed by immersion into a solution
of polyanions. This technique is an alternativd.émgmuir-Blodgett deposition. These two
techniques are in a certain way complimentary ag #re both restrictive on the nature of the

material which can be deposited. The polyelecteoltL deposition allows to prepare really
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thin films (on the nanometric scale if only onedays deposited) or can lead to sandwich
structures of alternative polyelectrolyte or hybiagiers with novel and interesting properties
in many different fields. The process can go omver, therefore, the film thickness can be
controlled by the number of alternative layers wahace deposited.

The principle of LbL deposition of polyelectrolytesmn also be applied to nanoparticle
coating. If a nanopatrticle displays a charged exstesurface, when mixed with an opposite
charge polyelectrolyte, the two species will asdemlAfter recovering the covered
nanoparticles, one or more additional layers oéralted polyelectrolytes can be added

(Figure 111-23).

gt A
) e

Figure 111-23: schematic representation of polyeleablyte layer by layer assembly on nanoparticles

Thin films and nanopatrticles prepared using theygdettrolytic approach can lead to very
interesting materials in different fields rangingorh biomedical applications to water
treatment, sensor materials and functional coatihgshe following part, we will see how
polyelectrolytes can lead to novel self assembtadctires involving dye loaded zeolite L

crystals.
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(2) Surface modified polyanionic zeolite L crystals

In order to be able to use the polyelectrolyticrapph to assemble zeolite L crystals
with a polymer, it is first necessary to modify #dernal surface of the inorganic crystals. As
polyelectrolyte assembly is based on charge conapiens the functionalisation of the surface
should lead to a polyanionic zeolite L as in owse;dhe polyelectolyte is a cationic precursor
of PPV. The zeolite L crystals are first loadedhnat cationic dye (oxonine) to easily probe
the position of the crystals. Once the oxonine ilmgdorocedure is done and crystals are
recovered, external surface modification of thelilmd can take place. The silanol groups
present on the external surface of the crystalst n@éh the Aminopropyltryethoxy Silane
(APTES) through formation of Si-O-Si bridges. Thesulting zeolite L crystals have amine
groups on their external surface. These amine greu@ then further modified with fumaric
acid to present carboxylic acid groups on the redlurface following the reaction pathway
presented in a previous sectigngure 111-16) .

The carboxylic acid groups are then put in presariddaOH and transformed into anions.
After all these modifications, the dye loaded zeoli crystals present the same assembly

properties as a “strong” polyanion which can belgasupled with the PPV precursors.

(3) Morphological and spectroscopical study of the
assembly of modified zeolite L crystals and polypylene
vinylene

Two different types of zeolites are used for therfation of such assemblies: the first
set (ZL1) corresponds to crystals of a mean diamatel a mean length of both 40 nm
whereas the second set (ZL2) has a mean diame®®0aim and a mean length of 5 microns.

The zeolites were first loaded with an organic roole: the oxonine. The first step to obtain
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zeolites encapsuled in PPV is to modify the zedteface as described in the previous

section to obtain polyanionic zeolites.

oxonine

L e LI L i o o
400 450 500 550 600
wavelength

Figure 111-24: excitation profiles (dotted), photoluminescence spectra (solid) of PPV and oxonine (left),
confocal image of a oxonine loaded ZL2 crystal hawg PPV adsorbed on its coat after thermal treatment
at 150°C and schematic representation of the covateeolite (right)

PPV precursors are polycations that can be cordenid PPV through a thermal
conversion in an inert atmosphere. The precursamsbe used for electrolytic self assembly
with the zeolite L crystals. To visualize the maojdgies obtained, a careful confocal
microscopy study was conducted on modified oxohi@eled zeolite crystals which have a
mean diameter of 600 nm and a mean length of SomsctThe base and the coat of the zeolite
crystals have different reactivities due to thespreee of the channel entrances. Although the
functionalization of the zeolite also occurs on th&ses of the crystal, at the channel
entrances, the presence of cationic species (cowote or exchanged oxonine molecules)
screen the anionic properties of the carboxylateigs leading to a preferential adsorption of
the PPV precursors on the coat of the zeokigure 111-24). Adding PPV precursors to the

zeolite suspension leads to the formation of cyiead core shell structures which are
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consequently thermally annealed leading to the emion of the PPV which becomes

insoluble and rigid.

Figure 111-25 : (top) Optical (left) and fluorescence (right, eatibn wavelength: 488 nm) microscope images
of PPV-oxonine loaded nanozeolite 200 nm large fibas obtained by adding 3QQ of PPV precursor
solution to 25 mg of zeolites suspended in wat®ttOm) confocal microscope images of PPV-oxonaasled
nanocrystals assemblies obtained by adding.@06f PPV solution to a suspension of 25mg of zeslitewater
(simultaneous excitation wavelengths: 405, 488&R®Inm).

Adding PPV precursors to a suspension of zeolitahocrystals (40 nm x 40 nm) in water
and casting the solution on a glass substrate eah to different morphologies. The PPV
precursors can be consequently thermally conveirtenl PPV to make those structures
unsoluble in most solvents (polar and organic). wes previously saw irFigure [l1-24,
adding a small amout of PPV precursors allows ufalwicate core shell polymer zeolite
structures where the polymer envelops a singleiteeotystal. A higher PPV precursor
concentration can give rise to the formation off sdsembled nanofibers by simply

dropcasting the polymer-zeolite solution on a clgéass substrate. Playing on the relative
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concentrations of PPV and zeolites, we can obtanofibers of less than 200 nm of diameter

and which grow up to lengths of more thau@0(Figure 111-25).

S5um

AIWATALY
A/

Figure 111-26 : Fluorescence microscopy images of horizontally)(tomd vertically (middle) polarized emission
of almost horizontal hybrid fibers and (bottom) sctatic representation of the self assembled steictu

In Figure 11-26, the polarized fluorescence images obtained frangelr fibers allow us to

understand better the arrangement of the zeolitsida the fibers. The zeolite nanocrystals
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are loaded with a dye molecule which stays almegbgndicular (72°) to the zeolite channel
axis and through this fluorescent microscopy stutlgan be concluded that the emission
from the dye is also polarized at an angle of agdod®° with respect to the fiber axis. The
zeolites are therefore oriented along the fibesciematized oRigure 11-26.

The nanofibers displayed iRigure [1-25 and 26 result from the combination of different
phenomena. In previous works, it has been demdedtthat drop casting a colloidal solution
of carbon nanotubes from a non volatile non soleads to such an arrangement with high
aspect ratio nanotubes. The mechanism of such ranhootubes nanofiber formation is
linked to the microfluidic forces created duringv@mt evaporation. Several groups have
studied and modelled the drying of drops of cobdidispersions. Although it has been shown
that such phenomena can occur with spherical Biéeh, we could not obtain such
arrangement by simply drop casting zeolite L naystets (with or without surface
modification) on their own from water solution. Weerefore believe that the mechanism
leading to the nanofiber formation is related te tlod-coil nature of the PPV precursors
dressed zeolite crystals. In literature, many exampf rod-coil block polymers which self
assemble can be found. The polymer—zeolite coré stracture can be considered as a
similar case in which the central inorganic crysietls as the rod and the unconverted polymer
surrounding the crystal would be the coil. Incragsihe amount of PPV precursors, fibers
become larger but also more order&wy@re 11-26). Self assembly phenomena involving
rod-coil block copolymers depend on the relativegtés of the different blocks. The case of
our core shell structures is somehow similar. gdaramount of PPV precursors induces a
higher quantity of adsorbed polymer on the zedudgace which will consequently increase
the self assembly properties of the core shellcaire. Once the structure is obtained,
thermal annealing of the conjugated polymer premsrinto unsubstituted PPV will lead to

unsoluble nanofibers encapsulating highly orderegzlidaded zeolite crystals.
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Functionalization of the loaded zeolite crystalshwan anion was obtained. The resulting
zeolites are used as polyanions to self assemlttteR#AV precursors having cations along the
polymer chain. Playing on the relative concentrati PPV precursors and zeolites, different
self assembly morphologies are obtained. A highecyrsor concentration allows us to
obtain self assembled core shell nanofibers forrbgdstacked zeolite L nanocrystals
surrounded by the polymer. The highly ordered tedlicrystals display polarized emission
almost perpendicular to the fiber axis. The zeslitis is therefore parallel to the axis of the
fiber. After thermal threatment, the polymeric $loélthe fiber is converted into an unsoluble
conjugated polymer. Since the dye inside the z=gliystals can be addressed through energy
transfer from the electroluminescent polymer, sbghrid self assembled nanofibers open

new perspectives in the fabrication of nano devices
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I\VV. Third level of organization: innovative Organi ¢ Light
Emitting Device

A. Organic Light Emitting Device (OLED)

1. Whatis an OLED?

If you ever thought about having a display builtimgyour clothes, a newspaper where
images are dynamic, a TV that you could fold antlipuyour pocket or a high definition
screen which would be thinner than your finges itbt science fiction anymore. The OLED
technology is advancing everyday and we should seoable to build such devices thanks to
it. But what is an OLED? OLEDs are solid-state desicomposed of thin films of organic
molecules that create light with the applicatioretefctricity**°*?®) They can be used in many
different fields going from energy saving lightitg high definition display$2°*3*! OLEDs
can have either two layers or three layers of aoyaraterial; the third layer helps transport
electrons from the cathode to the emissive laybe ©LEDs built during our studies were

two organic layer OLEDs as the one describeigure IV-1.

OLED Structure

Cathode — .

Emissive

Conductive

Layer (Crganic
Molecules or —
Folymers)

Anode

substrate

Figure IV-1: schematic representation of a single erssive layer OLED
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The OLED structure schematically represented cpaeds to a stack of the following layers:
First comes the substrate which supports the OlBEdpending on the application, it can be a
transparent polymer foil or like in our case, glaBse substrate is covered with the anode.
The anode has to be transparent (so that lighttesnily the device can go through it and
through the substrate) and its function is to reenelectrons (also called add holes) when a
current flows through the device. The first orgalaiger is called the hole transporting layer.
It is usually made of hole transporting (electorocking) layers of polymers such as
PEDOT:PSS or polyaniline. On top of this hole itijeg layer, the active layer is deposited.
This second organic layer can be deposited inréifiteways depending on the material and
the applications: these include (but are not lichit@) spin coating from a solution, vacuum
thermal evaporation, organic vapour phase depaséitd inkjet printing. This last method
have drawn a particular attention as it could leekifty step to the fabrication of very efficient
flexible OLED or display$**%! This is the layer which we will focus on in thentiog
chapter: this layer is based on conjugated polyanelris the layer where holes and electrons
will recombine in order to create light. Finallyhet top electrode (the cathode) is not
necessarily transparent and is used to inject relestwhen a current flows through the

device.

2. How does the OLED work?

Figure 1V-2 displays the mechanism to obtain light througlctetduminescence of
the active layer in an OLED. A voltage is appliedoss the OLED which leads to a current
from the cathode to the anode through the orgayerl The cathode injects electrons to the
active layer (emissive layer) of the device whhe tanode injects holes into the conductive
layer (PEDOT:PSS). When an electron finds a holthénactive layer, the electron fills the

hole which means that it falls into an energy lesklthe atom that's missing an electron.
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When this happens, the electron gives up energhanform of a photon of light and the

OLED emits light.

| CATHDDE ||

Conductive Emissive
Layear Layer

123 elec

eonductive layer,

| Light
Y Photon

Figure IV-2: working principle of an OLED

In literature, we can find many works concerning thptimisation of the materials
used for the electrodé¥’ and the architectures of the OLEYY in order to obtain high

efficiencies which will not be the focus of our Wor
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3. Preparation and characterization of the devices

In the previous section, we had an overview of whatOLED architecture should be.
The OLED which will be described in the followingdtions were prepared as follows:
To obtain a functional OLED, one has to keep indrimat the design should provide a way to

contact both the anode and the cathode separaitblyutvhaving any short circuits.

-\

Organic
Layers

Figure 1V-3: typical architecture of the studied OLED

The preparation of the device therefore starts lih preparation of the substrate. The
substrate has to be partly covered with ITO. Ireottd do that, the first step is to obtain ITO
covered glass substrates which will then be seiggtietched in aqua regia (a volumetric ratio
of 1:3 mixture of nitric and concentrated hydroctdcoacid). Once the etching is over, and
after a careful cleaning of the surface in différeslvents, the sample will be placed for UV-
ozone surface treatment to create an oxidized .|ay@s step will increase the properties of
the interface between ITO and PEDOT:PSS which im gmated on top of it. The

PEDOT:PSS is deposited from a water solution aad #nnealed at 100°C for ten minutes to
eliminate the dishomogeneities of the film. Actlagers were prepared by spin-coating blend

toluenesolutions with a concentration of approximately fmi. The total concentration of
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the solutions and deposition parameters are uneltatg give comparable thickness films.
Calcium/Aluminium (Ca/Al) cathodes were then salatdy growth using protective masks on
the active layer (perpendicular to the ITO eleat®ds shown oRigure 1V-3) in 10°mbar
vacuum. The dimensions of the deposited metal sayere also kept unchanged in order to
have reproductible results and were respectiveB0ofind 70 nm for calcium and aluminium.
The perpendicular bottom and top electrodes alloe/to easily contact both electrodes with
reduced chances to have short circuits.

There are two different ways of characterising tlewices: one consists in measuring its
electroluminescent spectra to obtain informatioloutlthe active layers’ colours and the
second one corresponds to the calculus of theiesffig of the device. This second
characterization is done through current-photocu+veltage (I-Phl-V) measurements. In
order to calculate the external quantum efficientyhe device it is necessary to have the
photocurrent (intensity of light emitted by the a®) as well as the current flow through the
device for an applied voltadé®

As OLED external emission profile is supposed ta_ambertian ((19) =1,cos?), the radiant

flux @exrleaving the device can be calculated using tHeviahg procedure:

%
@, = |27k, cosdsingds =11,
0

wherely is the radiant intensity of light leaving the dexia the forward direction. The solid

angle from detector to light source is:

Q=A./r’
where Aper is the area of the detector ands the distance between the OLED and the

detector.
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I, =P

DET

, =P /Q and therefore, the number of photoNs collected by the detector can be
calculated as:
_ TP A

DET

NP

ADEThC
wheree is the charge of an electroRper is the power that the detector measufess, the
emission wavelengtlin is Planck’s constant,is the speed of light in vacuum.

The number of electrons. can be calculated from the input currént
Ne = IOLED/e

and external quantum efficiency forward directmxis the ratioNp/Ne X

_ T Zng)ETA

,7EXT -
ADEThCIOLED

Even though the external quantum efficiency is vergortant as it allows us to compare the
quantity and the intensity of light emitted by thevices, we will focus more on the other type
of characterisation which corresponds to the edaatninescent spectra of the device. In the
coming parts, we will try to detect different elame included in the active layers of the
OLED and this can be easily done by simply lookiag the emission spectra. The
electroluminescent spectra are obtained using #meesdetector as the photoluminescent

spectra.

4. Original active layers for the OLED

As was discussed previously, our concern is totereaw architectures and designs of
the active layers in order to obtain original fuacal devices. In the previous section
(presentation of OLEDS), the description of theivaclayer always consisted of a simple

monolayer of an electroluminescent polymer. Witks tfirst approach, very efficient and
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bright monochromic OLEDs can be obtained. Thanksnganic chemistry, it has been
demonstrated that with a copolymer containing damat acceptor moieties bound together,
one can also obtain dichromic OLEDs or even whitéteng OLED (WOLED) based on just
one electroluminescent polynt&t’! Although these results are very interesting,kessa very
big amount of time and chemistry to synthesize qaalimers. An alternative approach is to
use more than one material for the active layer @rdbine those different materials using
energy transfer procesde€:% |n the previous chapters, we discussed about tieegg
transfer process which occurs when two fluoresomiecules are close enough to have their
dipole moments resonating (FRET). In the case oED4, the situation is slightly different.
Here, the excitation of the donor is not opticalt mlectrical, therefore, charges are
accumulated in the material and move within thetayntil they meet the opposite charge and
recombine. In the presence of a second materidleienergy levels of this second material fit
to the situation, charges (electrons or holes ¢hn)owill be trapped on the second material.

Figure 1V-4 displays the different traps which can be obtained.

20 LUMO 1
LUMO 1 LUMO 1 C i
LUMO 2 LUMO 2
HOMO 2 HOMO 2
e L HOMO 1
HOMO 1 HOMO 1 -HOMO 2
Both charges are trapped Only holes are trapped Only electrons are trapped
LUMO
PEDOT:PSS HOMo

ITO

Figure 1V-4: (top) different charge trapping situation; (bottom) example of a blend of polymers wherehe
lower bandgap material is a trap for electrons

Varun VOHRA V-89



Multilevel organisation of hybrid materials basedzeolite L crystals for Light Emitting Devices applions

If one charge is trapped on a lower band gap nadtetiis likely that charges will
recombine on this molecule or at the interface betwthe two materials (higher and lower
band gap materials). For a better understandingjdeiake the example of an active layer
made of a blend of two conjugated polymers as shimmaigure IV-4. The HOMO and
LUMO levels of both conjugated polymers tell usttiome part of the electrons will be
trapped on the green polymer while all the hole wiove within the blue polymer.
Therefore, when a hole will come close to the faise, it will recombine with the electron
trapped to emit a photon. With such a system, weotdain bicolour OLEDs. Using the same
approach and tuning the quantities of the differaaterials, one can even obtain white light.
Charge trapping and FRET are complementary in systems, but it is predominantly the
charge trapping which will give the stronger enmassfrom the lower energy material. The
easiest way to detect whether the emission fromldleer band gap material is due to
resonant energy transfer or charge trapping onlaively well dispersed blend is done
through electroluminescent spectroscopy. By inéngathe voltage applied to the OLED, in
the case of FRET, the relative intensities of tlemadt and the acceptor emission in the
electroluminescent spectra stay the same. On ther dtand, when it comes to charge
trapping, increasing the voltage leads to an irsgéamount of charges trapped and therefore
the emission from the lower band gap material bexsomore intense with respect to the one
from the higher energy material. The same obs@watan be made by simply comparing the

electroluminescence and the photoluminescencescddhive layer.
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B. Dichromic microstructured electroluminescent polymer thin
films: potential active layers for OLED

Original structures obtained with conjugated polysnean be really interesting in the
fields of organic solar cell§” and organic light emitting devices. One of thelleinges of
this area is the preparation of a double layeresystwhere the layers are formed by two
different polymeric materials. The chance to geeast one of the two polymer layers in an
ordered way opens new possibilities for advancediagiion in the field of microstructured
material science. PDMS stamps can be used to enmsb@edymer film (spin coated on a
substrate) by heating the polymer over its glaassition temperature (Tg) keeping it lower
than its Tf in order to avoid melting of the polymoss of the film thickness regularity).
Here we describe two innovative approaches to prisgmiconducting polymer onto another
one without the use of wet techniques thus avoidingxing between the two materials.

In the first one, a thin film of substituted polygtylenevinylene (red emitting soluble
polymer, red PPV) was prepared by spin coating glass substrate. By pressing on the top
of this PPV film a PDMS stamp obtained from a PF€ppared by means of the BF technique,

PFO is released by PDMS&i¢ure IV-5) forming a net of photoluminescent material on PPV

Figure 1V-5: spin coated red PPV with printed PFO patten (top: direct excitation of red PPV at 543 nm;
bottom: direct excitation of the PFO at 405 nm)
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During the PFO print process, the temperaturedseased over the Tg of the red PPV.
Therefore, in the mean time the red PPV is embosgéx therefore obtain a film that is
composed of two structured conjugated polymersprof each others.

In the second approach a thin film of soluble Ri®*¥cursor was obtained by
spin coating and transformed by a thermal treatnnetot the conjugated unsoluble green
emitting PPV. On top of this film a second emittpglymer (red PPV) was printed by using a
PDMS stamp containing the red PPV. The result @vshin Figure IV-6 where an image
collected with the fluorescence microscope cleatiyws the green emitting PPV as a

background which is covered in an ordered fashiothb red PPV which was released during

printing from PDMS.

Figure 1V-6: a) Atomic Force and b) Confocal Microsopy Images of red PPV pattern on green PPV

Unlike the first method, in this case the bottorgelais not structured, since the
thermally polymerized PPV can not be moulded (aduthé cross linking). With this second
structure we can see cotemporally the emissions fie two polymers by exciting at two
different wavelengths which is an alternative te finst structure obtained where both layers
of the film where structured exactly the same witye potential of these structured films for

OLED applications is enormous. Such thin films cblglad to a novel and innovative way of
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creating a network of pixels with dimensions whean be tuned down to a few hundreds of

nanometers using a low cost technique.

C. Zeolite L based hybrid Light Emitting Device

As we saw inChapter I, host/guest systems based on zeolite L crystaisbea
addressed through photo excitation of a conjugptdgimer nanofiber and energy transfer to

the dye included in the channels. The question hvhmw arises is to know whether they can

also be contacted electrically through the conjgatolymer.
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Figure 1V-7: (a) schematic representation of the zdibe based device and Chemical structures, absorin
(solid lines) and photoluminescence (dotted linesf (b) Cy02702 stopcock molecules, (c) oxonine afd)
oxazine 1 in zeolite L crystals

The active layers that we prepared are based onetearoluminescent polymers:

Polyvinyl Carbazole (PVK) and Poly[(9,9-dioctylfltenyl-2,7-diyl)-alt-co-(1,4-benzo-
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{2,1’,3}-thiadiazole)] (F8BT). Inclusion compoundsased on zeolite L crystals were also
prepared: zeolites loaded with oxazinel (ox1) apd2Z02 stopcock molecule (CyZLOx1).
Forster Resonant Energy Transfer (FRET) processma F8BT to the stopcock
molecule Cy02702 and from the latter to the oxakimmlecules inside the zeolite channels,
although not very efficient, have been demonstrgiezliously. On the other hand, the
overlap integral between the emission spectra d€ BNd the absorption spectra of Cy02702
being low, no energy transfer from PVK to the stogc occurs. Therefore, by building
devices that both contain zeolites CyZLOx1 withhertF8BT (Device type 1; DT1) or PVK
(DT2), we can compare two systems with and witlemergy transfer but also with different
charge trapping propertieBigure 1V-8 displays the recorded electroluminescence for both
DT1 and DT2. Although in the photoluminescence spethe contributions from the zeolites
are almost inexistent, in the electroluminescerestrong emission from the zeolites is
recorded in the case of DT2 but not in the cadeTdf (system where there is FRET from the
polymer to the crystal). To understand why therengsemission from the zeolites in the
system DT1, we have to take a closer look to trexgatic levels of the different molecules.
The energetic levels of the different polymers iwed as well as the ones of Cy02702
stopcock molecule are to be taken in consideraiitve. HOMO and LUMO of Cy02702 are
respectively at - 5,06 and - 3,04 eV. Thereforesystem DT2, the electrons as well as the
holes will be trapped on the stopcock moleculdhasHOMO of PVK is lower and its LUMO
is higher than the ones of Cy02702. The processved in this case is a two step process. In
a first place, charges are transported within thigrper layer of the device and recombine in
the polymer or are trapped on the stopcock moledidsver band gap molecule). The energy
will then be transferred to the dye inside the edhrough FRET from Cy02702. The

energetic levels of F8BT allow the holes to be pieap on the stopcock molecule but the
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electrons remain in the polymer. Therefore, thenea recombination on the stopcock and no

energy transfer to the dye inside the zeolite.
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Figure 1V-8: comparative electroluminescence of () F8BT and DT1 and (right) PVK and DT2

In order to verify that the stopcock molecule ramsaon the zeolite crystals and is not
dispersed in the polymer film, confocal imageshd film were taken photoexciting directly
the different molecules. The confocal image dispthyn Figure IV-9 clearly shows a

confined red emission from the zeolites (red spots)a blue background emission that

correspond to the photoluminescence of the PVK.

Figure 1V-9: confocal image of DL2 (excitation wavedngths: 405nm and 543 nm)
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If the stopcock molecule was dispersed in the pelyifilm, we would see a red
emission from the whole film.

By increasing the voltage applied to the DT2 fr8rto 12 V, we see an increase of
the emission from the zeolites with respect todhe from the polymer. This confirms the
first step of the mechanism which was introduceiiege The stopcock molecules are excited
electronically through charge trapping and not tigio resonant energy transfer from the
polymer. We can therefore tune the relative intesiof the different colours by adjusting
the voltage applied to the devices.

This result provides an enormous breakthrough enfigld of hybrid Light Emitting
Devices but devices based on stopcock loaded eawiistals present some disadvantages: as
no functionalisation of the zeolites is done, ittmes hard to disperse them into the polymer
which leads to the formation of zeolite aggregafdse zeolite aggregates lead to major
problems: the performances of the devices are Ia@tya reproducible as we cannot control
the formation of such aggregates which could leaoig dishomogeneities of the active layer.
The solutions provided in the previous chapter @¢daé very efficient to have unaggregated
zeolites in the active layers of the devices byuding the zeolites in nanofibers or in a
prepatterned polymer which should then be annealedrder to completely embed the
zeolite. Concerning the nanofibers, a further statlich will be presented in the next section

needs to be done in order to be sure that thegarenly optically active but also electrically.

D. Electroluminescent nanofibers in OLED

Electroluminescent nanofibers obtained by electrmspg a blend of a conjugated
polymer with a polymer with good visco elastic pedjes present interesting properties both

on the optical and the electronical point of vidlWe previously saw that some nanofibers
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present peculiar optical properties which coulddléa novel devices based on nanometer
scale wires of electroluminescent polymers. Thelehge now consists of seeing if those
polymer nanofibers can be addressed electronicAllgimple experiment to verify if those
fibers are electroluminescent consists in embedtiiegn in an active conjugated polymer
film which is used as the active material of an @LHE" order to do that, one major problem
has to be overcome: the polymer nanofiber shoutdbeodestroyed during the embedding
step in the conjugated polymer film.

The nanofibers that were used in the devices argosed of 67 w% of F8BT and 33
% of PEO. Therefore they display no phase segm@mgaind have a small diameter which is
necessary for them to work in the devices. In otdesee whether or not one can obtain
electroluminescence from these nanofibers, ongdésink of a way of contacting them or
addressing them. In our work, the electrospun naecf were embedded in an active matrix
of Polyvinylcarbazole (PVK). To do so, the elecpiosing process was executed using glass
patterned with Indium Tin Oxide (ITO) and consediyencovered with Poly(3,4-
ethylenedioxuthiophene) poly(styrenesulfonate) (BEEPSS) as the substrate to collect the

fibers.

PEDOT:PSS '

ITO

Figure 1V-10: schematic representation of the nanofier based OLED structure

The fibers, once electrospun on PEDOT:PSS, weraraggal into two groups: the first
group was kept untouched after the electrospinprgcess while the second group was

annealed at 150°C for 30 minutes. The annealingistiuces the crystallisation of the F8BT
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but the temperature has to be kept low enough ¢edasoalescence of the fibers with each
others. The next step consists in covering therelggun nanofiber with a layer of PVK spin-
coated from toluene to obtain the desired structdirdne OLED as shown iRigure 1V-10.

As toluene is also a solvent for the fiber, theemlimg step becomes even more essential: the
crystallized fibers become less soluble in toluef@rough a careful study with the
fluorescence and atomic force microscopes, we baea that by annealing those nanofibers,
the partial dissolution of the fibers (which leadsF8BT dispersed in the PVK layer) is
completely avoided as shown &ingure IV-11. By giving energy to the fibers through the
annealing step, chain mobility is induced whiclodkads to a flattening of the fibers which
become ribbon like. Even though the diameter offithers is below 600 nm, in order to have
a device that works, the thickness of the actiyerdahould be kept as low as possible. The
flattening of the nanofibers also induces lessatisbgeneities of the active layer thickness.
The cross sections oRigure 1V-11 show a surface roughness of around 30 nm for the
devices containing annealed fibers whereas the oonetining unannealed ones display

dishomogeneities of around 300 nm.
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unamealed fibers

arriealed hbwres

Figure 1V-11: fluorescence images (a,b) of fibers &#8BT-PEO covered with spin coated PVK and AFM
images of fibers on PEDOT:PSS (c,d) and covered withVK (e,f) along with their cross sections (g,h);
left: unannealed fibers; right: fibers annealed for15 min at 150°C
The electroluminescence spectra presentdeigare IV-12 confirm the necessity of
the annealing step. The devices made without amgealf the fibers exhibit a low
electroluminescence and display emission from tBBTFonly at low voltage (4V), which

then disappears when increasing the voltage. Takiognsideration the size of the fibers, the

F8BT emission that can be seen is due to the F8BJersed in the PVK film next to the
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fibers. Dishomogeneities are created in the dedioe to the thickness of the fibers. This
leads to a higher emission from the parts of thacdethat are far away from the fibers as
they are thiner and more homogeneous. By incredbmgoltage, we increase preferentially
the emission from those parts which do not congaip F8BT. On the other hand, devices
made with the annealed fibers display a nice antstemt emission of the F8BT even at a
higher voltage (15V). The emission that we sedis tase comes from the fiber as no F8BT
is dispersed in the PVK film which is only used ashole transporting material. The
photoluminescence spectra of the active layershefdevice display much lower relative
emission intensity from the F8BT (with respect ke temission from the PVK) than the
electroluminescence. Therefore, the emission frame #8BT that is seen in the
electroluminescence spectra is mainly due to cheegembination directly on F8BT and not
to energy transfer from PVK. The fact that incregsthe voltage increases the relative
electroluminescence from F8BT with respect to thecteoluminescence from PVK also

confirms the last point.

UHAHHEALED FIBERS IN DEVICES AHNNEALED FIBERS IN DEVICES
{exe wavelength for PL: 350 nmj {exc wavelength for PL: 350 nmj
T T
s T . T T
- -B- -3y [}
—— A0V P .
== ebes e s (G 25 0nm } |

500
wgvelength

Figure 1V-12: electroluminescence and photoluminesoee spectra of (left) unannealed and (right)
annealed fibers of F8BT-PEO in devices

Electrospun nanofibers can therefore be used asanaterial in OLED which means

that they can be addressed both optically andrela@ctlly. This opens the path to a new
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challenge: build a nano OLED based on a singletrelggun nanofiber of electroluminescent

polymer as the active material.

Conclusions:

The work here presented corresponds to the fiegisstowards the creation of very
innovative devices and nano devices based on hyhaigrials and host/guest sytems. More
specifically, we have demonstrated that the enrhnpd®toluminescent properties of the
inclusion compounds obtained by inserting an ordye into the zeolite L framework have
the potential to work in a functional device ob&irby low cost fabrication methods. In fact,
some of the major challenges concerning opto eleittrdevices based on organic dye
molecules are to protect the dye from the enviramn(@voiding changes or quenching of the
emission) and to obtain some peculiar luminescgmoperties from these molecules. Once
included in the zeolite channels, the moleculesrateonly protected but they also exhibit
polarized emission and this first level of orgati@a provides a perfect medium for fast
energy transport.

To be able to connect these nano hybrid assemtali¢ise macroworld, conjugated
polymers with electroluminescent properties weredusConjugated polymers present one
major advantage with respect to inorganic materthksy are easily processable with low cost
fabrication techniques such as electrospinning reath figure formation which can also
provide a second level of organisation of the zedli crystals into the conjugated polymer.
As we learn from nature, a higher level of orgatigacould lead to enhanced properties.
Organising the zeolite L crystals into micro or asinuctured conjugated polymer thin films
provides the optimal active layer for a zeolite Bsed Light Emitting Device as the
aggregation of zeolite crystals is avoided evemghotheir concentration is high. By adding

dye loaded zeolites into oriented nanofibers, adtep energy transfer can be observed from
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the polymer to the dye included in the nanochannelsing the system, one can, on one
hand, obtain a fiber which is optimised for the rggetransfer (all dipole moments from the
different molecules are aligned) or, one the otmend, aim for an equivalent contribution
from the three molecules involved leading to malt@mic or even white light emitting
nanofibers.

In order to achieve the third level of organisatby building a functional device, both
the fibers of electroluminescent polymer and thelitee L crystals have to be contacted
electrically. Simple devices embedding dye loadedlites or conjugated polymer fibers into
their active layer display electroluminescence friime embedded species. The devices
obtained during this work, although not as effitias the state of the art of OLED, display
remarkable properties. Zeolite L crystals couldif®uded into the nanofibers which have
shown electroluminescent in OLED or one could etlenk about a device architecture to
fabricate nano light emitting devices based on wgetied polymer nanofibers embedding
zeolite L crystals. Such devices could be usedonbt for lighting and display technologies
but also in the field of biotechnologies wherestimportant to confine an excitation for
example in a very narrow spatial range. On the rotieend, hybrid light emitting devices
based on conjugated polymers embedding dye loaglelttez L crystals keep the mechanical
properties of the conjugated polymer including gaogential roll-to-roll fabrication and the
device flexibility providing at the same time thahanced electroluminescence properties
from the inclusion compounds.

In the coming years, the proof of principles whiglprovided throughout this doctoral
thesis could therefore be very useful to fabricdie future generations of materials for

displays, lighting, sensing and nano excitationicks
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