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ABSTRACT

The present thesis deals with the development and study
of photoactive zeotypic hybrid materials in order to obtain
multifunctional solid-state systems with interesting optical
properties suitable for applications in the field of photonics.
For this purpose, organic dyes are trapped into constrained
nanocavities of metal-doped inorganic aluminophosphate
frameworks (with Si or Mg, obtaining SAPO and MgAPO-
type structures, respectively) to promote new and/or im-
proved photophysical processes in the materials by syner-
gistic effect, compared to isolated fluorophores.

A large number of dye-AIPO materials are prepared,
combining various structures of different pore/channel
shapes and sizes, in the range of molecular dimensions,
with a wide range of organic dyes, mainly from the styryl
and three-ring fused aromatic families. The inclusion of
fluorophores into the cavities of AIPOs performed “in situ”
by the crystallization inclusion method allows the direct de-
velopment of fluorescent hybrid materials with outstand-
ing and specific optical functionalities in a single step and
in short periods of time, thus describing a cost-effective and
efficient synthesis for advanced systems.

On the one hand, as a result of the synergism between
push-pull photoactive molecules with 1D-channeled alu-
minophosphate hosts (AFI, ATS, and AEL) and a 3D-like
cage structure (CHA), optically dense solid systems are ob-
tained with enhanced fluorescence capability and highly
anisotropic response to linearly polarized light. Through
this strategy, the founded applications are diverse, ran-
ging from NIR emitters to second-harmonic generators and
solid-state lasers at the single-particle level.

On the other hand, the simultaneous occlusion of dif-
ferent photoactive species on aluminophosphates (IFO and
AEL) promotes the probability of cascade FRET processes



between organic molecules occluded in the restricted space
of the zeotypic channels. The co-encapsulation of suitable
and rationally elected species (FRET-pairs) in the right pro-
portion leads to new artificial antenna systems, with prop-
erties such as tunable emission and white light emission.
The syntheses of the dye-doped hybrid materials are
optimized (varying gel composition, temperature, and heat-
ing time and method), and the morphology and crystal-
lization of all the phases herein presented are checked by
SEM and powder X-ray diffraction techniques. The photo-
physical properties of the hybrid materials and photoact-
ive dyes are analyzed in-depth by means of steady-state
and time-correlated techniques (absorption and emission
spectroscopies) as well as fluorescence microscopy, which
allows the analysis at single-particle level. In addition, the
final applicabilities of the materials are demonstrated by
sophisticated techniques such as the detection of second-
harmonic generation signal and microlaser action response.
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LABURPENA

Tesi honetan material zeotipiko fotoaktiboak garatu eta
aztertzen dira, propietate optiko interesgarriak dituzten
eta egoera solidoan dauden sistema multifuntzionalak
lortzeko, hain zuzen ere fotonikaren alorrean erabiltzeko
aproposak direnak. Horretarako, metalekin dopatutako
aluminofosfato euskarri ez-organikoen nanobarrunbe es-
tuetan (Si-arekin edo Mg-arekin, hurrenez hurren, SAPO
eta MgAPO motako egiturak lortzen dira) koloratzaile or-
ganikoak txertatu dira, efektu sinergikoen bidez propietate
fotofisiko berriak eta/edo hobetuak sustatzeko fluoroforo
isolatuekin alderatuta.

Koloratzaile-AIPO material ugari prestatu dira,
molekulen dimentsio antzekoak dituzten poro/kanal
tamaina desberdineko hainbat egitura konbinatuz, ko-
loratzaile organikoen sorta zabal batekin, batez ere
estiriloekin eta hiru eraztun aromatiko fusionatuta
dituzten koloratzaile familiekin. Kristalizazio-inklusio meto-
doaren bidez AlIPOen barrunbeetan “in situ” fluoroforoak
barneratuz gero, funtzio optiko bereziak dituzten material
hibrido fluoreszenteak zuzenean gara daitezke, urrats
bakar batean eta denbora-tarte laburrean. Hala, sistema
aurreratuak lortzeko sintesi errentagarria eta eraginkorra
deskribatzen da.

Alde batetik, optikoki dentsoak diren sistema solidoak
lortzen dira, bultza-tira molekula fotoaktiboen eta alu-
minofosfato harrera konposatuen arteko sinergiaren on-
dorioz; zehazki, 1D kanalak (AFI, ATS eta AEL)
eta 3D-gelaxkak (CHA) dituzten egiturekin. Horrela,
fluoreszentzia-ahalmen handiagoko sistemak eta argi polar-
izatuarekiko erantzun anisotropikoa duten materialak lortu
dira. Estrategia horren bidez, hainbat aplikazio erdietsi
dira: NIR igorgailuak, bigarren harmonikoaren sorgailuak
eta partikula mailako laser solidoak.
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Bestalde, aluminofosfatoen (IFO eta AEL) barnean zen-
bait espezie fotoaktibo aldi berean buxatzean, molekula
organikoen arteko FRET kate prozesuak gertatzeko prob-
abilitatea sustatzen da kanal zeotipikoen espazio mur-
riztuan. Arrazionalki aukeratutako espezie aproposak
(FRET pareak) proportzio egokietan barneratzean, hainbat
propietate dituzten antena artifizial sistema berriak sortzen
dira, hala nola, igorpen sintonizagarria edota argi zuriaren
igorpena.

Lan honetan zehar, koloratzailez dopaturiko mater-
ial hibridoen sintesia optimizatu egin da (gel-konposizioa,
tenperatura, berotze denbora eta metodoa aldatuz), eta
faseen morfologia eta kristalizazioa MEB eta X-izpien
hautsaren difrakzio tekniken bidez egiaztatu dira. Ma-
terial hibridoen eta koloratzaile fotoaktiboen propietate
fotofisikoak sakon aztertu dira, egoera estazionario eta
denbora-korrelazio espektroskopia (xurgapen eta igorpen
espektroskopia) tekniken bidez, bai eta fluoreszentzia-
mikroskopiaren bidez ere, partikula-mailan analizatzea
xede. Horrez gain, materialaren erabilgarritasuna frog-
atzeko aparatu sofistikatuak erabili dira, hala nola, bigar-
ren harmonikoaren seinalearen detekzioa eta mikrolaser ek-
intzaren erantzuna.
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RESUMEN

En esta tesis se desarrollan y estudian materiales hibridos
zeotipicos fotoactivos para la obtencion de sistemas multi-
funcionales en estado sélido con interesantes propiedades
Opticas aptas para aplicaciones en el campo de la foténica.
Para ello, se atrapan colorantes orgénicos en nanocavidades
restringidas de estructuras inorganicas de aluminofosfato
dopadas con metales (con Si o Mg, obteniendo estructu-
ras tipo SAPO y MgAPO, respectivamente) para promover
procesos fotofisicos nuevos y/o mejorados en los materia-
les por efecto sinérgico, en comparacion con los fluoréforos
aislados.

En este trabajo se preparan un gran ntimero de materia-
les de colorante-AIPO, combinando varias estructuras con
diferentes formas y tamafios de poros/canales en el ran-
go de dimensiones moleculares, con una amplia gama de
colorantes orgénicos, principalmente de las familias de es-
tirilos y aromaticos fusionados de tres anillos. La inclusién
de fluoréforos en las cavidades de los AIPOs realizada “in
situ” por el método de inclusion por cristalizacion permite el
desarrollo directo de materiales hibridos fluorescentes con
funcionalidades 6pticas destacadas y especificas en un solo
paso y en cortos periodos de tiempo, describiendo asi una
sintesis rentable y eficiente para sistemas avanzados.

Por un lado, como resultado de la sinergia entre molé-
culas fotoactivas push-pull con anfitriones de aluminofos-
fato canalizados en 1D (AFI, ATS y AEL) y una estructura
de tipo jaula-3D (CHA), se obtienen sistemas sélidos 6pti-
camente densos con capacidad de fluorescencia mejorada
y respuesta altamente anisotrépica a la luz linealmente po-
larizada. A través de esta estrategia las aplicaciones logra-
das son diversas, desde emisores NIR hasta generadores
de segundo armoénico y ldseres en estado sélido a nivel de
particula.
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Por otro lado, la oclusiéon simultdnea de diferentes es-
pecies fotoactivas en los aluminofosfatos (IFO y AEL) pro-
mueve la probabilidad de procesos de FRET en cascada en-
tre moléculas orgénicas ocluidas en el espacio restringido
de los canales zeotipicos. La coencapsulacién de especies
adecuadas y racionalmente seleccionadas (pares FRET) pro-
porciones idéneas conduce a nuevos sistemas de antenas
artificiales, con propiedades como la emisién sintonizable
y la emisién de luz blanca.

A lo largo de este trabajo, las sintesis de los materiales
hibridos dopados con colorantes se optimizan (variando la
composicion del gel, la temperatura y el tiempo y método
de calentamiento) y la morfologia y cristalizacién de todas
las fases presentadas se comprueban mediante técnicas de
SEM vy difraccién de rayos-X en polvo. Las propiedades fo-
tofisicas de los materiales hibridos y de los colorantes foto-
activos se analizan en profundidad mediante técnicas de es-
tado estacionario y resueltas en el tiempo (espectroscopias
de absorcién y emisién), asi como mediante microscopia de
fluorescencia, que permite el andlisis a nivel de particula.
Ademads, se demuestra la aplicabilidad final de los mate-
riales mediante técnicas sofisticadas como la deteccién de
sefales de generacién de segundo armonico y la respuesta
de accién del microléser.
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INTRODUCTION

Light is essential for life. It is recognized as a mixture of
colors in the electromagnetic spectrum visible to the hu-
man eye. However, light is more than just color and is
anything but ordinary. It is energy, traveling at incredible
speeds through the universe. Since prehistoric times, hu-
mans became aware of its unique properties through fire,
and over the centuries the discoveries and breakthroughs
in the fields of optics, physics, and chemistry have been
numerous (Figure 1.1)." For example, the discovery of
fluorescence in 1845,"° which led to the development of the
tirst spectrofluorimeter, and the revolutionary invention of
the laser in 1960,"" that opened the door to many practical
applications in industry, are two of the most remarkable
ones. 2710

In recent years, the desire for new sophisticated optical
properties has generated a growing demand for novel ma-
terials capable of fulfilling multiple functions. As a result,
new areas of research have emerged, such as the design and
development of organic-inorganic hybrid systems, which
have greatly expanded the field of materials chemistry.'7~>°
These composite materials consist on the combination of
organic and inorganic components at the nanometer scale.
One of the examples is host-guest hybrid materials, where
the characteristics of the hosted molecule are complemen-
ted with those of the host material, the matrix, exhibiting
superior properties compared to the pure counterparts.*'**

In this context, by incorporating molecules of interest
into nanostructured matrices, it is possible to develop mul-

The discoveries
driven by light have
been numerous since
prehistoric times.

Development in
organic-inorganic
hybrid systems, such
as host-guest
materials.
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Figure 1.1: The number of publications in the field of optical ap-
plications from 1970 to 2020. Source taken from WOS database.

tifunctional solid-state materials with a great variety and
versatility in physical and chemical properties.?>*4 In par-
ticular, the encapsulation of photoactive species, such as
organic dyes, into inorganic porous frameworks of differ-
ent types and shapes has attracted considerable interest
in the design of materials for optical applications, due to
the great advantages offered by the combination of both
components:*>

i)

An enhanced thermal, chemical and mechanical sta-
bility is provided to the guest molecules by the protec-
tion of rigid inorganic matrices, reinforcing the prop-
erties of the chromophores.?>*° Since the hybrid ma-
terials are chemically produced, the photoactive or-
ganic dyes are easily entrapped into the forming por-
ous matrix and preserved inside without being des-
troyed or damaged.?”

The photoactive guest molecules are accommod-
ated in a constrained and nanoporous environ-
ment that allows to modify/control the photophys-
ical properties towards a particular interest, devel-
oping materials with very specific and customizable
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functionalities.?®?9 It is possible to tightly encapsu-

late large amounts of emitting molecules while keep-
ing them isolated from each other, decreasing non-
radiative pathways and/or quenching phenomena,
boosting the photophysical features.3*3"

In this way, the hybrid material can exhibit new or im-
proved properties as a result of the synergism between the
organic and inorganic moieties; where the optical, spectro-
scopic, and chemical characteristics of the guest molecule
are complemented with the structural, mechanical, and
thermal properties of the host material. There are a large
number of existing host-guest combinations for a wide
range of applications of technological interest such as op-
tics and photonics. Some of these applications based on the
incorporation of photoactive molecules into solid matrices,
pursued in this thesis, are described below:

e Solid-state lasers

Dye lasers are based on fluorescent organic com-
pounds usually dissolved in a liquid medium. They
exhibit a broad gain bandwidth, offering the possib-
ility to modulate the gain region over a wide range,
which makes them highly regarded for industrial
applications.?> The liquid medium is necessary to
avoid degradation of the dyes caused by local heat
generated during excitation (pumping). In this way,
excess heat is removed by flow systems and the life-
time of the organic dyes prolonged. However, this en-
tails a large use and disposal of large volumes of or-
ganic solutions, most of them flammable and toxic, as
well as great complexity in the assembly and difficult
handling of the flow systems.33735

Interestingly, solid-state dye lasers offer a promising
alternative for the development of compact, inexpens-
ive, versatile, manageable, efficient, and tunable laser
sources.3® Their design is based on the encapsulation
of laser dyes into rigid matrices that are transparent

Improved properties
as a result of the
synergism between
both components.

Aplications of
interest in this
thesis.

Drawbacks of liquid
dye lasers and
solid-state lasers as
an alternative.
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to radiation, homogeneous, and thermally and chem-
ically stable. Their high photostability guarantees a
long lifetime of the active laser media with high out-
put powers and low scattering losses. Furthermore, in
situations involving large microcrystals with a regular
shape, the particles themselves can act as a laser res-
onator resembling the Fabry-Perot type cavity, provid-
ing selective feedback of light to the gain medium
and offering a straightforward and simple approach
to fabricating a microlaser.37:3%

Red and near-infrared (NIR) emissive systems

Today, the expansion of lasers, apart from having high
output power and conversion efficiency, requires the
wavelength range to be tunable. Organic dyes emit-
ting in the 700-1000 nm range of the electromagnetic
spectrum allow broadening the tuning range of solid-
state dye lasers.’ Besides, they are very interesting
for biomedical imaging due to their ability to min-
imize background interference from organisms and
tissues and improve penetration depth, offering high
contrast and high sensitivity in noninvasive fluores-
cence imaging. 474

However, fluorophores that can emit from this low-
energy region are often deactivated by other non-
radiative deactivation pathways (e.g. internal con-
version) and suffer from photobleaching and small
Stokes shifts.#344 Interestingly, the excellent stabil-
ity of porous inorganic systems can be exploited to
provide rigidity to emissive compounds by occluding
them within these porous systems. In this way, a re-
stricted environment is generated where the motions
of organic molecules are hindered, leading to an in-
crease in fluorescence efficiency in the optical window
of interest.

Nonlinear optic devices

Another efficient way to achieve tunability in solid-
state lasers is through systems with nonlinear op-
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tical (NLO) response.*> Indeed, many applications in
optics and photonics involving light detection and
modulation are based on this phenomenon. Systems
with NLO properties are those whose response does
not vary linearly with intensity, producing radiation
with a different wavelength or phase to the incid-
ent beam. These effects are generally limited to high
incident power lasers, processes with high-intensity
fields involving two or more photons.*® One of the
best-known examples are frequency doubling crys-
tals, which generate the second harmonic (SHG) of
the incident radiation, that is, radiation with half the
wavelength of the initial one.

To favor this phenomenon, the structure of the ma-
terial must be non-centrosymmetric, since systems
with randomly distributed molecules and isotropic
behavior do not exhibit second NLO properties.4743
Furthermore, the constituent molecules of the mater-
ial must have high hyperpolarizability values, that
is, intrinsic nonlinear optical properties from the
outset, as is the case, for example, for asymmetric
molecules.*5° For this reason, in recent years, mac-
roscopic crystals with a specific orientation of mo-
lecules with high intrinsic hyperpolarizability within
a non-centrosymmetric structure have proven to be
perfect candidates to obtain materials with second
NLO effects.>" These materials with high ordering
and orientation of molecules can be rationally and
easily synthesized by introducing them directly into
porous inorganic structures that fit well with the di-
mensions of the dye.>

Artificial light-harvesting systems

Artificial light-harvesting systems that mimic the
natural process of photosynthesis through energy
transfer processes (typically Forster resonance energy
transfer, FRET) provide another feasible approach to
tune the emission of a given organic dye.5> They cap-
ture light through absorption of an organic donor

How to favor SHG
properties and the
importance of
organic-inorganic
systems in this field.

Mimicking the
natural process of
photosynthesis:
capturing light and
transferring it to
another site.
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molecule and transfer this energy to an acceptor mo-
lecule exciting it indirectly and resulting in a change
in the emission wavelength.>*>> Their main advant-
age to harvest light, together with the ability to
modulate the wavelength of the final emission sig-
nal over a wide spectral range, makes them use-
ful for a wide range of applications, such as solar
cells, photonic antennas, light modulators, and light-
emitting devices.>*~%

Among the light-emitting devices, those with white
light emission are very interesting. In these systems,
the emission of the entire region of the visible spec-
trum is collected by recording the simultaneous emis-
sion of the blue, green, and red regions of the elec-
tromagnetic spectrum (RGB region).®2 The strategy
for white light generation is based on mixed multi-
component systems that emit in different regions by
a partial energy transfer process between donor and
acceptor molecules.®3"% However, the materials must
be optically dense for optical applications and organic
molecules tend to self-associate under high concen-
trations, negatively affecting the final fluorescent effi-
ciency.

In this context, in the development of artificial light-
harvesting systems, co-encapsulation of several chro-
mophores within inorganic structures provides suit-
able hybrid materials with high dye loadings and
thus molecules are close enough to give rise to
FRET processes while preventing or even modulating
aggregation.®®

To build up these host-guest optical materials, there are

currently a wide variety of inorganic structures available
that can provide a suitable environment for the accommod-
ated organic dyes. Nevertheless, it is very important to en-
sure that they meet the following requirements:*'

* Good chemical, mechanical, photo, and thermal sta-

bility.
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* Must be highly transparent throughout the visible
range.

¢ Should not have close interactions with trapped active
chromophores.

e Should not interfere (non-radiative pathways) in the
photophysical processes of the chromophores.

Among all types of inorganic matrices, zeolites (alumin-
osilicates) are excellent molecular containers for this pur-
pose, which are characterized by their high absorption and
ion exchange capacity. The structure of a zeolite is built by
three-dimensionally arranged tetrahedrons joined by tetra-
hedral corners that generate cavities or channels of molecu-
lar dimensions. The high thermal stability of these solids
together with their open and ordered frameworks and high
surface areas make them ideal as molecular sieves.

For this reason, in the search for multifunctional
materials, this thesis has focused on zeolite-type inor-
ganic frameworks with the main objective of developing
dye-loaded materials subjected to photophysical changes.
Among them, there are a multitude of zeolites with dif-
ferent pore sizes, shapes, and topologies. In particular, in
this work, zeotypes (tetrahedral elements are different from
Si and Al) have been selected as hosts, specifically alu-
minophosphates (AIPO) doped with metals such as mag-
nesium (MgAPO) or silicon (SAPO) because they originate
acid centers, and consequently promote the incorporation
of cationic dye molecules (illustrative example shown in
Figure 1.2).

With the encapsulation of dyes, what is sought, on the
one hand, is the protection of guests, reducing their photo-
and thermal degradation; and on the other hand, the devel-
opment of new and/or improved properties from the syn-
ergistic combination of both. In this way, the photophysical
properties of the dye can be modulated by playing with the
size and shape of the pores of the structures.'®?7 In addi-
tion, most of the structures selected in this thesis have 1D
channels, in order to provide a regular and in-line distribu-

Requirements to
build up host-guest
optical materials.

Zeotypes have been
selected, in
particular,
aluminophosphates,
due to their cavities
and high stability.

What it is sought
with dye
encapsulation.
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Figure 1.2: An illustrative example of the encapsulation of a
chromophore within one-dimensional aluminophosphate chan-
nels (IFO).

tion of the dyes along the channels and achieve a hybrid
system with important implications in nonlinear optics.*®

In this work, the inclusion of the dye molecules in the
AIPO cavities is accomplished "in situ" by the crystallization
inclusion method without applying any post-synthetic dif-
fusional process, allowing a high constraint even in cases
where the host framework has a pore size very close to
the dimensions of the molecular structure, which it is im-
possible otherwise. This method avoids traffic jams at the
pore entrances, obtaining more homogeneous dye loadings
even in large crystals, and avoids subsequent leakage, since
the molecules remain hermetically trapped. In addition, it
is a one-step process, fast and energetically inexpensive.

All in all, several structures with different pore/chan-
nel sizes in the range of molecular dimensions have been
combined with a wide range of organic dyes, mainly from
the styryl and three fused aromatic ring families. The res-
ults have been divided into two main chapters in the results
part (Part III) of the book:

e Chapter 7 deals mainly with one-dimensional
nanochanneled AIPOs (AFI, AEL, ATS type frame-
works), which are ideal for providing a preferential
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alignment of photoactive guest molecules and con-
trolling their aggregation state. In this way, highly
fluorescent and ordered solid systems ideal for new
optical devices have been achieved such as near-
infrared (NIR) emitters,?® frequency doublers (SHG),
or big crystals with the so-called microlaser action. In
addition, a structure with 3D cavities (CHA) is also
tested to confer distinct optical properties as a result
of a more restricted environment.

¢ Chapter 8 also covers unidirectional channeled alu-
minophosphates (novel extra-large pore IFO and
AEL) but with the particular difference of containing
several dyes simultaneously occluded into the inor-
ganic matrices. The main goal has been to achieve
novel artificial antenna systems involving energy
transfer processes (FRET) between the different or-
ganic units, with properties such as tunable emission
and white light emission.

Throughout this book, the influence of the synthesis
parameters on the incorporation of the encapsulated dye
molecules within the zeolitic host will be discussed, as well
as the effects on the final photophysical properties of the
resulting materials. This information will be of great value
for producing brand new and advanced materials that ex-
pand the range of optical applications.

The division of the
results presented
throughout this
thesis and the main
objectives.
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Part I

FUNDAMENTALS

The main goal of this chapter is, on the one
hand, to provide an introduction to zeotypic
materials, learn about their origin and their
physical and chemical characteristics; and on
the other hand, to recall the basic principles of
photophysics, which are fundamental to under-
stand the analysis in Part III of the results.

First, Chapter 2 will deal with inorganic host
systems. In this chapter, the history of zeolites
will be presented, but special emphasis will be
given to zeotypes, in particular to aluminophos-
phates, giving explanations on the isomorphic
substitution necessary to obtain these molecu-
lar sieves. Next, some of the ways to classify
these aluminophosphates will be explained and,
finally, the chapter will end with the selection
of the different porous materials for the incor-
poration of the dyes. It is important to note that
the selection of the porous structures is not ar-
bitrary and that they have been chosen after a
thorough study.



After, in Chapter 3 all photophysical processes
important for the comprehension of the res-
ults will be fully described, taking into account
the main unimolecular and bimolecular pro-
cesses that can occur in organic chromophores.
Furthermore, since nonlinear optical properties
(NLO) have been observed in the resulting hy-
brid systems and these are closely related to
the anisotropy of the medium, the most im-
portant points of polarized spectroscopy will
be described, as well as the main NLO phe-
nomenon (i.e. second-harmonic generation) de-
tected in our systems. On the other hand, an ex-
planation of microlaser action will also be given,
since stimulated emission processes have been
observed in some of the systems operating as
microcavities. Finally, the chapter will conclude
with a brief review of the photophysical prop-
erties of the dyes, and will explain the pursued
effects on their final optical properties through
their incorporation into the inorganic host struc-
tures.

The intention has been to explain in simple
terms the theoretical foundations, without go-
ing into complex equations. For a more detailed
explanation, the reader is referred to more spe-
cialized books."™









HOST SYSTEMS

Zeolites were first discovered in 1756 by a Swedish chemist,
Axel Fredrick Cronstedt, when he realized that during the
heating of a new type of mineral (stilbite, Figure 2.1), mois-
ture appeared on its surface. Besides that, he also found
that the process was reversible, rendering a hydrated min-
eral when cooled again,” enabling successive hydration-
dehydration cycles.® For that reason, etymologically, the
term zeolite is derived from the Greek word zeos, meaning
to boil, and lithos, meaning stone: stone that boils.

Today, the term zeolite is used for the entire family
of minerals with properties similar to those of the stilbite.
However, this is a very broad definition of zeolites and
nowadays, they are defined as microporous crystalline ox-
ides, typically composed of silicon, oxygen, and aluminum,
with cavities interconnected by smaller windows. Structur-
ally, zeolites are composed of alternating AlO, and SiO,
tetrahedra, each of them linked by a corner-sharing oxygen
atom (see Figure 2.2).

The arrangement obtained in the space by the connec-
tion of 4-corner TO, (being T Al or Si) gives rise to periodic-
ally arranged three-dimensional (3D) structures with pores
and cavities of molecular dimensions, typically from 0.3 to
2 nm in diameter, which are usually occupied by cations
and water molecules.” In the network, the replacement of
Si (IV) by Al (III) in alternating tetrahedrons induces a neg-
ative charge. Therefore, there is a need to stabilize the struc-
ture through charge balancing using cations (inorganic/or-
ganic cations).

23

o |
e

Figure 2.1: Stilbite min-
eral.
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network.
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Most zeolitic
structures are made
of basic (BBU) and
secondary (SBU)
building units.

HOST SYSTEMS

2.1 ZEOTYPES: ALUMINOPHOSPHATES

Initially, zeolites were composed exclusively of alumino-
silicates, which implied, as explained above, that the tet-
rahedra contained only silicon or aluminum. However, in
zeolitic lattices, both elements can be replaced by many
others of the periodic system, which are also capable of
forming tetrahedral oxide lattices. When the tetrahedral ele-
ments of the zeolitic structure are other than silicon and
aluminum, the materials are called zeotypes. The incorpor-
ation of these elements allows not only the discovery of
new structures but also expands their use in many fields
such as catalysis, adsorption and ion exchange.®?

Within the zeotypes, microporous materials based on
aluminophosphates (phosphate oxides denoted as AIPO,-n,
where n refers to the specific crystallographic structure; see
the network in Figure 2.3) are particularly relevant, both be-
cause of their abundance (wide range of pore morphology)
and their broad versatility for applications.. The first alu-
minophosphate type material was synthesized by Wilson
and co-workers in 1982 and was named AIPO,—5 (for sim-
plicity the subscript 4 is usually omitted and it is directly
named AIPO-5). In these structures, the microporous net-
work is formed by strictly alternating aluminum and phos-
phorus tetrahedra (Figure 2.3), according to Lowenstein’s
restriction rule.’ In contrast to zeolites, the negative charge
associated with the aluminum oxide tetrahedron is bal-
anced by positively charged phosphate oxide, resulting in
a final neutral lattice.

Specifically, most zeolitic structures are made of two
building units: TO,-type tetrahedra (AlO, and SiO, in
zeolites; AlO, and PO, in aluminophosphates) are the basic
building units (BBU) of the material, which are assembled
into secondary building Units (SBU). The latter can range
from single or double rings to polyhedra such as cubes
or hexagonal prisms, or even more complex ones, such as
cubo-octahedra.

The final structure of the material will consist of the as-
sembly of these secondary building units, either by linking
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a single SBU with other analogous SBUs or by combining
different building units. Figure 2.4 shows the process of
the structure formation of the Chabazite (AIPO-34), lead-
ing from the primary building units (the TO, tetrahedra) to
the final microporous structure. In the structure drawing,
note that only the positions of the T atoms are shown and
the T-O-T bridges are represented by straight lines. Thus,
depending on the stacking sequences that different micro-
porous networks have in common, it is possible to establish
a structural relationship between zeolites and group them
into families according to their construction elements.

2.2 ISOMORPHIC SUBSTITUTION

Two years after the first synthesis of microporous alumino-
phosphates, in 1984, Lok and co-workers added silicon to
the AIPO, network, discovering a new family of materials
called silicoaluminophosphates (SAPO)."*'* Shortly after-
ward, in 1985, Messina and co-workers obtained a series of
metalloaluminophosphates that they named MAPO, which
besides phosphorus and aluminum, contained a third ele-
ment corresponding to a metal cation M in their structure.*3
Since then, a multitude of different metallic elements have
been introduced into the AIPO, networks in different pro-
portions and combinations, such as magnesium, chromium,
manganese, cobalt, and many others; and even substitu-
tions with some metal and silicon, giving rise to new ma-
terials called MAPSO.™

It is now well documented that phosphate-based ma-
terials are capable of taking high concentrations of metals,
which is more difficult and rarely observed in alumino-
silicate networks. Theoretical calculations suggest that the
bonding in aluminophosphates is ionic rather than semi-
covalent as observed in aluminosilicates. This ionic bond-
ing nature is responsible for the lower stability of micro-
porous AIPO compared to aluminosilicates; however, it al-
lows a greater inclusion of metal ions such as magnesium
by isomorphic substitution. This process consists of the re-

Figure 2.4: Schematic
diagram of the form-
ation of Chabazite

from primary and
secondary building
units (BBU and SBU,
respectively). Each
vertex is designated
to a TO, tetrahedron
where T is Al or P
and the T-O-T bridges
are represented by
straight lines.
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placement of an element in a crystal lattice by a metal het-
eroatom with similar cationic radius and coordination prop-
erties, in such a way that it can be incorporated in the same
position of the substituted element. It is especially import-
ant in aluminophosphates, since it is the origin of the form-
ation of the acid centers, an essential characteristic for their
use in applications related to catalytic processes.

The isomorphic substitution is mainly governed by the
oxidation state of the cations that are present in the inor-
ganic lattice. In the case of AIPO,, the presence of two sub-
stitutable cations (Al3* and P5*) allows a great versatility
regarding isomorphic substitution, being able to incorpor-
ate di-, tri- or tetravalent cations in different positions. As
a result, it is possible to introduce different metallic ele-
ments by substituting aluminum with divalent or trivalent
metals, such as magnesium, chromium, manganese, cobalt,
iron, nickel, etc.; or phosphorus with tetravalent ones, such
as germanium, silicon, titanium, vanadium, etc.

Therefore, to incorporate other elements into the AIPO,
framework, either Al or P (or even both) have to undergo
partial or complete substitution. The structural chemical
rules that govern isomorphic substitution in AIPO, lattices
were first suggested by Flanigen,'3 and shortly thereafter
three isomorphic substitutions mechanisms were proposed
by Martens and co-workers."> Since oxide networks are elec-
tronegative (capable of stabilizing negative charges, but not
positive charges) and to ensure that the AIPO, network has
no positive charge or, on the contrary, a high net negative
charge, the mechanisms proposed were the followings:*®

i) Al atoms can be substituted by divalent metals (such
as Mg) and trivalent elements, which in turn are bon-
ded to phosphorus through corner-sharing oxygen
atoms (Figure 2.5).

ii) P atoms can be substituted by tetravalent (e.g. Si) and
pentavalent elements (Figure 2.6).

iii) Adjacent Al (III) and P (V) can be simultaneously sub-
stituted by two silicon atoms (Figure 2.6).
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In the case of the substitution of aluminum by a
divalent element (I. mechanism, Figure 2.5), a negative
charge is generated in the network . These materials are re-
ferred to as metal aluminophosphates (MAPO-n). Likewise,
silicon atoms can be incorporated in phosphorus positions,
generating also a negative charge for each silicon atom (IL
mechanism, Figure 2.6)."7 However, the case of Si is some-
what peculiar since two silicon atoms can be incorporated
through another mechanism by substituting a phosphorus
and an aluminum atom adjacent to each other, generating
a neutral lattice (see Figure 2.6). This simultaneous substi-
tution generates what is known as a "silicon island" whose
network is comprised of Si-O-Si bridges. It may also hap-
pen that some of these silicon atoms of the "silicon islands"
are substituted by aluminum, generating a charge differ-
ence in the lattice.'®

However, in general, substitution in SAPO materials
(AIPO, material substituted by silicon) occurs by a combin-
ation of both substitution mechanisms (II and III), always
avoiding the formation of unstable Si-O-P bonds, and gen-
erating different types of silicon environments depending
on the type of substitution and the proportion of silicon in-
corporated into the network (low silicon contents give rise
to the II mechanism while high proportions produce the
incorporation of silicon by both mechanisms, Figure 2.6).

In the present case, special emphasis is given to the de-
scription of SAPO and MgAPO structures since all the ma-
terials presented in this thesis belong to the aluminophos-
phate type doped with Mg or Si. In particular, inorganic
hosts with a net negative charge have been selected to facil-
itate the incorporation of cationic guest dyes (selected dyes
are explained in Section 3.6 and the incorporation process
in Chapter 4) by electrostatic interactions. For this purpose,
different inorganic precursors will be used (more details
in Chapter 4) in order to promote a negative charge into
the phosphate-based networks. It is important to note that
although special emphasis has been given to Mg- and Si-
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doped materials, all the mentioned mechanisms and rules
can be applied in the same way for other substituent metals.

2.3 CLASSIFICATION OF ALUMINOPHOSPHATES

Because of the numerous possible arrangements that make
up zeolitic networks and the progress made in the synthesis
mechanism, more than 220 zeolitic structures have been re-
ported so far."9*° Furthermore, they can exhibit a variety of
compositions which expands the range of their potential ap-
plications, traditionally known in the fields of catalysis and
molecular sieving, but which have also broken into the field
of optics or electronics due to the interesting features that
zeotypes offer as host.>"** To classify such a large number
of existing structures, there are several approaches. Some
of these possible ways of grouping them will be discussed
in the following paragraphs.

Overall, the classification of zeotypes is based on the
topology and symmetry of their unit cells, with each struc-
ture type symbolized by a code of three capital letters
given by the International Zeolite Association (IZA) Structure
Commission,*® e.g. AFI for the structural type of AIPO; or
CHA for chabazite. These codes do not include numbers
and characters other than capital Roman letters. For ex-
ample, AFI comes from aluminophosphate five and CHA
from the first three letters of the framework type, Chabazite.
A list of the currently accepted structure types with all their
properties can be found in the Atlas of Zeolite Structure
Types and on the web of the IZA Commission.'?*°

A typical classification of zeolitic structures is based on
the pore size, geometry, and connectivity between the chan-
nels of the network.?> Four different categories can be dis-
tinguished depending on the number of tetrahedra forming
the window openings to the channel system (usually depic-
ted as the number of tetrahedra followed by MR, which
means member ring):”

*  Small pore materials, with 8 MR windows and a dia-
meter from 3 to 5 A.
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* Medium pore materials, with 10 MR windows and a
diameter from 5 to 6 A.

 Large pore materials, with 12 MR windows and a dia-
meter from 6 to 9 A.

* Extra-large pore frameworks, with windows bigger than
12 MR and a diameter greater than g A.

In some cases, even if the channel is delimited by the
same number of tetrahedra, the shape may vary between
circular channels, elliptical channels, channels with side
pockets, etc. Likewise, these channels that make up the
structures can be arranged in one, two or all three direc-
tions of space, giving rise to mono-, bi-, or tridirectional
channel systems, respectively.'”

Another way of categorizing these microporous frame-
work materials is by their framework density (or tetrahed-
ral density), which can be expressed by the number of tet-
rahedra (TO,) per 1000 A. The tetrahedral density is indic-
ative of the porosity of the structures, decreasing as the
volume portion of the voids (porosity) increases.

In this memory, the most interesting ways to classify
zeolites have been considered in order to study our hybrid
systems. However, there are other additional ways that will
not be discussed here.

2.4 SELECTED ALUMINOPHOSPHATES

The porous materials presented in this thesis and discussed
below were selected after extensive research, carried out on
the basis of providing a suitable medium for the disper-
sion of the photoactive molecule. They must be optically
inert materials, with high mechanical and thermal stabil-
ity and similar to the molecular dimensions of the incor-
porated dyes. With this environmental rigidity, on the one
hand, the aim is to induce a constrained environment for
the fluorophore to limit its molecular movement, avoiding
the formation of non-fluorescent aggregates (Section 3.2.1);
and, in the case of unidirectional porous materials, on the
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other hand, to induce a preferential orientation of the dye,
giving rise to highly ordered materials.

Therefore, in this thesis different commercial dyes were
tested on several aluminophosphate doped hosts with dif-
ferent heteroatoms (Si and Mg), to trigger enhanced pho-
tophysical properties. In this section, we will focus only
on the description of the aluminophosphate hosts and the
main properties related to the selected dyes will be de-
scribed in the next chapter (Section 3.6), although the syn-
thesis is performed in a single step by synthesizing the
structure and at the same time encapsulating the dye in-
side the cavities (mechanism in Chapter 4).

All the aluminophosphates employed will be described
by their topology, especially by the type of polyhedra that
forms their cavities. In total, five different structures were
synthesized with different combinations of occluded dyes,
obtaining a wide range of photoactive hybrid materials
(dye guest-host aluminophosphates). In this work, we will
distinguish these structures into two main blocks; on the
one hand, there will be frameworks already known and pre-
viously studied in the laboratory, and on the other hand,
other very interesting new structures that will bring into
play different dimensionalities and pore cavities.

In the next paragraphs, a brief summary of each host
aluminophosphate will be given highlighting the most im-
portant aspects of each molecular sieve. More detailed
information can be found in the hosts database in Ap-
pendix A, where the data sheets of each AIPO have been
included with all their structural properties (general and
specific properties: name explanation, unit cell, density...)
and illustrative 3D figures. Importantly, a list of all the dye-
loaded aluminophosphate systems synthesized throughout
this thesis is included for each particular structure.

To begin with, AFI, ATS, and AEL structures with uni-
directional nanochannels were chosen to study the effect of
channel dimensions on the photophysical properties of oc-
cluded dyes (results in Chapter 7).>* The three structures
are illustrated in Figure 2.7.
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To synthesize of these host systems, generally, linear
amines are used as structure-directing agents (SDA). These
organic molecules assist in structure formation and act as
templates; and will finally reside within the intracrystalline
voids. Their role is crucial since they preferentially stabilize
one phase over all possible structures that could be formed
depending on the metastability of the zeolites in the reac-
tion medium. Therefore, to obtain each of the structures
detailed below (the step-by-step procedure is detailed in
Chapter 4), different structure-directing agents need to be
used. However, it is unusual to find a unique relationship
between the SDA and the zeotype to be produced, which
means that sometimes more than one SDA can be used for
the formation of a specific structure, or that even a single
SDA can drive the formation of more than one structure.

The AFI structure is a prime example of this. The AFI
framework (Figure 2.7a) is classified as a large pore mater-
ial formed by straight and cylindrical unidirectional chan-
nels of 12 MR (types of classification in Section 2.3) and
whose diameter is 7.3 A. It is a highly stable microporous
structure that can be obtained with a great diversity of or-
ganic molecules as templates; there is no specific template
for its preparation. In our case, despite the wide range of
possibilities, only triethylamine (TEA) was used and the
structure was doped with different heteroatoms to yield the
SAPO-5 and MgAPO-5 structures.

In the case of the mesoporous aluminophosphate ATS
structure, it was doped with magnesium (MgAPO-36). This
structure is formed by unidirectional channels of 12 tetra-
hedra, but elliptical instead of cylindrical like those of the
AFI structure, rendering a pore size of 6.5 Ax7ys5A (Figure
2.7b). This structure is commonly synthesized using tripro-
pylamine (TPA) as SDA.

Regarding materials with AEL framework structure, it
was demonstrated in previous work done by the group that
the 1D MgAPO-11 acts as a perfect host for the incorpora-
tion of many commercial dyes due to the tight fit achieved
between the dye molecular dimensions and the framework
pore size. The opening windows of the channels are built
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Figure 2.7: (a) AF],

(b) ATS, (c) AEL type
structures, represented
with a side view of
their channels (upper
part of the frame). The
dimensions of the
channels are given in
amstrongs.
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of 10 rings, in which the cavities do not intersect and have
dimensions of 6.5 x 4 A. Hence, in this thesis, other differ-
ent commercial dyes were tested in the same magnesium
doped aluminophosphate, and for that ethylbuthylamine
(EBA) and dipropylamine (DPA) were tested as templates,
with the aim of achieving a final pure phase. Overall, the
three structures mentioned so far have a very similar peri-
odic arrangement structure with channel walls covered by
other fused ring channels of 4 and 6 tetrahedra (Figure 2.7)
but can be easily differentiated by their different pore sizes.

Among the new structures synthesized for the first
time in our group and to be presented in this thesis are
CHA with 3D-connected cage systems instead of 1D- chan-
nels, and IFO framework, with unidimensional extra-large
pores of 16 MR.

The chabazite (CHA structure code) is included in the
ABC-6 family of zeolites.”>™7 The periodic building unit
in the ABC-6 family of framework types consists of a
hexagonal array of non-connected planar double six rings,
which are related by pure translations along a and b axes
(Figure 2.8). Within this family, CHA is one of the most
widespread natural zeolites and was one of the first zeolites
to be studied (structure discovered in 1958).2° Its lattice con-
sists of a parallel stacking of double six-membered rings
(D6R) in ABC sequence order (each letter represents a dif-
ferent position of the six-membered ring around the stack-
ing direction parallel to the z-axis), which are linked by
inclined 4-membered rings.

A schematic representation of the CHA structure is
shown in Figure 2.8. The resulting cavity is a three-
dimensional channel system, with confined cages formed
by 3.8 A x 3.8 A double six-ring apertures (D6R), opening
into large 6.7 A x 100 A ellipsoidal cavities* formed by
8-membered rings (small pore materials, Section 2.3) inside
with a longitudinal distance of 11.7 A. This framework was
obtained doped with magnesium, denominated as MgAPO-
34, and using TEA as a template.

The last novel structure, called either IFO or ITQ-51
(Figure 2.9), presents extra-large 16-ring pores (approx. 9-
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10 A) in its crystalline structure. It has been discovered
very recently, in 2013, and its structure is very similar to
those of the AFI, AEL, and ATS. It contains one-directional
nanochannels but with the difference of having very big
opening windows. To obtain this extra-large pore network,
bulky and rigid organic molecules as structure-directing
agents (OSDA) are required. Particularly, DMAN (1,8-
bis(dimethylamino) naphthalene) has been used as a tem-
plate, already proven as a successful SDA for the crystal-
lization of this structure.3° However, due to the aromatic
nature of the template it must be taken into account that
it can interfere with the resulting photophysical properties,
and for that reason, an exhaustive photophysical analysis
is also described later in Section 8.1.1.

Since this thesis aims to study the final optical proper-
ties of the resulting hybrid systems, as well as the main pho-
tophysical properties of the invited organic chromophores,
the following chapter will focus on the understanding of all
these properties and processes.
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Figure 2.9: IFO type
structure with a view
of its channels (top).
The dimensions of
the nanochannels are
given in amstrongs.






BASIC PRINCIPLES OF PHOTOPHYSICS

This chapter will lay the foundations of the main photo-
physical processes that can occur after the absorption of
UV-Visible radiation, involving transitions between elec-
tronic states of molecules. First, the different pathways that
a molecule can undergo to dissipate the excess of energy
obtained by absorption will be explained. These can be
classified into two main groups: unimolecular processes, in
which a single molecule is involved, and bimolecular pro-
cesses when there are interactions with more than one mo-
lecule in the ground or excited state.

The main unimolecular processes that will be covered
are absorption, internal conversion, fluorescence, and the
intersystem crossing; and as part of the latter, phosphor-
escence and delayed fluorescence will be discussed. Re-
garding the processes involving interactions with other mo-
lecules, processes that can occur both in the ground state
(molecular aggregation) and in the excited state (excimer,
exciplex formation, or energy transfer processes) will be de-
tailed.

Next, in order to understand the anisotropic light re-
sponse of the systems covered in this thesis, the basics of
spectroscopy with polarized light will be introduced, and
the specific optical phenomena obtained in our systems will
be described: on the one hand, there are nonlinear phenom-
ena such as second-harmonic generation (SHG); and on the
other hand, the so-called microlaser action. At the end of
this section, the description of the dye structures and their
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main photophysical features, as well as the potential optical
properties pursued into the hybrid systems will be detailed.

3.1 UNIMOLECULAR PROCESSES

The electronic states of a molecule and the transitions that
occur between those states are illustrated schematically
with the classical Jablonski energy diagram (Figure 3.1),
proposed by the Polish physicist Aleksander Jablénski, who
devoted his life to the study of molecular spectroscopy and
photophysics.3*
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Figure 3.1: Jablonski diagram and illustration of the relative posi-
tions of absorption, fluorescence and phosphoresce as a function
of wavelength or energy (the representation of the bands shows
the displacement between them, but they are not real, the posi-
tions of the bands depend on the characteristic of each molecule).
IC and ISC denote internal conversion and intersystem crossing,
respectively. Adapted from literature.”
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The electronic states are grouped vertically according
to their relative energy and horizontally according to spin
multiplicity. Bold horizontal lines represent the lower vibra-
tional states (v = 0) of each electronic level, while the higher
vibrational states (v = 1, 2, 3...) are indicated by thin lines. In
general, due to the enormous number of possible vibrations
in a molecule and for clarity, only some of the vibrational
eigenstates are represented. Transitions are depicted by the
use of straight and curved lines, indicating radiative and
non-radiative transition pathways, respectively. The singlet
electronic states are denoted by S, (fundamental electronic
state), S;, S,, etc.; whereas the triplet states are called T,
T,...

3.1.1 Excitation

When a fluorophore absorbs light, the energy of the photon
is transferred to the molecule and an electron from this mo-
lecule undergoes a transition from the ground state (lowest
electronic state) to a state of higher energy (S;, S....). This
transition is very fast (10> s, Table 3.1) and follows the
Franck-Condon principle." According to this principle, as
the mass of the nucleus is much higher than the mass of
the electron, there is no time for significant displacement of
nuclei.? The resulting transition is vertical and that is how
they are depicted in the Jablonski diagram (Figure 3.1).

However, it must be taken into account that most
fluorescent molecules have broad absorption and emission
bands, which means that each electronic state involves mul-
tiple vibrational levels as shown in Figure 3.1. It should also
be noted that this diagram assumes that the excited and
ground state geometries and their respective electron dens-
ities are the same, although this is not always true. Changes
in geometry or charge distribution in the excited state often
cause the absorption and emission spectra not to be mirror
images (experimentally proven in Part III)."
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Table 3.1: Characteristic time scales for each type of transition."

Transition Time Scale (s) Process Type
Absorption 1015 -
Internal Conversion 10 '*-1079 Non-radiative
Vibrational Relaxation 10 1?-1071° Non-radiative
Fluorescence 107°-107 Radiative
Intersystem Crossing 10°-108 Non-radiative
Phosphorescence 10°-10 Radiative

The characterization of the light absorption of a com-
pound at a given wavelength (A) is done by its absorbance

Characterization of A or transmittance T by the following equations:
light absorption.

0
A (A) :log%‘: —logT(A) (3.1)
A
I\
TN =5 G2)
A

where I*, and I, are the light intensities when the beam
enters and leaves the absorbing medium, respectively. The
transmittance is defined as the ratio of intensities of trans-

Beer-Lambert law. mitted to incident light.

In most cases, there is a linear relationship between the
concentration and the absorbance of the solution, known as
the Beer-Lambert law:

IO
AA) = logﬁ =c(A)lc (3-3)

where ¢ is the molar absorption coefficient (expressed
in L - mol™ - cm™), ¢ is the concentration (mol - L") of the
absorbing species, and [ is the optical path length (cm)."

However, for solid samples instead of measuring the
absorption, reflectance is used. Diffuse reflectance occurs in
all directions as a result of refraction, reflection, absorption,
and scattering processes on rough surfaces. The reflectance
of a powder sample is the ratio of intensities of reflected
and incident light:
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Reo = (34)

Where Ry, is absolute reflectance and ] is the intensity
of the reflected radiation. The infinity symbol denotes that
the sample is very thick. For simplicity, the measurements
are carried out in relative reflectance as follows:

R,oo _ RRoo sample (35)
oo standard

Note here that if the Roostandard 18 1, then the absolute
and relative reflectances will be equal.

In order to relate Beer-Lambert’s law with reflect-
ance, the Kubelka and Munk function is used.?* This phe-
nomenon proposes that incident radiation on a scattering
medium is attenuated by simultaneous absorption and scat-
tering processes as the light penetrates the solid. This the-
ory considers a layer of infinite thickness composed of
particles that absorb and scatter light, which are uniformly
distributed in space and whose dimensions are much smal-
ler than the thickness of the layer.

(1— Rw)® K 2.303eC

00) R S S (3-6)

where K is the absorption coefficient (twice the Beer-
Lambert’s law absorption coefficient), S is twice the scatter-
ing coefficient of the sample, ¢ is the absorptivity, and C is
the analyte concentration.’> Based on the above, absorption-
like spectra of the species present can be derived from dif-
fuse reflectance measurements after applying the Kubelka
Mulk equation (F(R), Equation 3.6). It should be noted that
it is not possible to quantify with this method.

F(R

3.1.2 Vibrational relaxation and internal conversion

Following light absorption, several pathways can take place.
When a fluorophore is excited to a vibrational level higher
than v = o of the first electronic state (S,), usually relaxes
by vibrational relaxation towards the last vibrational level
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o of the electronic state S,. In the case of being excited to an
electronic state higher than S,, internal conversion would
occur first followed by vibrational relaxation.’* Internal con-
version (IC) is a non-radiative transition between electronic
states of the same multiplicity (such as S, to S;) that oc-
curs within 10™"*-107 s (Table 3.1). Such relaxation is very
fast and, therefore, is very likely to occur immediately after
absorption. Note that vibrational relaxation is one or two
orders of magnitude faster than internal conversion.

Specifically, internal conversion allows isoenergetic
transitions from an electronic state with low vibrational en-
ergies to a lower electronic state but with higher vibrational
modes. In solution, after this process, there is also a vibra-
tional relaxation to the lowest vibrational level of the fun-
damental state. In general, this energy is released through
collisions with the environment (i.e. nearby molecules, such
as the solvent) triggered by molecular motion and resulting
in the generation or transfer of heat energy.

Even though the internal conversion from S, to S, is
also possible, is less probable than that between S, to S,
states due to a much larger energy gap between S; and
So. This often leads to other competitive transitions, such
as photon emission from the singlet state (fluorescence) or
triplet state (phosphorescence) after intersystem crossing.”

3.1.3 Fluorescence

In good fluorophores, the preferred route back to the
ground state is usually by the emission of a photon from
S, to any of the S, vibrational states. Fluorescence life-
times are typically close to 10 s, so that vibrational relax-
ation and internal conversion are usually completed before
emission (see kinetics in Table 3.1). Therefore, the fluores-
cence radiative deactivation does not depend on the excita-
tion wavelength (assuming there is only one species) since
it generally results from a thermally equilibrated excited
state, i.e., the lowest energy vibrational state (v = 0) of S;."
This is known as Kasha’s rule.?53°
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The Jablonski diagram and the spectra represented be-
low in Figure 3.1 reveal that the fluorescence spectrum is
usually the mirror image of the absorption band provided
that the differences between the vibrational levels are sim-
ilar in the ground and excited states and no major changes
in molecular geometry occur after excitation. It appears
shifted to longer wavelengths, because of the energy loss in
the excited state due to vibrational relaxation and internal
conversion. The energy gap between the maximum of the
absorption and fluorescence bands is called the Stokes shift
(Avst, expressed in wavenumbers) and the displacement
can vary depending on solvent effects, excited state reac-
tions, complex formation, and/or energy transfer.

The fluorescence photon emission described above is a
spontaneous process. Its intensity (Ig) depends on the de-
activation constant (kg) and the population of molecules in
the first excited state ([S;]). It can be defined as follows:

Ifl = kfl[s1] (37)

where [S1] is directly proportional to the number of
absorbed photons of the sample in the excitation process.**

To quantify fluorescence efficiency, the quantum yield
parameter is used. It is defined as the ratio between the
number of photons emitted over the number of photons
absorbed.

I
bn = Iil (3.8)

Taking into account that in conventional excitations the
processes are uniphotonic and that generally, all excited
states reach the fluorescent state S; before deactivating to
So, then under stationary excitation conditions the number
of photons absorbed (I,) is equal to the number of deac-
tivation processes from S; depicted in Jablonsky diagram
(Figure 3.1, fluorescence deactivation, internal conversion,
and intersystem crossing):

Ia =ka[S1] 4+ Kic[S1] + Kkisc[S1] (3.9)
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where kj. and ks are the rate constants for IC and ISC,
respectively.

Combining the aforementioned three equations (Equa-
tion 3.7, 3.8 and 3.9) it becomes:

ke ke

b= ket + Kie + Kisc - ket + Knr

(3.10)

Being knr = kic +kisc the sum of both non-radiative trans-
itions.

Thus, the fluorescence quantum yield is given by the
ratio of the fluorescence rate over the rate of all possible
deactivation processes of the S, state, being all competitive
processes. From this equation, it is concluded that when the
non-radiative decay rate is much slower than the radiative
decay rate (knr < T) the quantum yield can be close to unity.

Fluorescence quantum yield measurements can be per-
formed both in solution and in solid samples by different
procedures. The methods and equations applied for each
particular case for the determination of the ¢g are detailed
in the experimental part (Part III, Section 6.2).

Another very important feature of fluorescence is the
lifetime (7) of a fluorophore. The excited molecules remain
in the S, state for a certain time (from 10 ps to 100 ns) be-
fore emitting a photon or being deactivated by other non-
radiative processes such as internal conversion or intersys-
tem crossing (ISC). Therefore, the lifetime (T) of a fluoro-
phore is defined as the average time that a photon spends
in the excited state before returning to the ground state,
since few molecules emit their photons precisely at t = 7.
This lifetime is related to the constant rates of all those de-
activation processes involving S; and it can be expressed
as:

1 1
= = (3.11)
Ktk + Kise  Kntknr O
To experimentally determine the fluorescence lifetime,
the evolution of the fluorescent emission intensity after ex-

citation is monitored. The fluorescent intensity for a mo-

Tfl
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lecule showing a decay with monoexponential kinetics is
defined as follows:

T (t) = I oe /™0 (3.12)

where Ij , is the immediate intensity after the excitation
pulse. A logarithmic representation of Equation 3.12 gives
a straight line and from that slope, the lifetime is obtained:

t

In(Ig (1)) = h'l(Iﬂ,o) - ?ﬂ (3-13)

Experimentally, this lifetime measurement (tq) is ob-
tained from the deconvolution of the fluorescence decay
curve by time-resolved fluorescence. However, the reality
is usually more complex and monoexponential lifetimes are
rarely achieved when dealing with solid samples. The equa-
tions used experimentally for the determination of multiex-
ponential lifetimes and the setup details are described in
Section 6.3.

3.1.4 Intersystem crossing and photophysical processes from
triplet states

The third possibility for a molecule to dissipate energy is
the so-called intersystem crossing (ISC), a non-radiative
transition between two isoenergetic vibrational levels be-
longing to electronic states of different multiplicity. The
electron changes spin multiplicity from a singlet excited
state to a triplet excited state (it is indicated by a horizontal
curved arrow in the Jablonski diagram, Figure 3.1).

In principle, the intersystem crossing is forbidden due
to the different multiplicities between states, but the spin-
orbit coupling (coupling between the orbital moment and
the spin moment) may be large enough to allow it. To be
visible and to compete with other de-excitation pathways
such as fluorescence or internal conversion, it has to be fast
enough (107 - 107 s, see Table 3.1) and its probability will
depend on the singlet and triplet states involved.
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ISC gives rise to several interesting routes back to the
ground state: phosphorescence, a radiative transition from
the low lying excited triplet state to the singlet ground state;
and delayed fluorescence, a process in which the first ex-
cited singlet state is re-populated by a reverse intersystem
crossing from the triplet state, leading to emission from S,
in a much longer time scale (delayed emission).

3.1.4.1 Phosphorescence

Phosphorescence is another radiative deactivation process
that results in the emission of light from a triplet state T,
which is populated by intersystem crossing (ISC). Since the
transitions from states of different multiplicities are forbid-
den due to the slow radiative rate constant kpy, (several or-
ders of magnitude lower than those of fluorescence), phos-
phorescence lifetimes are usually on the order of micro-
seconds to seconds (Table 3.1), sometimes even visible to
the naked eye.

Given the long lifetime of the triplet state (10°-10 s)
compared to the average lifetime of an excited singlet state
(10°-107 s) it is difficult to see the phosphorescent emis-
sion in solution at room temperature, mainly because the
non-radiative de-excitation predominates over the radiative
one due to the numerous collisions with the solvent. How-
ever, phosphorescence emission can be activated at low tem-
peratures or in rigid media where collision processes are
minimized.

In general, the phosphorescence spectrum shifts to
longer wavelengths relative to fluorescence because the en-
ergy of the lowest vibrational level of the triplet state T, is
lower than that of the singlet state S, (see Figure 3.1).

3.1.4.2 Delayed fluorescence

As shown in Figure 3.2 thermally activated delayed fluor-
escence (TADF, the only mechanism that will be discussed
in this work although there are other types) involves inter-
system crossing (ISC) from the singlet to the triplet excited
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state (S; — T;) followed by a subsequent reverse intersys-
tem crossing (RISC) from the triplet to the singlet excited
state (T; — S,).

As a result, fluorescent emission arises from the S; to
the S, state with the same spectral distribution as normal
fluorescence but with a much longer decay constant. What
makes this process so special is its very long emission life-
time, ranging from nanoseconds to milliseconds, and even
several seconds, being visible to the naked eye even after
the excitation source has been removed.3”

TADF can occur when the energy difference between
S; and T, is low and when the lifetime of T, is sufficiently
long. Therefore, an increase in the temperature activates the
intersystem crossing (necessary energy to jump back to the
S:) which leads to an enhancement of the fluorescence emis-
sion. The rate constant of thermal activation of the trans-
ition from the triplet level to the excited singlet level (k.)
will depend on both the energy gap between singlet and
triplet states (AEst) and the temperature (T) (Figure 3.2).
Through the Arrhenius equation it is defined as follows:

AEst

Ke = Ae R (314)

where A is a frequency factor.

As RISC competes with other triplet deactivation pro-
cesses, such as non-radiative deactivation processes and
phosphorescence, it is very difficult to encounter this phe-
nomenon at room temperature; although some exceptional
cases can be found.®®

3.2 BIMOLECULAR PROCESSES

Although all the unimolecular processes described above
can take place to a greater or lesser extent in a single mo-
lecule, in practical terms the situation is usually more com-
plicated, leading to intermolecular interactions or bimolecu-
lar processes. Interactions among different molecules may
occur in both ground and excited states and usually results
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in a decrease in the fluorescence intensity. Hence, in this
section, several bimolecular processes will be discussed.

Any process involving a loss in the intensity of the ra-
diative decay of fluorophores is considered as fluorescence
quenching regardless of the nature and origin of the com-
peting intermolecular process." It should be emphasized
that in general quenching processes occur without any per-
manent change in the molecules, which implies that there
is no photochemical reaction.”

In general, they are divided into two types of quench-
ing mechanisms. On the one hand, there is static quench-
ing, a process in which the initial formation of the emissive
excited state is inhibited without any diffusion processes
occurring. On the other hand, there is dynamic quenching,
a process that interferes with the emission of the excited
state of a fluorophore during its lifetime after its excita-
tion. A distinguishing feature of dynamic quenching is thus
a change in the observed fluorescence lifetime of the fluoro-
phore, whereas in static quenching no apparent change is
observed.>39

As illustrated in Figure 3.3, static quenching arises from
the formation of a nonfluorescent complex between the
fluorophore and the quencher in the ground state (Figure
3.3b) or either from the presence of a sphere of effective
quenching in the excited state (Figure 3.3c). It is worth
stressing that the quencher could sometimes be the fluoro-
phore itself. This topic will be covered in the following sec-
tion (Section 3.2.1).

Static quenching can also occur from the excited state
(Figure 3.3¢), that is, when an excited molecule M* encoun-
ters a quencher Q that cannot change its relative position
in space during M*s excited state lifetime (i.e. in rigid
matrices such as zeolites). If the quencher molecule Q is loc-
ated inside a sphere that surrounds the fluorophore, called
the sphere of quenching, the excitation will be followed by
the complete quenching of the fluorophore. This model was
proposed by Perrin and he assumed that if a quencher is
outside the active sphere, it does not affect the starting mo-
lecule at all.#°
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In both situations that may involve ground and excited
states, the fluorescence intensity of the solution will de-
crease upon the addition of the quencher Q, but the ex-
cited state lifetime of the monomer M after pulse excitation
will remain unchanged. However, the opposite happens in
diffusion-controlled reactions, in which the observed rate
constant for quenching depends on the time.

In dynamic quenching (Figure 3.4), the quencher diffuses
to the fluorophore during the lifetime of the excited state;
thus, those excited fluorophores M* that are close to a
quencher Q will react and collision at shorter times (on av-
erage) than those that are located further away. The main
consequence is that after excitation, the fluorophore emis-
sion decays faster at short times.

Regarding a heterogeneous emitting system with more
than one fluorophore embedded in an environment, there
is a high probability that some of the preceding processes
may take place.” Hence, those cases relevant to the hybrid
materials presented in this thesis will be considered, among
which are molecular aggregation in the ground state and
intermolecular processes in the excited state, such as the
formation of excimers or exciplexes, charge-transfer (CT)
complexes and energy transfer.

3.2.1  Molecular Aggregation in the ground state

The main objective of this thesis has been to obtain fluor-
escent hybrid materials to be used in optical applications.
This requires a very high dye loading, and even if they are
introduced into channels and cavities, the chromophores
can interact if they are close enough to each other often
leading to the formation of aggregates in the ground state.

Under these circumstances, the linear relationship
between concentration and absorbance given by Beer Lam-
bert’s law is no longer fulfilled due to variations in the ab-
sorption spectra. In comparison with the monomer species,
the aggregates may exhibit bathochromic or hypsochromic
shifts in the absorption spectra, higher rates of intersystem
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crossing, and non-radiative deactivation processes, which
is usually the main cause of the quenching for certain ag-
gregates.

The changes in photophysical and spectroscopic prop-
erties associated with aggregation can be explained by ex-
citon theory,*' a concept developed by Kasha.*** The ex-
citonic theory is based on the dipole-dipole interaction
between the monomer units forming the aggregate and pre-
dicts the splitting of the first excited state of the monomers
(Em). It gives rise to two excited states in the dimer de-
pending on the resulting transition moment among the mo-
lecules: E,, with the lowest energy as a result of the elec-
trostatic attraction between the dipoles of the molecules,
which is lower than E;; and E,, with the highest energy
due to electrostatic repulsions.

The different geometry arrangements adopted by the
monomers in the dimer are depicted in Figure 3.5. The
total transition moment of the aggregate is the sum of the
transition dipole moments of each monomer, « is the angle
between the transition moments of the monomers, and 0 is
the angle between the line joining the two monomer cen-
ters and the transition dipole moment of the monomer. In
the figure, the two possible excited states of the dimers are
represented, where the arrows represent the transition di-
poles, surrounded by ovals symbolizing the molecules. This
helps to explain why certain electronic transitions are al-
lowed and others forbidden (represented in blue and white
color in Figure 3.5, respectively), since on some occasions
these are canceled by one another.

The diagram in Figure 3.6 shows the states correspond-
ing to the monomer (isolated molecule) and those result-
ing from the dipole interaction as a function of the geomet-
rical parameters of the aggregate. Taking into account this
scheme, we will now consider the spectroscopic changes
associated with dimers of different geometries:

I) H-dimers, with parallel dipoles (o = 0° , 6 = 90°, Fig-
ure 3.5I): the transition occurs to the E, state because
the transition from the S, to E; (transition moment is
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zero) state is forbidden; thus, the absorption spectrum
of the dimer has a blue shift (hypsochromic shift, Fig-
ure 3.6b) compared to the spectrum of the monomer.
Nevertheless, this excitation to the E, level is followed
by rapid internal conversion to the E; state. Since the
transition to E; is forbidden, no radiative processes
can occur efficiently, and the deactivation continues
until the ground state, or could as well be deactivated
by intersystem crossing to triplet formation. As a con-
sequence, fluorescence is not observed in this type of
dimers because they drastically quench the fluores-
cence of the monomer (Figure 3.6b).

a
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Figure 3.6: (a) Energy level diagrams of the monomer and the dif-
ferent dimers (the splittings are depicted at the same energy to
facilitate compression). (b) Schematic representation of the spec-

troscopic bands (absorption and emission) of H and ] dimer with
respect to the monomer. Modified from literature.*

II) J-dimers with collinear dipoles (o = 0° , 6 = 0°,

Figure 3.5II): in the higher energy state E, the di-
poles are compensated with one another and, there-
fore, the transition to this state is forbidden. The E;
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state corresponds to a minimum energy, in-phase di-
pole position. Consequently, the only allowed trans-
ition is to the E, state, and the absorption spectra
of these dimers show a red shifted absorption band
(bathochromic shift) with respect to the spectrum of
the isolated molecule. J-dimers can fluoresce at higher
wavelengths, but given the low energy of the excited
state, radiative emission competes with non-radiative
de-excitation, such as internal conversion or intersys-
tem crossing, and often their emission is low (Figure
3.6b).

Cases I and II are extreme and idealistic geometries and

in general, the aggregates adopt structures with intermedi-
ate 0 and « angles.

III) Dimers with parallel dipole moments (o = 0°, 0 <

0 < 90°, Figure 3.5I1I): the transition dipole moments
are parallel (x = 0°) and the 0 angle varies between o
and 9o°. Considering the relative position of the mo-
lecules there are two possible scenarios: first, when
the 0 angle is lower than the intersection point (6
= 54.7°) and the dimers are closer to the J type di-
mers (right side of the intersection, Figure 3.6a); and
second, when the angle is higher and the dimers ad-
opt a geometry closer to the H type sandwich dimers
(left side of the intersection). Thus, in the former case,
the dimers will present an absorption band at higher
wavelengths with the possibility to fluoresce, and this
emission will depend on the magnitude of the 6 angle.
For the latter, in contrast, a blue-shifted absorption
and no fluorescence will be shown.**

IV) Angular dimers with oblique dipoles (0 < o < 90°, 0

< 0 < 90°, Figure 3.5IV): the resulting transition mo-
ment is not canceled in either of the positions and
transitions to both excitonic states are allowed. E; cor-
responds to an in-phase arrangement of the transition
dipoles, while E, corresponds to an out-of-phase ar-
rangement. Consequently, a splitting of the absorp-
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tion band of the monomer will be observed and the
relative intensity between the two will depend on the
geometry of the dimer.*>

This excitonic theory is applied to cases of strong coup-
ling where the Born-Oppenheimer (B-O) approximation is
considered valid and the electronic wave functions are sep-
arated from the vibrational ones in each molecule.*® Thus,
in the absorption spectra of the dimers the splitting effects
are appreciable.4”

In this work, in order to obtain fluorescent systems, the
objective has been to avoid or limit aggregation or to ob-
tain at least fluorescent J-aggregates by occluding the chro-
mophores in channeled aluminophosphate systems or in
lattices formed by cages.

3.2.2 Intermolecular processes in the excited state

The former assembly interactions arise from the ground
state. Nevertheless, many other phenomena can occur at
the excited state and compete with all the unimolecular de-
excitation processes. Energy or electron transfer reactions
between separate molecules (intermolecular) are some of
the most typical photochemical primary processes. The ma-
jority of the processes responsible for de-excitation of mo-
lecules entail the interaction of an excited molecule M* with
another molecule Q, among which can be found: collision
with a heavy atom or a paramagnetic species, electron trans-
fer, excimer or exciplex formation, proton transfer and en-
ergy transfer. Herein, we will focus only on the formation
of excimers, exciplexes, CT complexes, and energy transfer,
the most interesting features encountered in our systems so
far.!

In the presence of Q, the fluorescence quantum yield
and its lifetime of M* can be affected by intermolecular pro-
cesses that compete with the intrinsic de-excitation of the
M molecule, leading to a decrease in both parameters. The
amount of Q plays a crucial role in the alteration of the pho-
tophysical properties, which gives rise to two scenarios:
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I) The amount of Q is high and the probability of M*
and Q to have a mutual approach at the moment of
excitation is high since they can be at a distance in
which the interactions between them are significant.
In addition to dynamic quenching, in these environ-
ments where the Q concentration is high static quench-
ing may also be present.

IT) The amount of Q is not high but there is a mutual
approach between M* and Q. Despite Q not being in
large excess, diffusion (dynamic quenching) can happen
during the excited state lifetime and lead to a possible
collision between the two molecules (see the introduc-
tion of Section 3.2).

Both are collisional processes, but different complexes
are formed depending on the nature of M and Q. If both Q
and M are the same molecules, the dimeric short-lived spe-
cies generated in the excited state is called excimer (MM)*,
which means excited dimer and it will have different fluor-
escence spectrum and lifetime values in comparison to the
monomer in the excited state M* (self-quenching). If Q is
different than M, however, the heterodimeric species that
is formed is known as exciplex (MQ)* and a new term
regarding the rate constant kyg (= 1/7, ) must be intro-
duced for the intrinsic de-excitation process. The formation
of these complexes will be explained in the next section
(Section 3.2.2.1).

It should be noted that although intermolecular pro-
cesses have been mainly considered so far, electron or en-
ergy transfer reactions between distinct regions within the
molecule (intramolecular reactions) can also affect fluores-
cence features. This topic will be covered briefly in Sec-
tion 3.2.2.2 and explained in more detail in Section 3.6,
where the particular photophysical processes of each chro-
mophore family used in this thesis project will be dis-
cussed.
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3.2.2.1  Formation of Excimers and Exciplexes

The term excimer comes from "excited dimer" and is
formed when an excited molecule collides with an identical
molecule in the ground state to form an unstable complex.

M* + M 2 (MM)*

where the symbol (MM)* indicates that the excitation
energy is delocalized in the dimer. This complex exists
while one of the pair components is in the excited electronic
state and dissociates after photon emission.

Many aromatic hydrocarbons, such as naphthalene and
pyrene, can form excimers.*® These excimers usually pos-
sess a bathochromically shifted fluorescence band without
vibrational structure (broad bands, example in Figure 3.7a).
Their photophysics can be explained by the energy surfaces
illustrated in Figure 3.7b. In this figure, the lower curve rep-
resents the repulsion energy between the two molecules in
the ground state, and the upper curve is also related to the
two molecules, but one is in the ground state whereas the
other is in the excited state.
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Figure 3.7: (a) The formation of an excimer from two monomers
and their corresponding fluorescence bands. (b) Repulsive en-
ergy diagram between two monomers and the energy surfaces
for the formation of the excimer complex. Adapted from Molecu-
lar Fluorescence: Principles and Applications (p. 164), by B. Valeur,
and M.N Berberan-Santos, 2012, Willey.
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In the upper curve, there is an energy minimum corres-
ponding to the excimer formation, where the molecules are
disposed in a sandwich cofacial arrangement at a very low
distance, indicating that the excimer formation is favored
in this situation. Since the relaxation energy gap of an ex-
cimer to the ground state is smaller compared to that of
the monomer, it emits at longer wavelengths; and since the
excimer is dissociative, it finally returns to its monomeric
ground state, observing a continuous emission without vi-
brational structure (compare fluorescence bands between
monomer and excimer in Figure 3.7a).

The generation of exciplexes in the excited state is also
possible. Exciplexes are complexes formed by the interac-
tion of an electronically excited molecular entity with a
ground-state partner of a different molecular structure.

M* +Q = (MQ)*

Their formation is based on the intermolecular interac-
tion between the two molecules and can be explained by
the same energy diagram used for excimers (see Figure
3.7b), so that their fluorescence is also observed at longer
wavelengths.*

3.2.2.2  Formation of CT complexes

It may be the case where the pairs of different entities
have a marked electron donor and acceptor character (Fig-
ure 3.8), involving a redistribution of charge between the
molecules. In this case, the exciplex attains an ionic pair
character (different from those described above) with a very
large excited state dipole moment and is often referred to
as a CT complex.>®

D* + A = (DA)*
A* + D = (DA)*

The reaction product is usually called a charge transfer
(CT) state or intermolecular charge transfer (interCT) and is
favored in polar media. Anthracene and N-N-diethylaniline
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are a good example of a pair that can form a CT complex
in the excited state that,resulting in the transfer of an elec-
tron from an amine of the diethylaniline to the anthracene
molecule."

It should be noted that all these terms (exciplex and CT
complex or interCT) are widely used in the literature and,
although many attempts have been made to distinguish
and characterize them independently in solution, the task
is more than complicated. Nevertheless, certain guidelines
may be useful when trying to determine which is the main
process taking place.

Generally, the excited electronic states are a combina-
tion of the charge transfer states and the excitonic reson-
ance contribution of the locally excited states. In exciplexes,
their formation is governed by the geometrical arrange-
ments between the D and A molecules and their relative
orientation. Consequently, the face-to-face configurations
(sandwich geometry in a 7-stack) between the electron ac-
ceptor and the aromatic electron donor allow an effective
overlap of orbitals. In contrast, emission in CT complexes
involves a rather large D-A charge separation in solvents of
intermediate and high polarity. Therefore, a slight increase
in solvent polarity usually results in a reduction of pure ex-
ciplex emission due to the promotion of the interCT state.
In conclusion, the CT complex or the interCT complex is
more favored in polar solvents, whereas the exciplex in non-
polar solvents.

Note here that, there are molecules with intrinsic push-
pull character, in which an intramolecular charge transfer
(ICT) process can be promoted in the photoexcited state.
Although this is not considered a bimolecular process it
will be briefly explained in the following lines as it is very
similar to the interCT described above.

In molecules with donor-acceptor moieties, excitation
facilitates the transfer of an electron from the electron donor
to the electron acceptor unit (Figure 3.9a), which makes
the charge distribution in the excited state markedly dif-
ferent from that in the ground state. This is referred to
as intramolecular charge transfer (ICT) and its emission is
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characterized by a broad, red shifted band relative to the
LE state and, as in the case of CT complexes, is generally
favored in polar solvents (Figure 3.9b-c).5*53

In some molecules, depending on the polarity of the
solvent, even the two Franck-Condon fluorescence states
corresponding to the LE and ICT can be reached, result-
ing in a dual fluorescence (see the fluorescence spectrum of
DMABN in THEF, Figure 3.9c).4° In general, the higher the
polarity of the solvent, the greater the Stokes shift due to a
further stabilization towards the ICT state, and the greater
the quenching of LE emission (Figure 3.9b)."*

As stated before, this interaction is closely linked and
is very similar to the interCT process, the only difference
between them is that while interCT involves interaction
between two neighboring molecules (bimolecular process),
intraCT occurs within the donor and acceptor of the same
molecule without the formation of a CT complex. Interest-
ingly, there are also molecular structures designed to emit
from both charge-transfer states. For example, Lee et al.
have developed a novel technique to obtain white light
emission by a single molecule that can emit by both in-
tramolecular and intermolecular charge transfer states at
the same time.>*

3.2.2.3 Energy transfer processes (FRET)

Another important photophysical process that occurs in
the excited state is the energy transfer from one molecule
(donor) to another (acceptor).

D*+A—D+ A"

It is considered a non-radiative transfer and takes place
at a long-range distance, in which no collisions are in-
volved, and occurs in space without the need for con-
tact between the two molecules. It consists of an energy
donor chromophore, initially in its electronic excited state,
which may transfer its energy to an acceptor chromophore
through non-radiative dipole-dipole coupling (Figure 3.10).
For this to happen, the emission spectrum of the energy
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donor fluorophore must overlap with the absorption spec-
trum of the acceptor as represented in Figure 3.11. This type
of transfer is known as Forster resonance energy transfer
(FRET).

Donor Acceptor

I 1 I 1
Abs Em Abs Em

1
{
Spectral 1
overlap [
1

Intensity

Wavelength (nm)

Figure 3.11: Illustration of the spectral overlap between the emis-
sion spectrum of the donor and the absorption of the acceptor in
FRET.

FRET results in a decrease in the fluorescence intensity
and lifetime of the donor and an increase in the fluores-
cence of the acceptor, in the case that the acceptor is fluor-
escent; if it is not, the energy is dissipated as heat. Con-
sequently, from the point of view of the fluorescence of the
donor, FRET can be considered as a quenching process. The
degree of energy transfer will be influenced mainly by:>3

¢ The extent of the spectral overlap.

¢ The quantum yield and lifetime of D.

* The relative orientation of the dipoles of D and A
molecules.**

¢ The distance between the donor and acceptor mo-
lecules.

In fact, an important magnitude is the Forster distance
(Ro), defined as the distance between donor and acceptor in
which the FRET efficiency is 50%.

RS =8.79-107°(k2 n *dp J(A)) (3.15)

where k2 is a factor to describe the relative orientation
of the transition dipoles of the donor and acceptor species
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(k* is maximum for a head to tail disposition and minimum
for a perpendicular disposition between D and A), n is the
refraction index, ¢p the fluorescence quantum yield of the
donor in absence of the acceptor and J(A) is the spectral
overlap.

Thus, the concentration of both molecules is a particu-
larly important factor to take into account as it can dictate
the distance between the molecules. At very low concentra-
tions, the FRET process will be barely visible, while at high
concentrations the likelihood of the process will be higher,
being a strongly distance-dependent process. Indeed, the
interaction is possible at relatively long distances (10-100
A)35 and such transfer is often used as a spectroscopic ruler
to measure distances between molecules of interest.*’

The rate of energy transfer kr(r) is denoted as:

6
kr(r) = 1 <R°> (3.16)

D T

where r is the distance between the donor (D) and ac-
ceptor (A) and Tp is the lifetime of the donor in the absence
of energy transfer.

It is also possible to calculate the FRET efficiency
(¢rreT) determining the lifetime of the donor in the pres-
ence (T) and absence of the acceptor (t,):#

T

GrreT =1—— (3-17)
To

3.3 POLARIZED LIGHT SPECTROSCOPY: ANISOTROPY

The simplest and quickest way to know if the incorporation
of guest species into the zeolitic materials has been success-
ful is by means of microscopy, as the color of the crystals is
a clear indicator of this inclusion. In addition, information
about the alignment of the guest molecules within the re-
stricted geometry in one-dimensional pores of the host can
be obtained using linearly polarized light.56 For this reason,
the theoretical basis of polarized light spectroscopy is now
briefly described.
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3.3.1 Polarized photoselection and dye-alignment

Light can be defined as a traveling electromagnetic wave
consisting of an electric T and magnetic field B perpen-
dicular to each other and to the direction of propagation
(see Figure 3.12a). All common light sources, including the
sun and artificial light, produce non-polarized light, which
means that the fields do not have a preferential orientation
(Figure 3.12b). However, when there is a spatial orientation
and the electric field oscillates along a given direction of the
xy plane, it is called linearly polarized light." Consequently,
if the light is linearly polarized in the x-direction, the y com-
ponent of the electric field is zero and vice versa (Figure
3.12C).

Spectroscopy with linearly polarized light is applied
in a wide variety of systems due to its versatility. It can
be useful to obtain information about molecular structures
(transition moments) and their optical properties, as well as
to know the orientation of molecules within ordered struc-
tures, one of the main goals of this work.

Anisotropy measurements are based on the principle
of photoselective excitation of fluorophores using polarized
light. This process depends on the transition dipole mo-
ment of the fluorophore, which has a specific orientation
with respect to its molecular axis. Thus, when the molecules
are illuminated by polarized light, those whose transition
dipole moments are oriented in a direction close to that of
the electric vector of the incident beam will be preferentially
excited."

Consequently, for most chromophores, the absorption
probability depends on their orientation with respect to the
electric field and the electronic transition state, since each
transition has a different transition moment. Nevertheless,
in emission, the response to polarized light will be the same
because the transition momentum is the same regardless of
the excited state reached by the molecule upon excitation,
due to the internal conversion to the first singlet state.
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This process known as photoselection is represented
in Figure 3.13. The probability for a dye molecule to ab-
sorb the light is proportional to cos?(0a), where 0, is the
angle between the light polarization direction and the ab-
sorption transition dipole da of the molecule. Accordingly,
the emission of the molecule is assumed to be that of an
emitting transition dipole dg in the far-field. The direction
of the transition dipoles da and dg depends on the trans-
itions which are involved in the absorption and emission
processes.

In an isotropic system, the distribution of fluorophores
is random, so that upon excitation with polarized light,
only those molecules whose absorption transition dipole
is parallel to the excitation vector are excited. Since the ex-
citation is selective, the fluorescence emission is not a priori
equally polarized along with the directions parallel I} | and
perpendicular I to the polarization and we obtain a popu-
lation of partially oriented fluorophores (photoselection).>”
Thereby, emission can only occur when the polarized light
is along the dipole moment of the molecule, which is usu-
ally arranged along the major molecular axis of the fluoro-
phore.

One of the best ways to quantify anisotropy and thus
determine the preferential orientation of a molecular sys-
tem is through the dichroic ratio, D. In fluorescence meas-
urements, the dichroic ratio is defined as the ratio between
the intensities recorded for orthogonal emission polariza-
tion, while keeping the excitation polarization constant:

i

D= — (3.18)
I

where I,| and I, are the fluorescence intensities meas-
ured with the electric vector of linearly polarized light par-
allel and perpendicular to the sample axis, respectively (see
Section 6.5 for further explanations on polarization experi-
ments with the fluorescence microscope).

There are some phenomena that can influence the an-
isotropy and can result in experimental values below the
expected theoretical ones by inducing a partial depolariza-
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tion of fluorescence. For example, in a liquid solution, the
dye molecules can rotate freely and a displacement of the
transition momentum by rotational diffusion in the excited
state is feasible.>5® Therefore, preventing such effects by oc-
cluding the dyes within the zeolitic structures and achiev-
ing a higher nonlinear response has been one of the main
objectives of this work.

In addition to the aforementioned technique, there is
another approach to verify the existence of anisotropy of
the medium, which is by means of birefringence, using
two crossed polarizers. This behavior is observed in dye-
loaded molecular sieve crystals with some ordering of the
molecules and is characterized for having two different in-
dices of refraction due to the dependence of the refractive
index to the polarization. These optically anisotropic ma-
terials are said to be birefringent and the crystals present
artificial colors owing to the interference of the ordinary
and the extraordinary light waves, which pass the crystal
with different phase velocities.>

In summary, visual microscopic investigations such
as fluorescence polarization and birefringence are simple
methods that could be used for various purposes:

* Find the correlation between the orientation of the
pores on the microporous host and the crystal shape.

e Verify the preferential alignment of the guest mo-
lecules within the molecular sieve pores.

3.4 NONLINEAR (NLO) PROCESSES

The field of nonlinear optics (NLO) has received consid-
erable interest in recent years due to the wide variety of
applications it offers in various fields such as photonics,
nanophotonics, and optoelectronics.59°* Consequently, the
design of new NLO materials is becoming more and more
important these days. This phenomenon is described as a
particular interaction of electromagnetic fields in various
media, resulting in new electromagnetic fields, which are
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altered in phase, frequency, amplitude, or other propaga-
tion characteristics compared to the incident field.®* There-
fore, in nonlinear optics, light induces different optical
properties in the medium, and these nonlinear interactions
between light and matter are analyzed.

Generally, light waves do not interact with each other
and the medium usually exhibits linear optical behavior.
Mathematically this would be described as follows, where
the relationship between the polarization P of the medium
and the electric field strength E remains linear:5°

P=x"E (3.19)

where X is the first-order susceptibility of the me-
dium. This statement is only valid at low light intensities.
At higher intensities, deviations in this behavior arise lead-
ing to a nonlinear response of the medium. To define these
processes, additional terms related to higher-order nonlin-
ear optical effects must be added to the formula already
described.®

P=x"E+xPEE+x3EEE (3-20)

Here the coefficients X and X® are the higher-order
susceptibilities, in particular, the second and third-order ef-
fects, considered as the most important since they produce
the strongest nonlinear effects in a system. For this reason,
second-harmonic generation (SHG) and two-photon ab-
sorption (TPA), which are related to the second (X®)) and
third-order (X®)) susceptibilities respectively, are of great
importance for applications.

So far, traditional NLO systems have been based on
inorganic crystals such as barium borate (BBO) or monopo-
tassium phosphate (KDP). However, in this work, the aim
has been to design other organo-inorganic hybrid systems
as an alternative that could be suitable for SHG applications
(for a more detailed history of SHG traditional crystals and
the evolution towards novel organic materials see the intro-
duction of Section 7.2 of Part III).
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For this purpose, it is very crucial to design systems
with a non-centrosymmetric arrangement with high val-
ues of first-order hyperpolarizability (). The hyperpolar-
izability value is specifically known as the second-order
response of an organic molecule and, in this sense, the
nonlinear response of a material can be improved by in-
creasing this 3 value in organic molecules, such as by in-
creasing their electronic asymmetry (with stronger donor
or acceptor substituent groups) or by increasing the conjug-
ation length between D-A substituents.®3 Therefore, in this
thesis, attempts have been made to encapsulate organic mo-
lecules with m-conjugated systems that exhibit strong elec-
tron donor and acceptor groups (high hyperpolarizability
values) into channeled non-centrosymmetric aluminophos-
phate hosts of small pore size.

3.4.1 Second-harmonic Generation (SHG)

Second-harmonic generation or frequency doubling occurs
when a laser beam (ultraviolet, visible, or infrared radi-
ation) with a coherent radiation of frequency v passes
through a suitable optical medium with nonlinear polar-
izability and produces coherent radiation of double the fre-
quency 2v. This phenomenon is illustrated in Figure 3.14,
where two photons of the same wavelength are paired in-
phase and the energy is converted into photons with double
energy of the incoming beam’s frequency (2v or A/2). This
tendency to cause SHG is characterized by the second-order
nonlinear susceptibility of the medium and the interaction
does not involve energy absorption from the medium, be-
ing just limited to matter (nonlinear coherent scattering).
This effect was first observed by Franken et al. in 1961
in a quartz crystal® and today this phenomenon is widely
used in laser industry to produce 532 nm green lasers from
a 1064 nm laser source, usually Nd:YAG. These lasers are
obtained when the initial laser light is passed through a
bulk KDP crystal and a portion of the incoming light is
converted to 532 nm wavelength. Pulsed lasers are the
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most common second-harmonic generators because they
produce a high electric field density in the crystal and thus
enhance the efficiency of the process.

Given the great potential of this phenomenon, there is
a growing interest in the realization of nonlinear optical
waveguides for the generation of laser light in deep UV.
Continuous-wave ultraviolet lasers operating in the 200-350
nm wavelength range are very attractive for various spectro-
scopic and biomedical applications but are extremely diffi-
cult to produce. Fortunately, the frequency conversion tech-
nique allows the production of these lasers, becoming an
extremely valuable technique.®

3.5 MICROLASER ACTION

Light amplification by stimulated emission of radiation, i.e.
laser, has become an important tool for a wide variety of ap-
plications, ranging from spectroscopy to material science or
communication technology.>® Indeed, lasers are employed
as excitation sources of spectroscopic techniques to analyze
many of the processes described above. In a laser, the elec-
tric and magnetic fields of the waves oscillate in phase with
each other, resulting in a higher intensity of light, produ-
cing staggered light waves.

To achieve laser emission, there are three essential re-
quirements:

i) High probability of stimulated emission. Photon emission
occurs by spontaneous emission when no additional
light source is added. This process is considered a ran-
dom event. However, if an additional light source is
added with the same frequency as the current trans-
ition, an excited state can be stimulated to emit a
photon. The oscillating electric field of appropriate
frequency (incident photon) interacts with an excited
atom (depicted in Figure 3.15), and induces emission
of a second-photon with the same properties as those
of the incident photon. In order to obtain laser action,
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the probability of stimulated emission must be greater
than that of spontaneous emission.

ii) Population inversion: more atoms or molecules must
be in higher energy states compared to lower energy
states. As a result, the stimulated emission can initiate
a cascade (an intense burst of light) of laser emission
back to the ground state.

iii) A resonant cavity. It provides multiple reflections of
fluorescent light back and forth through the active me-
dium and amplifies the coherence of the emitted light
causing stimulated emission. Therefore, the pumping
cavity not only provides a good coupling between the
source and the active absorber material, but is also re-
sponsible for the pumping density distribution in the
laser element, which is key to achieving uniformity
and avoiding optical distortions of the output beam.

In laser physics, to increase the optical power (gain or
amplification), one must maximize the lifetime of the upper
state and minimize all competing non-radiative processes.
For this purpose, dyes with a long-lived singlet first excited
state must be chosen so that population inversion (Ng, >
Ns, ) is feasible. Besides, this inversion can only be achieved
with schemes of at least three levels, because with only two
levels involved it is not enough for the process to take place.
The most popular four-level solid-state laser is the Nd:YAG
(neodymium-doped yttrium aluminum garnet). Its mech-
anism is represented in Figure 3.16, and in this particular
case, the transition takes lace into the upper metastable ex-
cited laser level, preventing transition to occur back into the
ground state.

In addition, solid-state lasers, and in particular micro-
lasers, are of great interest in device technology because the
reduction of laser dimensions leads to even more interest-
ing properties. In microlasers, the stimulated emission pro-
cess takes place in microcavity nanostructures, being able
to generate an intense coherent light at a micro/nanoscale.
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For that purpose, the microlaser requires an active me-
dium, a pump to excite the active medium and produce
population inversion, and a resonant electromagnetic cav-
ity that contains the active medium to amplify the emitted
light. The medium is responsible for amplifying light by
stimulated emission and when incorporating it into a res-
onator, results in a laser with highly monochromatic and
coherent output.®®

Organic materials are ideal to be used as active media
for the fabrication of such compact lasers.®” For good laser
performance, the organic molecules should meet the fol-
lowing requirements: strong absorption and fluorescence
bands, low probability of non-radiative deactivation, low
tendency to aggregate, a high Stokes shift, and excellent
chemical, thermal and photostability. All this accomplished,
the light emitted by a good laser dye should show several
discrete optical frequencies separated from each other by
frequency differences (a typical experimental spectrum of a
microlaser is shown in Section 6.8, Figure 6.12), which can
be associated with different modes of the optical resonator.
There are currently a wide range of organic molecules that
can be used as active media for dye lasers.

In this work, several attempts have been made to de-
velop microlasers based on zeolitic host/guest systems.
Laser-active organic media (styryl dyes, described in Sec-
tion 3.6.1) and crystalline inorganic microresonators have
been combined in a micron-sized laser material to see if
they could be of interest for photonic applications (ex-
plained in more detail in Part III, Chapter 7). Hence, the
microcavity (AIPO crystal) could provide the selective feed-
back of light within the gain medium to enhance the stim-
ulated emission of specific wavelengths, where the outer
surfaces of the crystal itself will act as a resonant cavity
resembling the Fabry-Perot type cavity.’” Thus, the form-
ation of sufficiently large aluminophosphate crystals with
naturally defined geometric shapes and doped with a high
concentration of laser dye, would offer a simple approach
to achieve such a microlaser.
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In the search for guest dyes suitable for encapsulation into
zeotypes that act as molecular containers (nanocavities), the
aim is to obtain an improvement of the resulting photophys-
ical characteristics for possible optical applications. There-
fore, in this section special emphasis will be placed on the
selection of the dyes and their photophysical features.

Overall, there is a wide variety of dyes covering the
entire UV /Vis spectrum that could be used for optical ap-
plications. In general, they are grouped into families, in-
cluding coumarins, acridines, xanthenes, oxazines, pyro-
methenes, nitro/azo dyes, cyanines, and styryl dyes. Fig-
ure 3.17 shows the absorption and fluorescence spectra of
some of these large families of dyes, together with the mo-
lecular structure of the specific dye belonging to the spec-
trum.

Normalized absorbance
Normalized emission

OOH

Rhodamines
Visible spectrum

Figure 3.17: Absorption and fluorescence bands of several fam-
ilies of dyes. The molecular structures are shown below in the
same order as they appear in the electromagnetic spectrum: cou-
marins, pyrromethenes, rhodamines, and oxazines.
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Among all the families mentioned, this work will deal,
on the one hand, with styryls and, on the other hand, with
families of three fused aromatic rings (acridines, xanthenes,
and oxazines). All of them are ideal candidates for the in-
corporation into aluminophosphates. All fluorophores are
aromatic organic compounds that are commonly employed
as laser dyes. In addition, they are cationic dyes, so will be
strongly absorbed on the negatively charged nanochannels
through electrostatic forces. Since their fluorescent charac-
teristics are highly dependent on their nature and chemical
structure,’ the main photophysical characteristics of each
family are presented below (for more specific photophys-
ical properties refer to the results part, Part III).

3.6.1  Styryl dyes

Styryl dyes consist of an electron donor (D) and electron
acceptor (A) building block linked together through a 7-
conjugated system, forming D-m-A architectures as depic-
ted in Figure 3.18.°° In general, they present high absorp-
tion capacity from the blue to yellow region of the visible
spectrum and strongly red shifted fluorescent emission, ex-
hibiting rather large Stokes shifts. These displacements are
very important to minimize inner-filter effects (reabsorp-
tion and reemission, mentioned in Section 6.2) and are typ-
ical of push-pull 7-conjugated systems with high hyperpol-
arizabilities (explained in Section 3.4), which are usually
very interesting for NLO applications.

The two structure partners, D and A, are integrated
into a molecule that usually adopts a geometry close to
planar.®® However, the molecule is fully flexible (it can even
give cis-trans isomerizations), and upon excitation, its flex-
ibility gives rise to rotational motions around the different
bonds drastically increasing internal conversion processes
(see Section 3.1.2) responsible for the non-radiative deactiv-
ation. Therefore they usually exhibit very low fluorescence
quantum yields (¢g < 0.1).797"
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As a consequence of their push-pull character (amine
and iminium moieties), their emission comes from an ICT
state, a different state of lower energy than the locally ex-
cited (LE) (see intraCT process in Section 3.2.2.2) rendering
the aforementioned large Stokes shift. Indeed, a photoin-
duced intra charge transfer process is energetically feasible
and leads to an instantaneous change of the dipole moment.
The wave functions of the ground state and the excited state
differ from each other due to different electron density dis-
tributions.

In particular, in most styryls, the specific charge trans-
fer process that takes place is the non-fluorescent twisted
intramolecular charge transfer (TICT).7>73 TICT is a charge
transfer process that occurs after photoexcitation in mo-
lecules with intramolecular torsion between the donor and
acceptor parts (see Figure 3.19). In other words, a fraction
of the molecule rotates and twists giving rise to the TICT
state. This is also the reason for its low quantum yield
because the rotation (non-radiative deactivation) leads to
the decoupling of the donor and acceptor orbitals, which
makes the emission to the ground state forbidden by the
electric dipole.7#

This charge transfer state is stabilized in polar solvents
because polarity favors total charge separation between
donor and acceptor molecules.”? In a non-polar solvent, on
the contrary, charge transfer is not favored and they may
show poor emission but from their locally excited state (LE,
S, state, also described in Section 3.2.2.2 and shown in Fig-
ure 3.9).

In conclusion, styryl dyes will usually show a reminis-
cent red shift fluorescence as a consequence of the forma-
tion of TICT state upon excitation.>> In some cases, solvent
polarity may not be enough to tip the balance towards one
state or the other, and dual fluorescence might be observed
instead (LE + TICT)."

In practice, multiple factors affect the emission of these
fluorophores. The quantum yield will change as a function
of the conformational change of the molecule and the non-
radiative decay rate (kynr). It must be taken into account that
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pH also has a strong effect on these dyes due to the different
acidic or basic species that can be formed, as for example
the protonation of the amine group, that could hinder the
formation of ICT states, thus expecting very different pho-
tophysical characteristics.

In this sense, a tight confinement of these molecules
in molecular sieves could restrict their molecular motions,
reducing internal conversion. Thus, by obtaining a rigid
planar D-7-A molecule, efficient ICT would occur without
the involvement of large amplitude motions, yielding high
fluorescence or even laser efficiency.”" Besides, a preferred
orientation within 1D-nanochannels would lead to a non-
centrosymmetric arrangement that is crucial for nonlinear
optical applications.”*

Table 3.2: Summary table of all the styryl chromophores em-
ployed with their general donor-linker-acceptor molecular struc-
ture.

ACCEPTOR LINKER DONOR
E,DS '7;30. . N,:
prs e G0 Gl 5
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2-[4-[4-(cimethyvlamino)phenv]-1,3- N
4 phem 5 >
butaclienyl]-3-ethvibenzothiazolinm m ANF
—N

perchiorate

TIEE

Table 3.2 shows the particular styryl structures selec-
ted for the inclusion into aluminophosphates, including
LDS 722, LDS 730, DMASBT, and 4-DASPI; and an addi-
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tional structure LDS 751, which has been considered of in-
terest for the near future. In it, the structural differences in
terms of donor and acceptor moieties and their n-linkers
are illustrated.

3.6.2  Three Fused aromatic ring dyes

By connecting the diphenylmethane structure of styryls
(Figure 3.18) with an oxygen or nitrogen atom, compounds
with fused aromatic rings are obtained (Figure 3.20).
This replacement of the alkyl chain by a ring drastic-
ally reduces the possibilities of internal rotation and, con-
sequently, these fused aromatic compounds, such as xan-
thenes, thionines, pyronines, and oxazines show much
higher fluorescence quantum yields.

Generally, a large amount of chromophore is needed
for optical applications and unfortunately, these molecules
are very planar and have a strong tendency to aggregate.”>
The aggregates usually formed in solution are not (or
barely) emissive and are efficient deactivators of the emis-
sion of the monomers (H-aggregation) leading to a strong
loss of fluorescent emission (Section 3.2.1). In these com-
pounds, these changes are visible at relatively low concen-
trations, and with increasing concentration, strong changes
in the absorption spectra are observed. In general, the emis-
sion lifetimes of aggregates are shorter compared to that
of monomers, due to efficient deactivation processes that
are generated by molecular packing between monomers. It
should be noted that this tendency to aggregate also de-
pends to a large extent on the hydrophobicity of the envir-
onment, affecting not only the degree of aggregation, but
also the type of aggregates formed.

To minimize molecular aggregation phenomena and
activate new photophysical processes, dye molecules have
been encapsulated within the pores/cavities of the alumino-
phosphates of similar size. Depending on the molecular
structure of the host and, in particular, on the type of pores
(unidirectional channels or cavities), aggregate formation
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can be modulated or inhibited.” For this purpose, several
dyes from three main families have been chosen: acridines,
xanthenes, and oxazines.

3.6.2.1 Acridines

Acridines are compounds containing one or more nitro-
gen atoms, also referred to as azarenes. The photophysical
properties of these compounds show a significant depend-
ence on the pH and polarity of the medium.” In protic
solvents, such as alcohols, the fluorescence quantum yields
are much higher than in apolar solvents due to hydrogen
bonds that are formed which result in a reversal of the n-7t*
and 7-r* states of minimum level. Besides, in the ground
state, hydrogen bonds are better stabilized than in the ex-
cited state. Therefore, a red shift of the spectra is observed
when switching from nonpolar solvents to solvents that
can donate hydrogen protons.” In some heterocyclic com-
pounds such as acridine it can be difficult to distinguish
the n-7t* absorption band from the much more intense m-7r*
absorption bands.

In this work, mainly acridine (AC) has been employed
(Figure 3.21). Acridine consists of three fused aromatic
rings with nitrogen as heteroatom in the central ring and
no additional pendant groups. It is structurally related to
anthracene with one of the central -CH- groups replaced
by nitrogen and it is mildly basic. Among the acridine de-
rivatives, however, there are others that are widely used,
such as acridine orange (ACO)" or acridine yellow (ACY,
also included in Figure 3.21). Acridine orange is based on
the acridine heterocyclic skeleton but with two dimethyl-
amino pendant substituents in the R; positions; whereas
the. acridine yellow, possesses amine and methyl groups in
R, and R, positions. These two have the peculiarity of hav-
ing high probability of intersystem crossing, being suscept-
ible to phosphorescence Section 3.1.4.1 or delayed fluores-
cence Section 3.1.4.2 in rigid matrices (briefly discussed in
Chapter 10).
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All of them are fluorescent and the position of their
spectral bands depends on their substituents.

3.6.2.2  Xanthenes

Xanthene derivatives also constitute an important class of
heterocyclic compounds, consisting of three cyclic rings
with oxygen incorporation. The presence of different sub-
stituents at position 9 (R, position in Figure 3.22) has a
strong influence on their physical and chemical properties,
as well as their applications. Figure 3.22 illustrates the gen-
eral structure of these compounds and a table with the de-
rivates employed in this work: rhodamine 123 (R123) and
pyronin Y (PY).

Pyronin Y (PY) has a similar molecular structure to the
ACO but with oxygen instead of nitrogen as heteroatom.
It presents a characteristic pinkish color and bright green
fluorescence, which reaches reasonable fluorescence effi-
ciencies.

The replacement of the group in positions R, and R, by
hydrogen and carboxyphenil yields Rhodamine 123. Rhod-
amines usually exhibit strong absorption and fluorescence
bands with small Stokes shifts in the green/red region
(500-600 nm) of the visible spectrum, quantum yields of
practically 1, and lifetimes around 4 ns."7° The bands are
due to transitions from the S, and S; electronic states.”
The chromophore responsible for these transitions is the
xanthene group consisting of three hexagonal rings. The
carboxyphenyl group does not intervene in the conjugation
of the aromatic system since it is arranged almost perpen-
dicular to the xanthene ring for steric reasons.”> Therefore,
the band positions do not differ much from pyronin Y to
R123, since the substitution at the R, position does not have
a great impact on it. In fact, R123 exhibits a slight blue shift
and a Stokes shift similar with respect to the Pyronin Y.
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3.6.2.3 Oxazines

Oxazines are heterocyclic compounds containing an oxy-
gen and a nitrogen atom in a doubly unsaturated six-
membered ring. From this family, the most popular fluores-
cent dye, Nile Blue, is included. This compound, illustrated
in Figure 3.23, is based on the aromatic benzophenoxazine,
a fused aromatic compound formed by 4 aromatic rings
with a dimethylamino electron donor substitution at the 9-
position.

Nile Blue has a charge-transfer character in the ex-
cited state, giving rise to solvatochromic behaviors.”” In
media of high polarity, the emission is red shifted and usu-
ally, the observed quantum yields are lower than in apolar
environments.”’

3.6.3 BODIPYs

As new alternative laser dyes, in recent years, the most
outstanding family has been the pyrromethene family;
and, in particular, dipyrromethene boron difluorides (BOD-
IPYs), thanks to their extraordinary chemical versatility and
photophysical tunability. BODIPY (short for 4,4-difluoro-4-
difluoro-4-bora-3a,4a-diaza-s-indacene) compounds have a
structure similar to indacene (see structure in Figure 3.17)
and offer many advantages: high fluorescence quantum
yields owing to the rigidity of the structure, large molar ab-
sorption coefficients (40,000-10,000 L mol*cm™), and good
solubility and stability (either photo- or thermal-).
Consequently, they are suitable for many applications
due to their robustness and excellent photophysical prop-
erties. For example, these dyes are commonly used to label
amino acids, nucleotides, and other low molecular weight
ligands.” In the laboratory, in addition to the synthesis of
hybrid materials, the design and analysis for new BDP’ dyes
is noteworthy, which has led to several publications with
new structures (8-aryl BODIPY derivatives,”® symmetric
bridged bisBODIPYs,79%° BINOL-based O-BODIPYs,?* and
BODIPY-carbohydrate derivatives®), although these dyes
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will not be used in the present thesis due to their zwit-
terionic nature. This is because experimentally, the neutral
character of the molecule was found to hinder its incor-
poration into zeotypes due to the lack of electrostatic in-
teractions with the host. However, further experiments are
planned in the near future.
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Part 11

EXPERIMENTAL DETAILS

This part contains detailed information on the
preparation and characterization of the host-
guest hybrid materials to help the reader better
understand the discussion in Part III.

Inorganic chemical synthesis, one of the pil-
lars of this research project, has allowed the
preparation of several hybrid materials based
on dye-loaded zeotypes with new potential op-
tical properties. Therefore, in the first place,
Chapter 4 explains the basis on the general syn-
thesis procedure employed in this work for the
preparation of the aluminophosphates, as well
as a step-by-step explanation for each type of
zeotypic material (with or without dye).

After crystalline growth of the materials, it is im-
portant to analyze and verify the final phase of
the resultant systems. In this experimental part
of the book, Chapter 5 deals briefly with vari-
ous structural characterization techniques that
are most widely used for aluminophosphates.
These include X-Ray diffraction (XRD) for the
identification of the final phases and scanning
electron microscopy (SEM) to study the morpho-
logy of the crystals.



Thereafter, Chapter 6 shows the photophysical
techniques employed for the determination of
the optical properties of our organic dyes and,
above all, of our hybrid materials, which con-
stitute the backbone of this project, including
absorption, emission and time-correlated spec-
troscopy, fluorescence microscopy and other op-
tical techniques.

This thesis is the result of a work between the
Molecular Sieves group from the Institute of Cata-
lysis and Petroleochemistry of CSIC (Madrid), spe-
cialized in the synthesis of zeolites and aid-
assisted theoretical calculations, and our group,
responsible for the selection of suitable dyes and
the optical characterization of the resultant hy-
brid systems. Besides that, sophisticated optical
techniques to analyze the second-harmonic gen-
eration response and the solid-state microlaser
action were carried out in collaboration with the
LuMIn (Light, Material, and Interfaces) group at
the University of Paris-Saclay (ENS).









SYNTHESIS OF DYE-LOADED
ALUMINOPHOSPHATES

Originally, zeolitic materials were synthesized by using suit-
able inorganic sources in the synthesis gels; however, in
1961, the range of reagents was extended to include the use
of so-called structure-directing agents, SDA, which are usu-
ally organic amines or quaternary ammonium cations." The
use of these cations completely transformed the synthesis
of zeolites and provided a great impetus in the discovery
of new families of zeotypes.

Most of the zeolitic materials (zeolites and zeotypes)
known today are obtained by hydrothermal synthesis in
the laboratory. In fact, the first crystalline microporous alu-
minophosphates (AIPO) were discovered using this method
by Wilson and co-workers in 1982.”

The hydrothermal synthesis of aluminophosphates con-
sists of preparing a homogeneous synthesis gel consisting
of an aqueous solution with different metal sources and
then subjecting this mixture to crystallization temperatures
between 50 and 200 °C under autogenous pressure into
autoclaves. These conditions favour the solvation and sol-
ubility of the different chemical species present in the reac-
tion medium, promoting the formation of the material.>™

In other words, the synthesis of zeolitic materials in-
volves a first stage of synthesis gel preparation and then
the crystalline solid formation. In the following paragraphs,
the general process of preparation of the synthesis gels for
the family of zeolitic materials studied in this PhD thesis
will be explained, followed by a thorough explanation for
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each particular inorganic framework (from Section 4.1 to
Section 4.7).

In general, to prepare the synthesis gels, the aluminum
and phosphorus sources are mixed in water together with
the structure directing agent. Since this work focuses on
zeotypes and in particular on magnesium or silicon alu-
minophosphates (see Chapter 2), a third metallic source has
to be added to the mixture; thus, while Mg is added in its
salt form, Si is added in silica form.

In this initial step, the role played by the structure-
directing agent on the formation of the final structure is
fundamental, because it governs the synthesis of zeolites.
This effect was initially described as the "template effect",”
in which the organic species organize the tetrahedral units
(T-O-T, explained in Chapter 2) around themselves, defin-
ing a particular geometry. In this process of "ordering" the
amorphous phase of the gel, the T-O-T bonds are progress-
ively formed and broken. The organic amines present in
the systems attract the oxide species in their coordination
sphere and generate certain preferred geometries with the
most energetically favourable orientation.® The assembly of
the structural elements takes place as represented schemat-
ically in Figure 4.1. As a result, the organic molecule drives
the synthesis of a given structure and it establishes inter-
molecular interactions with the zeolitic network, both Van
der Waals and electrostatic. The step-by-step mechanism is
the following:

e The water molecules create a hydration sphere
around the cations, which are progressively replaced
by silicate/phosphate’ units.

e Silicate/phosphate units condense into a chain
around the cation until all the water molecules have
been completely replaced.

1 Silicate units in aluminosilicates and phosphate units in aluminophos-
phates
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e A preferential topology is established by the max-
imum interaction between the phosphate chain and
the structuring cation.

e Finally, an stable unit is generated, capable of assem-
bling with another similar unit, promoting a certain
order and periodicity.

This work, in addition to obtaining the aluminophos-
phates, aims to encapsulate dyes into the channels or cavit-
ies of the frameworks. For that purpose, the dye incorpora-
tion is accomplished by crystallization inclusion method.? It
consists on the direct addition of the fluorophore to the syn-
thesis gel and is occluded "in situ" inside the pores while
the inorganic framework is being formed, following the
same mechanism that is depicted above for the template
in Figure 4.1.

This incorporation method requires guest molecules to
be soluble in the synthesis gel, mainly aqueous, and to have
molecular structures not very different from those of the
SDAs in order not to disrupt the final phase of the system.™®
Another factor that decisively influences the success of the
synthesis is their size, being important a good fit between
the geometry and size of the molecule and that of the lattice
to maximize the interactions between them.

For all these reasons, almost all the fluorescent dyes in-
corporated here are cationic or have amine or ammonium
groups in their structure in order to simulate the same
mechanism of the template and help the inorganic frame-
work crystallize around the molecules (there is one excep-
tion that will be covered in Section 7.3). A further descrip-
tion of the dyes selected (molecular structure and pho-
tophysical properties) is detailed in Section 3.6. This ap-
proach, also denominated as "one-pot synthesis"'" is chosen
over post-synthetic diffusional processes due to the advant-
ages it offers:

* There are no traffic jams at the entrances of the
pores, reaching a more homogeneous filling of large
particles.
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* Dye guests with molecular sizes even larger than the
entrance of the pore openings can be encapsulated,
which is impossible otherwise. There are cases where
even though the molecules fit in the cage, they cannot
necessarily pass through the windows (due to differ-
ent dimensions) by diffusion, which drastically limits
the possibilities.'*

* A very tight fit between the pores and the dimensions
of the molecular dye is achieved, preventing the leak-
age of the encapsulated molecules. This factor is key
to achieving new or improved optical properties in
the final dye-guest system.

¢ The sample preparation time is shorter as the syn-
thesis is carried out in a unique step.

Once the preparation of the gel is complete, the mixture
in the vessel is covered with film and is kept under stirring
(between 30 min and 2 h depending on each particular case)
and the pH of the gel is measured. Then, the mixture is
transferred to a Teflon liner, leaving a space of about one-
third of the total volume of the container to ensure optimal
pressure (Figure 4.2).
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Figure 4.2: The synthesis procedure for the aluminophosphates

by conventional (top) and microwave heating (bottom).

Depending on the heating, conventional (CH, Venticell)
or microwave heating (MW, ETHOS, Advanced Microwave
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Digestion system), the aqueous mixture is transferred to dif-
ferent Teflon liners and autoclaves (see Figure 4.2). In the
case of the oven, standard Teflon lines were used. For
the microwave, there are two different types of Teflon
lines available: standard and smaller ones called inserts,
which are useful for reducing the amount of reagents. In
our case, small Teflon lines were used, inserting two of
them simultaneously inside the standard Teflon line one
on top of the other (represented in Figure 4.2). After, it is
filled with water to obtain homogeneous heating. While
for the oven approximately 7.8 g are needed, for the mi-
crowave the amount is reduced to just 2.8 g. Finally, these
liners are placed inside autoclaves, stainless steel autoclave
in the former and Teflon autoclave in the latter, and are
heated statically or dynamically (continuously rotating) un-
der autogenous pressure, and for reaction times varying
from hours to days.

To check if there are any losses, the autoclave is
weighed before and after the reaction process. When the
reaction is finished, the autoclave is cooled abruptly in wa-
ter to stop crystal growth. Finally, the resulting material is
recovered by filtration, exhaustively washed with distilled
water and ethanol, and dried overnight.

In the next sections, the particular syntheses for each
framework will be described, as well as the synthesis con-
ditions and reactant proportions, which may change for
each case. It is also worth stressing that the crystallization
process and the subsequent crystalline structure and physi-
cochemical properties of the materials depend on many
factors. The main variables that determine the final struc-
ture are the temperature, the composition of the synthesis
gel and reaction time: 375

* The initial gel composition and the order of reactant ad-
dition influences the crystallization process and there-
fore the structure and composition of the final phase.
Minor changes in the reactant amounts or even in the
order of addition can have a strong effect in the initial
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solid and liquid phases of the mixture leading some-
times to completely different products.

o Temperature of the process. The rate of crystalliza-
tion is directly proportional to temperature. Hence, at
higher temperatures, crystal growth is promoted and
generally, denser phases are formed.

* Reaction time. Zeolitic materials are metastable phases,
exhibiting a system with various equilibrium states
in the reaction medium. Consequently, the thermody-
namically most stable phase will be formed as the re-
action time increases, while those favoured kinetically
will be generated at shorter times. This usually results
in denser phases at longer times, commonly referred
to as Ostwald’s rule.*®

However, many other parameters can affect the
products of reaction, such as reagent type, the degree of
mixing, the pH of the medium, the seeding, the presence
of cations acting as structure-directing agents, tumbling of
autoclaves...'” All these variables make the process of syn-
thesis very difficult to understand, although attempts will
be made to provide some guidelines in the next part of the
book (Part IIT).

4.1 DYE/MAPO-5 (AFI) MATERIALS

The Mg or Si-doped microporous AIPO-5 were prepared
using phosphoric acid (H,PO,, Aldrich, 85 wt%), mag-
nesium acetate tetrahydrate (Mg(acet),-4H,O, Aldrich,
99%) for magnesium aluminophosphates (MgAPO) or
tetraethyl orthosilicate (TEOS, Aldrich, 99%) for sili-
coaluminophosphates  (SAPO), aluminium hydroxide
(AI(OH),, Aldrich), triethylamine (TEA, Aldrich, 99.5%) as
the structure-directing agent and the next chromophores
were chosen as dyes of interest: LDS 730 (Styryl 6, 2-[4-[4-
(dimethylamino)phenyl]-1,3-butadienyl]-1,3,3-  trimethyl-
3H-indolium perchlorate, Exciton, laser grade) and
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DMASBT (trans-2-[4-(dimethylamino)styryl]benzothiazole,
Aldrich).

The general procedure carried out for the gel prepar-
ation is depicted in Figure 4.3."® The steps are explained
below:

i) Phosphoric acid was mixed with Milli-Q water in a
polypropylene vessel and it was kept under vigorous
stirring for 2 minutes.

ii) Next, depending on the zeotype to be obtained, the
magnesium or silicon source was added to the re-
active mixture; being magnesium acetate tetrahydrate
for MgAPO-5 and TEOS for SAPO-5.

iii) Aluminium hydroxide was then gently added as the
aluminium source and the resulting mixture was left
under stirring for another 5-10 minutes.

iv) The structure-directing agent, triethylamine, was ad-
ded to the reaction gel together with the dye (only in
some cases) and was kept stirring for an hour.

v) The pH values of the different gels were then meas-
ured. In this case, values between 3 and 6 were re-
gistered.

vi) The aqueous mixture was then heated statically at a
certain temperature (160 °C or 180 °C) in an autoclave
between 2 and 3.5 hours at 500 W in the microwave
and for 24 hours in case of conventional heating in
the oven.

vii) The solid products were recovered by filtration, ex-
haustively washed with ethanol and water, and dried
at room temperature overnight.

Steps v-vii are repeated continuously for each alumino-
phosphate material (MgAPO or SAPO) but changing the
heating conditions.
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With all these reagents presented herein, gels with the
next general molar composition were prepared:

0.2 Si0, or x MgO : 1P,0, : (1 — x/2) AL,O, : y TEA : z Dye
:w H,O,

where x is equal to 0.1 or 0.2, y varies from 0.75 to 1.5,
z varies from 0.008 to 0.024 and w varies from 300 to 500.

The dyes used in the synthesis of AFI structure were
LDS 730 and DMASBT. It is worth noting that highly di-
luted gels were prepared to ensure the solubility of the dye
in the aqueous gel. This type of structure will be expoited
in Chapter 7 (Section 7.1 and Section 7.3).

4.2 DYE/MgAPO-11 (AEL) MATERIALS

The synthesis of the MgAPO-11 crystals was carried out in
two different ways. The first was used specifically to obtain
large crystals and was based on a synthesis by Cheng et. al.
with slight modifications."?

In this case, aluminum triisopropoxide (Al(O-i-
Pr);, Aldrich, 98 wt%), magnesium acetate tetrahydrate
(Mg(acet),-4 H,O, Aldrich, 99 wt%) and orthophosphoric
acid (H,PO,, Aldrich, 85 wt%) were used as sources of
aluminium, magnesium and phosphorus, respectively. The
structure-directing agent used was dipropylamine (DPA,
Aldrich, 99%) and all gels were prepared with the next com-
position:

1.00 AL,O, : 1.04 P,O, : 0.28 MgO : 1.9 DPA : 500 H, 0.

The procedure is illustrated in Figure 4.4 and was fol-
lowed as described below:

i) Two solutions were prepared and stirred vigorously
for 2 hours: in solution A, aluminium triisopropoxide
and magnesium acetate tetrahydrate were dissolved
in Milli-Q water; and in solution B, ortophosphoric
acid and DPA were dissolved in Milli-Q water.

ii) Solution B was added dropwise to solution A under
vigorous stirring for another 3 h.
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iii) Only in cases where the hybrid system was
desired, the dye LDS 722 (Pyridine 2, 4-[4-[4-
(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-
pyridinium perchlorate, Exciton) dye was added to
the synthesis gel and left in agitation for another half
hour.

The prepared gel solution was sealed in a stainless steel
autoclave and heated at 180 °C under autogenous pressure
for 45-135 h.

The second approach to produce hybrid materials
based on the MgAPO-11 structure was prepared with
practically the same reagents as in the previous case for
magnesium-doped AFI structures (Section 4.1), but vary-
ing the SDA to drive the growth of this particular structure.
On this occasion, several templates were tested for the syn-
thesis: N-ethylbutylamine (EBA, Aldrich, 98%) and dipro-
pylamine (DPA, Aldrich, 99%). These syntheses were based
on the same gel molar composition described above for the
AFI structure (Section 4.1) but further modifications had to
be done in the gel preparation process to achieve a pure
AEL phase. Figure 4.5 shows the AEL phase synthesis pro-
cedure in which the order of addition of the reagents and
the stirring time at each step are indicated.***’

The dyes occluded in this framework by
this method were LDS 722 (Pyridine 2, 4-[4-
[4-(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-
pyridinium perchlorate, Exciton), DMASBT (trans-2-
[4-[(Dimethylamino) styryl]benzothiazole, Exciton),
4-DASPI (trans-4-[4-(dimethylamino)styryl]-1-methyl-
pyridinium iodide, Aldrich, 98%), pyronin Y (PY, 3,6-
nis(dimethylamino)xanthylium chloride, Acros Organics)
and acridine (AC, 9-azaanthracene, Aldrich, 97%).

The gels were statically heated in the conventional oven
at a given temperature (160 °C, 180 °C or 195 °C) for times
from 24 hours up to 6 days (larger periods were applied
to obtain bigger crystals). Note here that specifically for
the LDS 722/AEL system, a certain amount of alcohol (2-
propanol, Scharlab) was added in the final step to repro-
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duce somewhat the conditions necessary for large crystal
growth (synthesis described at the beginning of this sec-
tion), since the Al source added in the previous synthesis
(i.e. aluminium isopropoxide) was known to generate iso-
propanol in the synthesis gel. This type of structure will
be exploited in Chapter 7 (Section 7.2, 7.3 and 7.4) and
Chapter 8 (Section 8.2).

4.3 DYE/MgAPO -36 (ATS) MATERIALS

The reagents, gel molar composition and synthetic proced-
ure for the dye-loaded microporous MgAPO-36 materials
was the same as for the MgAPO-5 material (Section 4.1),
except for the structure-directing agent, where tripropyl-
amine (TPA, Aldrich , 98%) was used.**4 In this particu-
lar case, the DMASBT dye was the only chromophore oc-
cluded in the framework. The gels were statically heated in
the conventional oven at 180 °C for 24 h.

4.4 DYE/MgAPO-34 (CHA) MATERIALS

Synthesis gels were prepared with the next molar composi-
tion:

0.80 ALLO; : 1 P,O; : 047 MgO : 3.3 TEA : 47 H,O : 0.024
Dye

Orthophosphoric  acid (H3PO4, Aldrich,  85%),
pseudobohemite (AIZOB, Sasol, 75%), magnesium acet-
ate tetrahydrate (Mg(acet),-4H,O, Aldrich, 99%) and
triethylamine (Aldrich, 99.5% TEA) as an SDA were
employed as reagents. For the encapsulation 4-DASPI
(trans-4-[4-(dimethylamino)styryl]-1-methyl-pyridinium
iodide, Aldrich, 98%) was selected.

The general synthesis procedure is depicted in Fig-
ure 4.6. Pseudoboehmite was added to a solution of ortho-
phosphoric acid in water and left stirring for 15 min. Next,
TEA was added to the solution and stirred for 10 min, fol-
lowed by the addition of magnesium salt and left for an-



4.5 DYE/MAPO-56 (AFX) MATERIALS

other 10 min of stirring. Then, the organic dye was added
and kept stirring for 2 h.?> The pH was measured and the
gel was introduced into autoclaves to be heated statically in
the conventional oven at 150 ° C for 48 h. The gel from the
autoclaves was filtered, washed with ethanol and water and
dried overnight. This type of structure will be exploited in
Chapter 7 (Section 7.4).

4.5 DYE/MAPO-56 (AFX) MATERIALS

H,PO, (Aldrich, 85%) and pseudobohemite (Al,O,, Sasol,
75%) were used, together with pyrogenic silica (SiO,, Aer-
osil, 98%) and N,N,N’,N’-tetramethyl-1,6-hexanediamine
(TMHD, Aldrich, 99%) as metal source and SDA for
Si-doped AFX syntheses, while magnesium acetate tet-
rahydrate (Mg(acet),-4H,O, Aldrich, 99%) and 1,5-bis-
(methylpyrrolidinium dihydroxide)-pentane (MPP(OH),,
synthesized in the laboratory and explained in Sec-
tion 4.5.1) were used instead for Mg-doped AFX gel pre-
paration.

Synthesis gels of the following chemical composition
were prepared in the case of Si-doped AFX materials:

0.8 ALLO; : 1 P,0,:0.6 SiO, : 2 TMHD : 40 H,0 : 0.008 Dye

Following the procedure described in literature,>**7 all
the reagents were added in a specific order (H,O, H,PO,,
Al O,, S5i0,, TMHD and organic dye if needed) and stirred
for 1.5 h. After that, the pH was measured (=~ 9-10) and left
in the oven at 200 °C for 96 h.

In case of Mg doped AFX materials the synthesis were
prepared with the next general gel molar composition:

0.8 ALO, : 1 P,O; : 0.4 MgO : 1.2 MPP(OH), : 150 H,O :
0.024 Dye

Although the procedure is similar, it is based on a dif-
ferent source.?” In this regard, all the reagents were added
following the next order (H,O, H3P04, A1203, Mg(acet) v
MPP(OH),) and was kept stirring for 1 h. After, the organic
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dye was added to the synthesis gel and it was stirred for
another additional 30 minutes. Next, the pH was measured
and left in the conventional oven at 170 °C or 190 °C for 45
h.

After the heating, the powder was filtered, washed
and dried as described in the previous cases. Acridine
orange (ACO, N,N,N’,N’-tetramethylacridine-3,6-diamine,
Aldrich, 99%) and acridine yellow (ACY, 3,6-Diamino-2,7-
dimethylacridine monohydrochloride, Aldrich, 9o%) were
occluded inside the cavities of this structure. This structure
is cited in the outlook chapter (Chapter 10). It has not been
included in the results chapter because it is still under op-
timization.

4.5.1  Synthesis of MPP(OH),

First, 1,5-bis-(methylpyrrolidinium)-pentane dibromide

Q+ @ (MPP** Br*, Figure 4.7) was prepared by an Sn2 reac-
OH l\/\/\/l o tion between N-methylpyrrolidine (Aldrich, 97%) and
1,5-dibromopentane (Aldrich, 97%).2* N-methylpyrrolidine

Figure 4.7: Molecular (25.5 g, 300 mmol) was dissolved in 350 ml of acetone,

structure of and 23.0 g (100 mmol) of 1,5-dibromophentane was added

MPP(OH), dropwise while vigorous stirring. The mixture was stirred

under reflux for 48 h, and the organic salt product was
collected by filtration, thoroughly washed with acetone and
diethyl ether, and dried in vacuum at room temperature.

The resulting bromide salt was finally converted into
the hydroxide form through ion-exchange with an an-
ionic resin (Amberlite IRN-78, exchange capacity, 4 meq/g;
Supelco). The resulting basic solution was titrated with
HCI (0.1 N, Panreac) using phenolphthalein as an indic-
ator, and concentrated by roto-evaporation at 40 °C up to
concentrations of 25-30 wt% of (15,25)-N,N-ethyl-methyl-
pseudoephedrinium hydroxide.

This synthesis was carried out by Luis Goémez
Hortigtiela at the Catalysis and Petrochemistry Institute
(CSIC).
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4.6 DYE/STA-20 (SWY) MATERIALS

The syntheses were carried out using the gel molar compos-
ition indicated below and based on the procedure carried
out by Turrina et al.*93°

1 AI(OH); : 09 H,PO, : o1 SiO,: 042 TrMA : o.1
(diDABCO)-C6Br, : 0.08 TBAOH : 40 H,O: z Dye

With 2.0 wt% of SAPO-56 (AFX) and where z varies
from 0.005 to 0.024.

In a general procedure for the preparation of STA-
20, the reagents were added in the following order and
kept stirring: H,PO, (Aldrich, 85%), H,O, fumed silica
(Carbosil), Al(OH); (Alfa Aesar), diDABCO-C6 (1,6-(1,4-
diazabicyclo[2.2.2]octane)hexyl dibromide, 98%, synthes-
ized in the laboratory and explained in the next Sec-
tion 4.6.1), trimethylamine TrMA (45 wt% in H,O, Ald-
rich), TBAOH (tetrabutylammonium hydroxide, 40 wt% in
H,O, Fluka) and finally 2% of SAPO-56 seeds (percentage
in weight respect to the sum of ALLO,, P,O, and SiO, and
prepared according to the synthesis described above, Sec-
tion 4.5).

This mixture was kept stirring for 1 h. In the
cases where dye-loaded STA-20 materials were pre-
pared, the fluorophore was added in the last step
For this framework, LDS 751> (6-(Dimethylamino)-2-
[4-[4-(dimethylamino)phenyl]-1,3-butadienyl]-1-ethyl-
quinolinium Perchlorate, Exciton) was chosen.

TBAOH was used to adjust the gel pH to 7, which is
necessary for the formation of SWY phase. Therefore, in
this step, the pH was continuously measured and TBAOH
was added dropwise to fulfil this requirement. Interest-
ingly, for this framework, two templates are needed to dir-
ect the formation of two different cavities within the struc-
ture: diDABCO-C6 for the bigger cavity (STA-20 cages) and
TrMA for the smaller one.

This organic dye is no longer commercially available and is often con-
fused with Styril 8.
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In order to optimize the synthesis and obtain pure
phases systematic variations were carried out. For that
reason, different regimes (static and dynamic), temper-
atures (165 °C and 180 °C) and times (24h and 48 h)
were tested. This structure is cited in the outlook chapter
(Chapter 10). It has not been included in the results chapter
because it is still under optimization.

4.6.1  Synthesis of diDABCO-C6

The organic synthesis of the structure-directing agent
diDABCO-Cé6 (Figure 4.8) for the STA-20 framework was
taken from literature.?" Briefly, the procedure was as fol-
lows: 13.0 g (0.05 mol) of 1,6-dibromohexane was dissolved
in 50 mL ethanol and added dropwise to a solution of 32.0 g
(0.29 mol) 1,4-diazabicyclo[2.2.2]octane (DABCO) dissolved
in 100 mL ethanol under stirring at 50 °C. The mixture was
refluxed for 24 hours and once cool down, the excess of
ethanol was removed by rotary evaporator leaving a white
solid. The resulting solid was washed with cold diethyl
ether, acetonitrile and acetone, and dried at 50 °C overnight.
The reaction yielded 24.11 g (yield 98%) of product.

4.7 DYE/MgITQ-51 (IFO) MATERIALS

The syntheses were carried out using the next general gel
molar composition:

0.95 ALLO, : 1 P,O, : x MgO : 1.2 DMAN: y H,O : 0.008 Dye
where x is 0.1 or 0.2 and y is 40 or 100.

First of all, the DMAN (1,8-bis(dimethylamino) naph-
thalene, 99 wt%, proton sponge, Aldrich), Milli-Q H,O and
H,PO, (85%, Aldrich) were mixed and the mixture was
stirred for 2 hours. Then, a 20 wt% aqueous solution of
magnesium chloride hexahydrate (MgCl, - 6 H,O, Aldrich)
was added to the solution and stirred for 20 min. Finally,
the alumina (AL,O;, 75%, Condea) was added to the gel and
left for 30 min.3*33



4.7 DYE/MgITQ-51 (IFO) MATERIALS

The dyes, Rhodamine 123 (R123; 3,6-Diamino-
9-(2-(methoxycarbonyl)phenyl) xanthylium chlor-
ide, Kodak, laser grade) and/or Nile Blue (NB; s5-
aminobenzo[a]phenoxazin-9-ylidene)-diethylazanium,
Exciton) were incorporated into the gel in this step (if
needed) and left for another hour stirring (Figure 4.9). The
pH was measured, the gels were transferred to autoclaves
and heated in the oven at 150 °C under static conditions for
1 to 5 days. To obtain the microporous aluminophosphate
without dye the last step was omitted. This structure will
be exploted in the last chapter (Chapter 8, Section 8.1).
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Figure 4.9: General
procedure for the
gel preparation in
the synthesis of Mg-
doped ITQ-51.






STRUCTURAL CHARACTERIZATION

All the techniques applied for the structural and chemical
characterization of our materials are described here.

5.1 X-RAY POWDER DIFFRACTION (PXRD)

In order to identify the crystalline structures of solids X-
ray powder diffraction (PXRD) was used. The diffraction
patterns were collected by using a Philips X'pert PRO auto-
matic diffractometer operating at 40 kV and 40 mA, sec-
ondary monochromator with Cu-K radiation (A = 1.5418
A) and a PIXcel solid-state detector (active length in 20
= 3.347°). Data were collected from 5 to 8o, 20 (step size
0.026 and time per step 60 s) at RT. A fixed divergence and
anti-scattering slit were used giving a constant volume of
sample illumination. These measurements were carried out
at the University of the Basque Country (UPV-EHU), in SGlker
advanced research facilities.

5.2 SCANNING ELECTRON MICROSCOPY (SEM)

The size and morphology of the AIPO materials were char-
acterized by Scanning Electron Microscopy (SEM) in a JEOL
JSM-6400 (tungsten filament) and a JEOL JSM-7o00F (Field
Emission Gun) operating at 20 kV and 10" A. These meas-
urements were carried out at the University of the Basque
Country (UPV-EHU), in SGlker advanced research facilities.
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the crystalline
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PHOTOPHYSICAL PROPERTIES

Optical spectroscopy is used to analyze the photophysical
behaviour of both organic dyes in solution and hybrid
materials, all in an attempt to gain insight into the main
properties of these systems. The current section presents
detailed information on the experimental techniques em-
ployed for the photophysical characterization of our sys-
tems. These optical techniques include absorption (UV-
Vis spectrophotometry) and emission spectroscopy (steady-
state and time-correlated spectrofluorimetry and fluores-
cence microscopy).

In general, organic dyes were measured in dilute solu-
tions (2-5 - 10® M) and in quartz cuvettes of 1 cm. However,
when studying the effect of concentration in such systems,
cuvettes with different optical paths were used to avoid
non-desirable effects such as the inner filter effect (Sec-
tion 6.2). Regarding this matter, for solutions ranging from
10° M to 105 M cuvettes of 1 cm were used, from 1075 M to
104 M 1 mm cuvettes and when the concentration is higher
than 104 M 0.1 mm optical path cuvettes were used, instead.
The hybrid dye/MAPO powder samples were measured in
an integrating sphere (explained below in Section 6.1).

Other specific techniques and methods are also ex-
plained below, such as NLO measurements, microlaser
measurements and computational simulations.
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General procedure to
measure the
photophysical
properties of liquid
and solid samples.
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Figure 6.1: Double
beam UV-Vis spec-
trophotometer (Cary
7000).

Absorption
measurements in
liquid samples were
done in
transmittance.

Figure 6.2: The in-
ternal DRA accessory.

PHOTOPHYSICAL PROPERTIES

6.1 ABSORPTION SPECTROSCOPY

Absorption spectra were recorded in a double beam Agi-
lent Cary 7ooye was not fully soluble in wao universal meas-
urement spectrophotometer (UMS, Figure 6.1). The UV-Vis
spectrometer contains two light sources: a tungsten halogen
lamp for the visible region and a deuterium arc lamp for the
UV region. It contains a double out-of-plane Littrow mono-
chromator, a ruled line diffraction grating of 1200 lines/nm
with a resolution of £ 0.048 nm and a Hamamatsu Rg28 pho-
tomultiplier as a detector.

Both liquid and solid samples were measured using
this instrumental technique but in different ways. For solu-
tions (organic dyes, standards and dye-loading quantifica-
tion), the measurements were carried out in transmittance
from 200 to 800 nm, with a scan rate of 600 nm/min, an av-
erage time of 0.1 s and a data interval of 0.5 nm. All meas-
urements were corrected by baseline correction, recorded
with the solvent of each solution as reference. In the spe-
cific case of the dye-loaded quantifications, the inorganic
framework itself without the dye, dissolved in the same
conditions as the sample under study (see more details in
Section 6.6), was used as a reference.

To record the absorption data in bulk powder, an integ-
rating sphere (Internal DRA goo, Figure 6.2) was employed
to detect the reflected light (see the optical scheme in Fig-
ure 6.3). The Internal Diffuse Reflectance accessory (DRA)
consists of a 110 mm diameter-integrating sphere in which
the reflectance measurement of a sample is made relative
to the reference material (either BaSO, plate or the AIPO
without dye). After, the absorption spectra were derived
form diffuse reflectance measurements after applying the
Kubelka Mulk equation (F(R), Equation 3.6) as described in
Section 3.1.1.



6.2 FLUORESCENCE SPECTROSCOPY

Sample beam
bl
ens PMT detector

Reference
beam diffuser

Reference beam Sample port

Sample A

positioning cap

Figure 6.3: The optical design of the DRA.

6.2 FLUORESCENCE SPECTROSCOPY

Steady-state measurements were carried out in an Edin-
burgh Instruments Spectrofluorimeter (FLSP920 model, Fig-
ure 6.4), with a 450W continuous xenon arc lamp as the
excitation source (Xegoo model) and a photomultichannel
tube (PMT, Hamamatsu R2658P) as a detector for the UV-
Vis range and a photodiode InGaAs (Hamamatsu G8605-23)
for the near infrared. The different wavelength response of
the optical components was corrected by an emission cor-
rection factor applied to the measured spectra.

Fluorescence quantum yields were determined using
different techniques depending on the state of the sample:
a relative method for solutions and an absolute method for
solid-state samples. The relative method consists of calculat-
ing experimentally the fluorescence quantum yield in solu-
tion by comparing the emission of the sample with a refer-
ence compound of established fluorescence quantum yield
that is independent of the excitation wavelength. Among
other requirements, these compounds can be used as a ref-
erence as long as they exhibit similar absorption intensity
in the same excitation range as the unknown sample and
emission in the same range.

When measuring experimentally, the absorbance of the
sample and the reference were adjusted until they were al-
most equal and, once the absorption and emission spectra
were recorded, the emission spectra of both solutions meas-
ured in the same conditions were compared, calculating the
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Figure 6.4: Edinburgh
Instruments Spectro-
fluorimeter, FLSP920
model.

To obtain
fluorescence
quantum yields
relative method was
used for solutions
and absolute method
for solid samples.
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areas behind each fluorescence band curve and using the
following equation.

I 1—-10""% n2
b =drr — —

Ik 1—10 A n2 61
where I is the intensity area behind the emission band
curve, A is the absorbance at the excitation wavelength and
n is the refractive index of the medium where each com-
pound is dissolved. Note that the subscript R refers to the
values of the reference fluorophore. In this work, several
commercial references were used as fluorescence standards,
which are mentioned in Part III for each specific case.
However, for measuring fluorescence quantum yields
in solid samples, such as powder samples (most of the
samples to be studied), this procedure is not feasible. There-
fore, for accurate values, absolute fluorescence quantum
yields were calculated using the same spectrofluorimeter
through an integrating sphere and with a blanking plug
made of polytetrafluoroethylene, PTFE. This accessory is
120 mm in diameter and has an inner surface coated with
BenFlect to enable efficient scattering of light (nearly 100%
diffuse reflectance) over a wide wavelength range (Figure

6.5a).

== |ncident light
Sample
Sr

Signal (a.u.)

300 350 400 450 500 550
Wavelength (nm)

(a) (b)

Figure 6.5: (a) Integrating sphere accessory. (b) Example of a spec-
trum recorded from a solid sample for the determination of ab-
solute fluorescence quantum yield.



6.2 FLUORESCENCE SPECTROSCOPY

The measurements were performed by direct excitation.
The reference scatter and the sample were recorded under
the same configuration and conditions on the integrating
sphere as shown in Figure 6.6. The emission region of the
lamp scatter was also registered for both cases (an example
is shown in Figure 6.5b) and both spectra were compared
according to Equation 6.2.

bf,D = SI;S—ESZ (6.2)

where E refers to the area under the curve (integral)

of the emission band, S to the reflections or scatter and

the subscripts S and R denote the sample and reference,
respectively.

Occasionally, in an emission experiment, there may be
a significant loss on the fluorescence quantum yield of the
dye due to the strong absorption of excitation light.>* This
effect is known as inner filter and consequently makes it
difficult to record the fluorescent properties of concentrated
solutions, as band shapes often appear distorted as a result
of reabsorption of emitted radiation (especially severe for
emitters with a small Stokes shift, as it is highly dependent
on the spectral overlap).?> Although these effects can be
minimized by controlling the fluorescence signal in a front
face configuration, (i.e., in reflection and measuring on the
same excitation face) they are always present.

An alternative method to determine and quantify the
true fluorescence efficiency is by means of mathematical
methods. Therefore, in order to determine the true fluores-
cence quantum yields, the next steps were followed. First
of all, the observed spectra measured with the integrated
sphere were compared with a very dilute sample measured
in a normal configuration mode. As depicted in Figure 6.7,
then, the emission spectra were scaled against each other ac-
curately by tail fitting. From the difference between them,
the fraction reduced by reabsorption effect was calculated:

Integral (Ft™¢)— Integral (FO's)

= 6.
¢ Integral (Ftrue) 63)
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(a) Reference (R)

Exit

Entrance
74

N

(b) Sample (S)

Exit

Entrance

Figure 6.6:
Configuration set-up
for the direct excita-
tion measurements in
the integrating sphere.
(a) Reference sample
(PTFE) in position

1. (b) Test sample in
position 1. Position

2 remains empty for
both measurements.
Figure provided by
Edinburgh Instru-
ments.
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Counts /10*

650 700
Wavelength (nm)

Figure 6.7: True emission spectrum (F"“¢) compared with the
fluorescence emission spectrum (F°P%) measured in the integrated
sphere.

Finally, using the following formula the true fluores-
cence quantum yield was obtained:

QYObS
(1—a)+ (a-QY°®%/100)

QYtTue — (64)

63 TIME-CORRELATED SPECTROSCOPY

Fluorescence decay curves were recorded in the above-
cited Edinburgh Instruments Spectroflurimeter (Figure 6.4)
by the time-correlated single photon counting (TCSPC)
technique and using a microchannel plate photomultiplier
(MCP PMT, Hamamatsu R38090-50) as a detector.3%37

Fluorescence decay curves were registered exciting the
samples by a FIANIUM supercontinuum white light laser
with 150 ps FWHM (Full Width at Half Maximum) pulses.

The scatter of the laser was avoided in the detection
channel by filtering the excitation light with the corres-
ponding cut-off filter (Lambda Research Optics, Inc.) placed
between the sample and the detector. In general, a power
of 0.5 mW, with time windows ranging from 50 to 100 ns
and a repetition rate of 10 MHz were employed.



63 TIME-CORRELATED SPECTROSCOPY

Fluorescence lifetimes (1) were obtained by the decon-
volution method (Figure 6.8), in which the signal of the
instrumental response was filtered from the recorded de-
cay curves. To check the quality of the adjustments, the chi-
square (x*) statistical parameter and the residuals analysis
were also monitored.

1000
e Sample
— |RF

10004

1004

10+
1"l 11 1

0 10 20 30 40 50 60 70
Time (ns)

Counts

Figure 6.8: Example of a fluorescence decay curve of a sample
and the instrument response function (both are used for decon-
volution).

Usually, in solid samples, due to the higher heterogen-
eity in comparison to the solution, a multiexponential be-
haviour is observed.’®3% Thereupon, the decay curves are
normally adjusted to a sum of exponential decays using
Equation 6.5.

In(t) = ) Apel"V/™ (6.5)
i

where A, is the pre-exponential term, and T; is the fluor-
escence lifetime. Occasionally, it is difficult to give a phys-
ical interpretation of the multi-exponential curves and for
this reason, an average lifetime T is considered according to
Equation 6.6:

<T>ia = m

2 AT

Long luminescence decay curves were measured sim-
ilarly, in the same spectrofluorimeter, exciting the sample
with a microsecond flash-lamp (uFgoo model, Edinburgh

(6.6)
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determined.
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Instruments), recording emission at the maximum fluores-
cence wavelength and collecting 10000 to 200000 counts at
the maximum channel. Fluorescence lifetimes were determ-
ined applying an iterative method by the FAST software
(Fluorescence Analysis Software Technology).

64 LASER FLASH-PHOTOLYSIS

Laser Flash Photolysis (LP98o, Edinburgh Instruments, Fig-
ure 6.9) was used to record emission spectra at different
delay times after the laser pulse. The spectra were collec-
ted with an ICCD detector (Andor iStar). Samples were ex-
cited at different wavelengths with a computer-controlled
Nd:YAG laser (LS-2134UT-UV3, 1 Hz) coupled to OPO sys-
tem from LOTIS TII (LT-2215-PC).

Figure 6.9: LPg80 Spectrometer of Edinburgh Instruments.

65 FLUORESCENCE MICROSCOPY

The simplest method for examining the dye-loaded zeotipic
compounds is to visually examine the crystals by micro-
scopy. The crystal color is a sensitive indicator of guest spe-
cies incorporation and crystal imperfections can often be
detected as a function of color inhomogeneities. Typically,
zeolite crystals loaded with chromophores show almost the
same color as the starting solid dye, although sometimes
drastic color changes can also be observed, indicating an



6.6 PHOTOMETRIC QUANTIFICATION OF THE DYE

influence of the host on the dye or a change in the dye
nature during the synthesis process.

Hence, the transmission and fluorescence images of
the host-guest systems were recorded with an optical up-
right widefield microscope with epi configuration (Olym-
pus BX51, Figure 6.10a) equipped with a colour CCD cam-
era (DP72). The emission was collected in the same direc-
tion of excitation. Indeed, the light emitted from the lamp
(120 W short arc lamp, X-Cite R Series 120Q, EXFO) posi-
tioned in the episcopic lamphouse passed unfiltered (white
light) before entering the first interference filter (excitation
filter, EX) in the cube set. This light was then directed by
a dichroic mirror (DM) that reflects shorter wavelengths
to the sample. The fluorescence, emitted by the sample,
traveled back freely through the dichroic mirror (letting the
longer wavelengths pass through) and finally, was filtered
with the emission filters (EM) before arriving at the camera
system (Figure 6.10b). Depending on the photophysics of
the fluorophore studied, different cube sets were selected:
D350/50x (380DCLP dichroic and E4o0LPv2 cut-off emis-
sion) excitation band pass for the UV, D470/70 (495DCLP
dichroic and E515LPv2 cut-off emission) for the blue and
HQs530/30m (Q660LP dichroic and E580lp cut-off emission)
for the red region.

For linear polarized emission experiments, a polarizer
(U-AN-3603) was incorporated before the registration of the
image in the CCD camera. In the present work, these exper-
iments were focused on the fluorescence emission of the
ordered systems. In this regard, it is important to note that
the fluorescence emission will be maximum if the polarizer
placed before detection is collinear to the transition dipole
moment of the molecules, and minimum if the polarizer is
placed perpendicular (see Fundamentals in Section 3.3).

6.6 PHOTOMETRIC QUANTIFICATION OF THE DYE

The final dye uptake incorporated in the aluminophosphate
frameworks was quantified spectrometrically after dissolv-
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ing a certain amount (10 mg) of the sample powder in hy-
drochloric acid (5 M). However, in some cases where the
dye was not fully soluble in water, 80:20 or 50:50 H,O:EtOH
solutions were prepared to help the solubilization of the or-
ganic dye in the media.

The absorption spectra of the samples were compared
with the absorptions of the prepared dye standard (known
concentrations) solutions, making a calibration curve at
analogous conditions. The absorption spectra were recor-
ded with a UV-Vis spectrophotometer (Cary 7o000), de-
scribed above in detail (Section 6.1). Dye content values are
given throughout this work as mmol dye per 100 g sample
powder and in percentage with respect to the initial amount
added in the synthesis gel.

6.7 SECOND-HARMONIC GENERATION (SHG) RE-
SPONSE

Single crystal non-linear opical measurements were carried
out at Ecole Normale Supérieure (ENS, Paris-Saclay) in the
Laboratory of Light, Matter and Interfaces (LuMIn).

The SHG response was measured in single crystals
of MAPO samples following the steps illustrated in Fig-
ure 6.11. With this purpose, an ultrafast Ti: sapphire laser
(Maitai-SP, SpectraPhysics) was used to generate the NIR
(700 nm to 1100 nm) pulses, 120 fs pulse duration (repe-
tition rate 8o MHz) and the polarization of the pulses was
controlled by a half-wave plate. The beam was reflected by
two short wave pass dichroic beamsplitters (FF;00-SDio1-
25x36, Semrock) in order to compensate s and p polarisation
phase delays, and then was focused on the samples using
an objective (PlanApo N.A. 1.4, x100, Nikon).

With this configuration, a wide range of photon flux
was available at the sample position. The availability of
such a wide range is important for laser power-dependent
experiments and key in the investigation of nonlinear pro-
cesses.



6.8 SOLID-STATE LASER ACTION
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Figure 6.11: Schematic illustration of the SHG measuring set-up.

The sample was mounted on a 3-axis stage (xyz) which
allowed scanning and image construction, and SHG was
collected by back scatter using the same objective. The gen-
erated optical signal was transmitted through the dichroic
beamsplitter and through a blue coloured glass filter and a
short-pass filter (ET7505P-2P, Chroma) to remove the excit-
ation light. The emitted light was then separated into two
polarisation s and p and focused on two avalanche photo-
diodes for intensity measurement.

6.8 SOLID-STATE LASER ACTION

Single crystal solid-state laser measurements were carried
out at the Laboratory of Light, Matter and Interfaces (LuMIn)
in Ecole Normale Supérieure (ENS, Paris-Saclay). An illus-
trative scheme of the set-up can be seen in Figure 6.12.

The cavity was pumped with a pulsed linearly polar-
ized frequency-doubled Nd:YAG laser (532 nm, 500 ps, 10
Hz). The emission was collected in the substrate plane and
injected via a fiber to a spectrometer connected to a cooled
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Figure 6.12: Experimental configuration for microlaser action
measurements.
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CCD camera, with an overall resolution of 0.03 nm. The
experiments were performed at room temperature.

6.9 COMPUTATIONAL DETAILS

Ground state (S,) geometries were optimized by the Dens-
ity Functional Theory (DFT) using the B3LYP hybrid func-
tional and the triple valence basis set with one polariza-
tion function (6-311g*).4>4" However, in certain cases, the
wBg7XDA functional was employed when the long-range
interactions had to be taken into account.** The geometries
were checked by the frequency analysis to know whether it
corresponded to the true energy minimum and this was
confirmed when the analysis did not give any negative
value.

From the optimized geometries, the molecular dipole
moments of the organic dyes and the molecular orbitals
HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) were determined. All
the simulations were conducted under the Gaussian 16 soft-
ware in the computational cluster ARINA of the University
of the Basque Country (UPV-EHU).

Calculations on the location of dyes embedded within
nanoporous MAPO materials (Part I1I) were carried out by
Dr Luis Gémez-Hortigiiela from the Catalysis and Petrochem-
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istry Institute (CSIC). They were based on molecular mech-
anics simulations as implemented in Forcite module, in Ma-
terials Studio 2019 Software.*
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Part III

RESULTS AND DISCUSSION:
DYE-DOPED ZEOTYPES

This part of the book aims to respond to the
growing demand for new advanced materials
with multiple functionalities to be used in di-
verse applications such as in the field of photon-
ics. For this purpose, new solid-state hybrid ma-
terials with improved optical properties have
been developed, based on the combination of
photoactive organic molecules with mesopor-
ous aluminophosphate systems of different pore
sizes and shapes.

All these tested combinations between chro-
mophores and zeotypes will be covered here,
providing a thorough analysis of the results
obtained by synergistic effects for each partic-
ular dye-doped zeotype system. The new an-
d/or improved properties obtained will be high-
lighted throughout the chapters, giving special
emphasis to the enhancements in the photo-
physical properties of the dyes, including their
fluorescent capacities and the appearance of
interesting optical features such as nonlinear
optical properties (SHG), microlaser action, or
white light emission.
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Systems capable of capturing and emitting light in differ-
ent regions of the electromagnetic spectrum are of great
interest when designing materials for optical applications.
In recent years, special interest has been given to the de-
velopment of materials with spectroscopic bands in the red
and near-infrared (NIR) region due to their importance in
the field of biomedical imaging for diagnostic and thera-
peutic applications.”™ In these fields, in particular, materi-
als emitting in the range of 700 and 1000 nm are very at-
tractive, as background interference from organisms and
tissues is minimized and penetration depth enhanced, al-
lowing the acquisition of highly sensitive fluorescence im-
ages in a non-invasive manner. However, fluorophores that
can emit from this low-energy region have a small energy
gap between the excited state S; and the ground state S,
and the fluorescence can be easily quenched by other non-
radiative deactivation pathways (e.g. internal conversion),
which intensifies the search for suitable dyes.+°

In this chapter, dyes from the styryl family have been
selected for the encapsulation into the pores of metal-doped
AIPO frameworks due to their suitable fluorescence spec-
troscopic bands at the red edge of the visible spectrum.
In particular, four dyes, LDS 730, LDS 722, DMASBT, and
4-DASPI (Section 3.6.1) that emit at low frequencies of the
visible spectrum?™ will be covered in order to achieve sys-
tems with diverse photophysical properties.

These dyes possess extended m-conjugated systems
with donor-acceptor (D-A) building blocks and are chro-
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mophoric systems with emission bands highly red shif-
ted with respect to the absorption peak, since their emis-
sion does not come from the directly excited state but an
intramolecular charge transfer (ICT) state (general photo-
physical properties of styryls are discussed in Section 3.6.1
and CT states in Section 3.2.2.2).""" This strong push-pull
character makes them very promising organic molecules
for advanced functional materials and various applications,
including nonlinear optics (SHG), organic light-emitting
diodes (OLEDs), and bioimaging.”"*~*> However, as very
flexible molecules, their rotational motions cause the in-
tramolecular charge transfer usually to be non-fluorescent.
In particular, they undergo a torsion that results in a
twisted intramolecular charge transfer state (TICT, Sec-
tion 3.6.1), characterized by poor fluorescence quantum
yields in solution. "%

Interestingly, this ultrafast (picoseconds) twisting pro-
cess characteristic of these dyes can be hindered by in-
creasing the viscosity of the medium.'”'9*° Therefore, in
this study, in an attempt to limit the probability of non-
radiative deactivation pathways of the excited states by
slowing down the internal motions of styryl molecules,
the dyes have been encapsulated into channeled MAPOs
of small pore size by the crystallization inclusion method
(Chapter 4). In this way, the fluorescent efficiency of materi-
als emitting in the red or NIR window is expected increase.

To date, the group’s research has focused on the study
of solid matrices of nanostructured inorganic materials, es-
pecially AIPO with one dimensional channeled structures,
with the aim of obtaining highly ordered and fluorescent
solid systems for the design of new devices.?'>7 With the
same intention, this chapter will deal especially with this
type of unidirectional porous systems, specifically, those
with AFI, ATS, and AEL structures that have a suitable size
to accommodate dyes of different molecular dimensions
and geometry; and will conclude with a structure called
CHA with pocket-like cavities instead of 1D-channels, al-
lowing to make a comparison with the aforementioned
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channeled systems (all structures explained in Section 2.4
and complete data sheets in the Appendix A).

The confinement provided by the channeled pores al-
lows to achieve various zeolite-based host/guest materials
with excellent optical properties, such as emission in the
red-NIR region, which could lead, for example, to possible
applications in microlasers or nanoscale lasers, since the
combination between the pores and the hosted molecules
can influence the photophysical properties of the latter.
Moreover, with the non-centrosymmetric arrangement ob-
tained in the system due to the unidirectional channels of
the structure, nonlinear optical properties such as second-
harmonic generation (SHG) can be obtained.

These materials have been synthesized by two heating
techniques, using both conventional oven and microwave
heating; and the trends in crystallization behavior for each
specific system as well as the resulting photophysical prop-
erties are analyzed, in order to determine the advantages
and disadvantages of each and make a comparison.

Throughout this chapter, the four push-pull styryl dyes
used for the encapsulation into unidirectional nanochannel
structures have been organized mainly according to their
absorption region in solution, as they exhibit emissions in
almost the same region of the visible spectrum (yellow-red
region) due to the photoinduced formation of intramolecu-
lar charge-transfer in the excited state. Thus, the following
sections are ordered starting from those with absorptions
placed at lower frequencies to those with absorptions at
higher frequencies, that is, from the red to the blue region
of the visible light spectrum, following this order: LDS 730
> LDS 722 > DMASBT > 4-DASPI (see Table 3.2 in Sec-
tion 3.6.1).

Among the systems to be discussed in this chapter,
two publications related to the LDS 730/ AFI system (Sec-
tion 7.1) should be highlighted.
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Figure 7.1: (a) Mo-
lecular structure

of LDS 730 with its
dipolar moment (blue
arrow). (b) Illustrative
representation of

its encapsulation

into AIPO-5 (AFI
phase) structure®
along the c-axis of the
channel and (c) c-axis
perpendicular to the
plane. The molecular
dimensions of the
guest and the size of
the host channels are
also displayed.

STYRYL DYES INTO MAPOs

7.1 LDS 730 DYE WITHIN SEVERAL MAPO-5 HOSTS

Among the selected fluorophores, in the first section, we
deal with the most reddish absorbing dye, LDS 730, a very
good candidate to develop a new hybrid solid material
with interesting optical characteristics in the NIR region.
For its occlusion, the inorganic zeolitic structure alumino-
phosphate five (AIPO-5) with AFI-type structure is used
as a host (see Figure 7.1). So far, it is one of the most
widely used structures for the incorporation of fluorescent
dyes;* in fact, MgAPO-5 was the first Mg-doped AIPO syn-
thesized by our group for the development of new hybrid
materials.’® Briefly, the framework (shown in Figure 7.1)
has non-interconnected cylindrical channels running along
the c-axis of the structure (unidirectional channels). It is
classified as a large pore structure formed by 12 MR win-
dows (Section 2.3), resulting in circular channels of 7.3 A
in diameter (Section 2.4 and Section A.1), a dimension that
tits very well with the molecular size of many photoactive
molecules as demonstrated so far.>+33*

Given that this structure is thermodynamically very
stable and easy to crystallize, in this section, Si and Mg het-
eroatoms have been employed as dopants to generate the
SAPO-5 and MgAPO-5 structures respectively (refer to Sec-
tion 2.2 for the substitution mechanism) in order to analyze
the effect of the dopant on the photophysical properties of
the resulting hybrid system. Taking advantage of the ease
to obtain this phase, in addition to microwave heating, the
conventional heating method has also been tested in the
synthesis for the Mg-doped framework. In this way, it is
possible to determine the benefits of each heating method
and establish clear conclusions that can serve as a reference
for the rest of the systems, applying the best choice accord-
ing to the main objective pursued.

As mentioned before, the hemicyanine LDS 730 chro-
mophore (also known as Styryl 6) with a molecular size of
4.4 A x 5.8 A x17.8 A, matches perfectly with the pore open-
ing of the AFI zeolitic material (Figure 7.1). Therefore, the
final hybrid system LDS 730/ AF]I, is synthesized with the
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goal of developing an outstanding material that emits elec-
tromagnetic radiation in the near-infrared region. In the fol-
lowing lines, the results of several publications,?33 as well
as other findings, will be described in detail.

7.1.1  Photophysics of LDS 730 in solution

To study the subsequent photophysical characteristics of
the hybrid materials, the first step was to study the pho-
tophysics of the guest dye in solution. For this purpose,
the LDS 730 dye was analyzed in aqueous media, H,O and
H,O : EtOH (80:20) mixture, to mimic the conditions of the
hybrid system and resemble the synthesis gel environment.
The slight change in the polarity of the medium by the ad-
dition of a small amount of alcohol allows us to better solu-
bilize the dye and analyze its photophysics under different
conditions.

In aqueous neutral solution, the dye shows a high ab-
sorption capacity in the visible range, with a band centered
at 573.0 nm with an absorption coefficient of emax = 2.2
-10* M™" cm’™; together with a reminiscent emission placed
at 700.0 nm with very low fluorescence quantum yield
(lower than 0.1%). It displays a very large Stokes shift (3166
cm™, Figure 7.2), a consequence of the formation of an in-
tramolecular charge transfer state upon excitation (ICT, Fig-
ure 7.3).

As commented above, this behavior is related to the
nature and structure of styryl dyes* since they con-
tain an electron donor group conjugated to an electron-
withdrawing group, being amino (—NMe,) and methyl
pyrrole (heterocycle) groups respectively, for this particu-
lar case (structure given in Figure 7.1a). Excitation of this
fluorophore induces the promotion of an electron from the
highest occupied orbital (HOMO) to the lowest unoccu-
pied orbital (LUMO) with a characteristic change in the
electronic distribution of the molecule, as demonstrated by
the theoretical computational calculations depicted in Fig-
ure 7.3. According to these calculations, the electron densit-
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ies in the initial and final orbitals are distributed differently:
in the HOMO state, the electron density is mainly concen-
trated in the amino group while in the LUMO it is located
in the methyl pyrrole, indicating that a charge transfer is
taking place.?

S1

Figure 7.3: lllustration of the intramolecular charge transfer (ICT)
mechanism involved upon photoexcitation. The change in elec-
tronic distribution between the HOMO and LUMO states in the
hemicyanine LDS 730 dye is shown schematically, representing
a partial electron transfer from the donor (—NMe,) to the ac-
ceptor site (methyl pyrrole) of the molecule. An illustrative fig-
ure of the rotation that occurs between the donor (orange) and
acceptor (red) of the molecule to a more relaxed, non-fluorescent
TICT state is also added. The main photophysical phenomena
involved are represented schematically in the Jablonsky diagram
(radiative and non-radiative transitions are depicted by solid and
curved lines, respectively).

Consequently, in the pure aqueous polar medium, the
excited state reached upon excitation (LE state) quickly re-
verts to the ICT state, because during its lifetime the solvent
molecules rotate to reach a more relaxed final state (Sec-
tion 3.2.2.2).3° Such a solvent relaxation explains the in-
crease in the red shift of the fluorescence spectrum ob-
served experimentally as the polarity of the solvent was
increased (photophysical data given in Table 7.1). In fact,
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Table 7.1: Photophysical parameters - absorption (A,p,s) and fluor-
escence maxima (Ag), molar absorption coefficient (¢ max), fluores-
cence quantum yield (¢pg) and fluorescence lifetimes (t) - of dif-
ferent LDS 730 (aq) dye solutions at several concentrations.

Solvent Aabs Al €max + 1074 ba T
(nm) | (om) | (M*cm™) (ns)
| B0 SR I R RN I
6-10°M | 573.0 | 700.0 2.2 <0.01 | <0.1
| HO:EtOH 8020 | | | | | |
6-10°M | 591.0 | 695.0 6.8 <001 | <0.1
6104 M | 590.5 | 695.0 - - -

with a slight change in the polarity of the medium (the
dielectric constants of water and ethanol are ey o = 80.1
Fm™ and ¢giopr = 25.3 Fm™) variations in the emission max-
ima are already observed between pure water solution (Ag
= 700.0 nm,) and a mixture with 20% EtOH (Agq = 695.0 nm),
and observing a 5 nm bathochromic shift due to a higher
stabilization of the CT state in excitation.

The photophysical results show that when ethanol is
added to water solution in a 20%, the absorption band
shifts 18 nm to higher wavelengths (from A, = 573 nm
in pure H,O to A;ps = 591 nm in 20% EtOH, Table 7.1 and
Figure 7.2), along with an increase of absorbance capacity
(from emax = 2.2 - 10* M™* ecm™ to 6.8 - 10* M cm™). In
general, this effect is attributed to the fact that very polar
and protic solvents (e.g. water) have specific interactions
with the donor amine group (—NMe,), thus reducing its
electron-giving character and hence the delocalization of its
free electron pair and conjugation of the aromatic system.3°

However, it should be noted that generally the ground
state is more stabilized by hydrogen bonding than the ex-
cited state. Indeed, the calculated HOMO-LUMO orbitals
display a reduction of the electron density on the donor
nitrogen atom after excitation, lowering its ability to form
hydrogen bonds in the excited state. Therefore, delocaliza-
tion and conjugation are feasible in the excited state in a
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more polar environment, resulting in a slightly higher red
shift of the fluorescence maxima, due to a greater stabiliza-
tion of the ICT (from A,ps = 695 nm in 20% EtOH to A,ps =
7oo nm in H,O).

In order to analyze the aggregation effect, a more con-
centrated sample (6 - 10* M) was prepared in 20% EtOH
aqueous solution since this percentage of ethanol greatly
enhances the solubility of the dye in comparison to that in
water. At high dye concentration, the positions and shapes
of the absorption and emission bands are practically the
same, meaning that there is no tendency to form aggreg-
ates in the studied range (see Figure 7.2).

Regarding its fluorescence properties, since the mo-
lecule undergoes internal rotations via different pathways
around different single and double bonds, it demonstrates
poor fluorescence quantum yields and very short lifetimes
in solution (¢pg < 0.01 and T < 0.1 ns, see Table 7.1). In fact,
neither the quantum yield nor the lifetime could be prop-
erly registered because they lay under the detection limit
of the spectrofluorimeter (i.e. the decay curve obtained was
similar to the IRF "instrument response function").'®33

In this regard, the tight confinement of the LDS 730
dye into a 1D-nanoporous host is crucial to limit its flex-
ibility. The reduced channel spacing is expected to pre-
vent free rotation of the molecule moieties and thus re-
duce the non-radiative probability, as well as an aligned
arrangement of the dye along the channels. Moreover, the
inorganic framework may induce a more planar configur-
ation of the dye (with the donor and acceptor molecules
almost in the same plane) and promote an emission from
a more planar intramolecular charge transfer (denoted as
PICT) state, thus hindering any twist of the amine group
(—NMe,), that could lead to the formation of twisted in-
tramolecular charge transfer (denoted as TICT state) char-
acterized by a poor or null emission (see more details in
Section 3.6.1).
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7.1.2 Dye-SAPO-5 by microwave heating

Previous experiments performed in the group to obtain
dye-zeotype hybrid systems by conventional hydrothermal
synthesis have given rise to very promising results.*+>527
However, the incorporation of the dye along the channel in
some situations was inhomogeneous and generated other
minority phases.?> Furthermore, conventional heating de-
mands large periods of time (from 12 hours to a few days).
Fortunately, microwave (MW) irradiation is a good alternat-
ive to synthesize hybrid systems in shorter times and with
smaller amounts of gel. This technique offers homogeneous
heating and avoids the undesired temperature gradients
that usually occur during conventional heating.?

Thus, to benefit from the advantages described above,
the syntheses of Si-doped AFI systems (SAPO-5) were per-
formed by microwave (MW) irradiation making use of the
smaller Teflon inserts instead of the typical large ones (syn-
thesis procedure explained in Chapter 4), using a smaller
amount of synthesis gel than that normally used. The syn-
thesis employed was originally based on a previous work
reported by Dang et al.3” with slight changes in the gel com-
position, that is, the addition of a larger amount of water to
obtain a dilute gel and aid subsequent solubilization of the
LDS 730 dye in the crystallization process (Section 4.1).

The SAPO-5 materials were prepared from gels with
the following molar composition and using TEA as a tem-
plate:

0.2 510, : 0.9 P,O; : 1 ALO; : y TEA : z LDS730 : 300 H,O

varying the amount of SDA (TEA) from y = o.75 to
y = 1.50, and performing the syntheses without dye (z =
0) in cases where the main purpose was to optimize the
synthesis of the inorganic framework as a host, or adding
z = 0.024 dye when the formation of the dye-zeotypic hy-
brid system was desired. It is worth mentioning that for
all the syntheses that will be presented below, TEOS was
used as a source of Si with a 0.2 amount in the gel com-
position. However, other Si sources such as MAOPTMS
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(3-(trimethoxysilyl) propyl methacrylate) and VTES (tri-
ethoxyvinylsilane) were also tested, as well as different
amounts of SiO, (0.1 Si0,), although these will not be ex-
plained here because they did not favor the host formation.

It should be pointed out that according to the thermo-
gravimetric analysis, LDS 730 dye degrades at 260 °C, a
temperature determined by the derivative of the registered
curve (see Figure C.1 in the Part V). As a consequence, LDS
730 dye cannot withstand very high temperatures under
the harsher conditions of hydrothermal synthesis, Since the
thermogravimetric analysis (Figure C.1) was performed un-
der atmospheric pressure conditions without taking into
account the autogenous pressure generated inside the auto-
clave. Fortunately, as stated before, AFI structure is a ther-
modynamically favored structure and generally, it does not
require a very high temperature in the synthesis to reach
a pure phase. Therefore, the gels were introduced in two
identical inserts and heated in the microwave for 5 minutes
until a temperature of 160 °C was reached, and then it was
kept for different heating times at 500 W in order to optim-
ize conditions. A temperature well below the experimental
degradation value obtained in the TGA was always kept,
since a higher degradation is expected in the harsher con-
ditions inside the autoclaves (evaluated for other dyes).3®

All the variations and the different attempts carried out
are shown in Table 7.2. A list of all syntheses performed
during this thesis categorized by the type of hybrid system
(with or without dye) and with their exact real composi-
tions can also be found in Part V of the book (Appendix B).
The nomenclature used in this work has always followed
the same criterion. In all of them, first, the synthesized
structure and the heteroatom used as dopant is specified.
Then, several criteria is applied to differentiate the samples
with and without dye and those made under different con-
ditions, as will be explained below.

As an example, in the syntheses of this section, the
samples without dye have been denoted as SiAFI-X, which
stands for AFI structure doped with the silicon heteroatom
(SAPO-5), together with a number as a suffix (X) corres-
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ponding to the differences in the gel composition and syn-
thesis time. In the case of the syntheses performed with
dye, a prefix has been added to the sample names, labeling
the samples as S1/SiAFI-X, where S1 refers to the first dye
of the styryl family employed during this work, LDS 730.
Besides, the letter H added next to the synthesis number
refers to a high dye addition in the synthesis gel, which is
0.024 for all of them.

Table 7.2: Synthesis composition of the gel (in terms of SDA and
dye added) and synthesis time for SAPO-5 materials. The gels
were heated by microwave at 160 °C (500 W) over different heat-
ing times.

Sample y: TEA z : LDS 730 Time (h)
CSIARLX |
1 0.75 - 2.0
2 1.00 - 2.0
3 1.50 = 2.0
4 1.50 - 2.5
5 1.50 - 3.0
6 1.50 - 3.5
SusiaRLX |
3H 1.50 0.024 2.0
4H 1.50 0.024 2.5
5H 1.50 0.024 3.0
6H 1.50 0.024 3.5

According to the synthesis conditions and starting gel
composition mentioned above, first of all, the amount of
template was varied, maintaining the microwave heating
for 2 hours (from sample SiAFI-1 to SiAFI-3 in Table 7.2).
The powder X-ray diffractions (PXRD) of these attempts
(Figure 7.4 show the AFI phase in all of them, with its char-
acteristic peak at 7.63°. However, impurities are appreciable
in the three, although a higher amount of template seems
to favor the crystallinity of the main AFI phase. When the
TEA content is 0.75 (sample SiAFI-1), phases other than the
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main AFI are formed as impurities (marked with asterisks
in Figure 7.4), but as the template content increases (1 and
1.5 TEA (S5iAFI-2 and SiAFI-3) these impurities seem to dis-
appear and the intensities of the SAPO-5 lattice peaks in-
crease considerably. In fact, there is a gradual increase, ob-
taining a peak at 7.63° three times higher in intensity for
the SiAFI-3 sample compared to SiAFI-1. This reflects that
the structure-directing agent aids lattice formation, result-
ing in greater crystallinity (symmetry and periodicity) with
higher amounts.

To further improve its crystallinity and the formation of
pure SAPO-5 structure, the TEA was kept with the highest
amount and different heating times were applied (SiAFI-3
to SiAFI-6). Likewise, additional attempts with the same
experimental conditions were applied but adding 0.024 of
dye to the synthesis gel (S1/SiAFI-3H to S1/SiAFI-6H).

Looking closely at X-Ray diffractograms (Figure 7.5a),
time affects favorably the crystallinity and purity of the
samples until reaching a heating time of 2.5 h, where the
peak intensities reach their maximum (sample SiAFI-4).
However, at larger heating times (3 and 3.5 h), there is a
decrease in the intensities of the peaks. Concerning the dye-
containing samples, interestingly, an improvement in the
crystals synthesis was observed, as pure phases were ob-
tained in all of them (Figure 7.5b). This is probably due to
the fact that the dye itself acts as a structure-directing agent
and facilitates the formation of the AFI phase.

In all cases, hexagonal disc shape crystals of 10-30 um
were obtained (see Figure 7.6). According to dye-loaded
particles, very whitish powder samples were obtained, sug-
gesting that the dye loading was very low. In fact, the up-
take was only 0.01 and 0.02 per 100 g of sample powder in
S1/SiAFI-3H and S1/SiAFI-5H samples, respectively (data
added later in Table 7.3 and calibration curve shown in Fig-
ure C.2 and quantification described in Section 6.6). This
may be related to the isomorphic substitution of silicon
into the network of the aluminophosphate. It seems that the
substitution of two silicon atoms by phosphorous and alu-
minum is the favored mechanism, forming what is known
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Figure 7.5: (@) PXRD patterns of SiAFi (SAPO-5) inorganic struc-
tures (from SiAFI-3 to SiAFI-6) and (b) S1/SiAFI (dye-loaded
SAPO-5) hybrid systems (from S1/SiAFI-3H to Si1/SiAFI-6H).
Asterisks denote impurity peaks and other phases other than
AFI.

as silicon islands and generating a neutral lattice (Sec-
tion 2.2). Therefore, due to a lack of Brensted acid sites in
the framework, the occlusion of the cationic chromophore
is somewhat hindered, and the rendered dye-loadings are
very low. Comparing two samples with the same amount
of dye added to the gel but different heating times, there
is a slight decrease when longer crystallization times were
applied, probably assigned to partial dye degradation.

Taking a closer look by fluorescence microscopy, the
particles present a bright yellow fluorescence, suggesting
the presence of the dye in the structure (Figure 7.6b). To
properly confirm the incorporation of the dye molecules
into the AFI channels, linearly polarized light experiments
(Figure 7.6d-e) were carried out at a single-particle level
by incorporating a polarizer before registering the image
(experiments explained in Section 6.5).

The fluorescence images collected with the microscope
at different polarization orientations show that when the
polarizer is set on 50°, only the main fluorescence of one of
the crystals is seen (Figure 7.6d), the one with the light po-
larized parallel to the crystal channel direction (E | | c). With
the increase of the polarization angle to 110° the previous
crystal turns off (ELc, light perpendicular to the channel
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Figure 7.6: S1/SiAFI-
3H particle images.
(a) SEM. (b) Trans-
mission and (c)
fluorescence images
under blue light
excitation. (d,e) Po-
larized fluorescence
images from different
orientations (50° and
110°). Scale is of 20
um (upper white bar).
(f) Representation of
channel and dye ori-
entation in a SAPO-5
particle.
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direction) and the other next to it turns on (Figure 7.6e),
verifying that the LDS 730 molecules are preferentially ori-
ented along the nanochannels.

This anisotropic response to the polarized light reveals
that the dye molecules are oriented perpendicular to the
plane of the hexagonal face (Figure 7.6f) of the crystal,
along the c-direction of the crystal (see Figure 7.1b) where
the nanochannels are located. As a result, crystals depos-
ited on their hexagonal faces did not respond to linearly
polarized light. In conclusion, the polarization-dependent
response showed that the chromophore molecules are in-
side the SAPO-5 channels and not adsorbed on the outer
surface, as expected after the exhaustive washing which
samples are subjected after synthesis.

After certifying the incorporation of the dye within
SiAFI structure, the photophysical characterization of
the most representative samples (S1/SiAFI-3H and -5H,
Table 7.3) in bulk powder was performed.

Table 7.3: Dye-loading and photophysical parameters - dye up-
take (mmol/100g), absorption (A,ps), and fluorescence (Ag) max-
imum wavelengths, lifetime (t), and fluorescence quantum yield
(dq1) at Aexe = 520 nm - of the bulk powder S1/SiAFI-3H and -5H
samples. The same parameters for LDS 730 (aq) are also included
for comparison.

System Dye uptake Aabs M Ta ba
(mmol/100g) | (qm) | (nm) | (ns)
LDS 730 (aq) - 573.0 | 700.0 | <0.1 | <0.01
S1/SiAFI-3H 0.02 547.0 | 576.0 | 1.59 0.03
S1/SiAFI-5sH 0.01 547.0 | 565.0 | 1.84 0.05

Figure 7.7a shows the main absorption band for
S1/SiAFI-3H with vibronic structure hypsochromically
shifted with respect to the broad and structureless band re-
corded for the dye in solution. This fact is typically found
in dyes occluded in constrained space.?#3° In addition, this
band shows a large tail with the appearance of a shoulder
at longer wavelengths. The first absorption band placed at
547.0 nm is ascribed to the S,-S; locally excited (LE) trans-
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ition and the less intense red shifted shoulder placed at
around 652.0 nm to a ICT state in the ground state. Interest-
ingly, the fact that the latter is detected only in the hybrid
system is a result of the stabilization of the ICT state even
in the ground state due to the rigid environment imposed
by the host matrix.*>33

Regarding the fluorescence emission (Figure 7.7b), the
hybrid samples show a huge hypsochromically shifted
band in comparison to that in aqueous solution, and is
ascribed to the LE band rather than to the ICT typically
observed in solution. This change in the excited state be-
havior is believed to be due to a change in the polarity
of the medium, which has become non-polar in the chan-
nel environment of the Si-doped AFI structure. As stated
before, the substitution of Si in the AIPO,-5 (SAPO-5) net-
work, instead of generating a negatively charged network
with Bronsted acid sites as expected, has led instead to the
formation of silicon islands, by the replacement of two sil-
icon atoms by phosphorus and aluminum atoms, leading
to a neutral network that disfavors the relaxation towards
the charge transfer state (ICT, Section 3.2.2.2) and stabilizes
the locally excited state (LE).

Interestingly, this LE band displays a modest emission
(b = 0.03) but higher to the fluorescence efficiency re-
gistered for the ICT of the dye in solution (¢g < 0.01). Re-
garding the lifetimes, since the dye-loaded hybrid systems
(S1/SiAFI-X samples) gave multiexponential fluorescence
decay curves, a physical interpretation of every lifetime was
very difficult to make and an average lifetime (Equation 6.6,
Section 6.3) was considered instead (Table 7.3). These meas-
ured lifetimes, along with the fluorescence quantum yields,
were also much higher in the hybrid environments (t = 1.5-
1.9 ns), showing improved photophysical properties of the
LDS 730 within the solid host.

All these results (higher emission efficiency and longer
fluorescence lifetimes) are a direct consequence of the space
constraint in the restricted channels of the AFI host, where
rotations and vibrations of the dye molecules are to some
extent reduced. In addition, the distinct environment cre-
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ated in the hybrid system has caused the emission of LDS
730 to come from the LE state, rather than the ICT state as
in the aqueous solution.

7.1.3 Dye-MgAPO-5 by microwave heating

The previous system doped with Si has resulted in scarce
incorporation of dye inside the channels of the AFI struc-
ture due to the framework’s charge neutrality. Therefore,
in this section, in order to favor the encapsulation of LDS
730 molecules, avoiding the generation of neutral zones in
the structure and promoting net negative charges through
the formation of catalytic Brensted acid sites in the channel
walls (isomorphic substitution described in Section 2.2), the
divalent Mg cation has been selected as a dopant to replace
the Al"3 cations. In this way, a negatively charged AIPO,-5
(MgAPO-5) network is generated, that will help the incor-
poration of a higher amont of LDS 730 and also stabilize its
ICT, shifting the fluorescence towards the red region of the
visible spectrum.

To synthesize the Mg-substituted LDS 730/AFI com-
posites, hydrothermal synthesis by microwave heating was
employed. In all of them, the following reaction system was
followed.33

x MgO : 1 P,O; : (1-x/2) ALO, : y TEA : z LDS730 : 305
H,O

TEA was employed as SDA to direct the crystalliza-
tion of the AFI phase (same template used for SAPO-5,
Section 7.1.2). The gels were heated at 160 °C for 2 hours
(more details given in Section 4.1) and X, y, and z paramet-
ers (magnesium, template, and dye amount) were system-
atically varied (Table 7.4). The procedure followed for the
nomenclature of the samples is the same used in the previ-
ous section (Section 7.1.2).

Thus, syntheses prepared without dye have been
labeled as MgAFI-X (where MgAFI refers to the MgAPO-
5 framework and X refers to the synthesis number) while
those dye-doped have the nomenclature S1/MgAFI-X with



7.1 LDS 730 DYE WITHIN SEVERAL MAPO-5 HOSTS

the prefixed term S1 added earlier to aid identification, in-
dicative of the presence of LDS 730 as first styryl dye encap-
sulated. Note here that some of them have a letter added
next to the synthesis number (L, M, H) at the end of the
name, which refers to the amount of dye added to the syn-
thesis gel which can be low (L = 0.008), medium (M = 0.016)
or high (H = 0.024), respectively. In the syntheses with or
without dye, the number at the end indicates certain syn-
thesis conditions related to the amount of MgO and SDA
added to the synthesis gel. All the specific gel molar com-
positions are given in Appendix B.

Table 7.4: Synthesis gel composition, initial pH (before introdu-
cing the gel into the MW), and the final dye uptake obtained in
the MgAFI (MgAPO-5) materials prepared by MW.

Sample X y z Initial Dye uptake
MgO | TEA | LDS 730 pH (mmol dye
/100g)
oMgaRtx ||
1| 0.2 | 1.00 - 3.27 -
2| 02 | 075 - 3.16 -
3| 01 | 0.75 - 4.18
4| 01 | 1.00 - 4.70
sumgARx | |\
iL | 02 | 1.00 | 0.008 4.13 0.03
iH | 02 | 1.00 0.024 5.47 0.04
2L | 0.2 | o075 0.008 3.41 0.23
2H | 02 | 0.75 0.024 4.45 0.41
3L | o1 | 075 0.008 4.41 0.06
3H | 0.1 | 075 0.024 4.76 0.33
4L | o.1 | 1.00 | 0.008 4.76 0.06
4M | 0.1 | 1.00 | 0.016 5.16 0.17
4H | o1 | 1.00 | 0.024 4.78 0.41

147



148

Figure 7.8: (a)
S1/MgAFI-3H sample
powder under am-
bient light. (b-d) Im-
ages of the S1/MgAFI
particles. (b) Scanning
electron microscopy
photograph taken at
10 kV. Scale = 2.5 um.
Crystal size of 13 u m.
(c) Transmission and
(d) emission images.
Scale = 20 um.
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Powder X-ray diffraction (PXRD) patterns (Figure C.3
in Part V) indicate that practically in all the syntheses pure
AFI phase has been obtained, showing the characteristic
peak of this structure located at 7.58°.39 Interestingly, in
those compositions where some impurities are observed
(MgAFI-2 and MgAFI-3, Figure C.3b-c), the addition of
the LDS 730 dye to the gel has acted favorably, suppressing
non-desired phases and showing the same template effect
in the MgAPO-5 structure as that observed for the SAPO-5.

The obtained powders are of an intense blue color (Fig-
ure 7.8a), the characteristic of the LDS 730 dye. The analysis
of these samples by scanning electron microscopy (SEM) in-
forms about crystal size and morphology in the range of
10-20 um, with hexagonal prism shape at the center and
hexagonal pyramids at the edges (Figure 7.8b), implying
that variation of the synthesis conditions (amount of mag-
nesium, SDA and dye) does not modify the phase nor the
shape and size of the crystals. Transmission images from
the optimal microscope confirm the size and shape of the
blue crystals (Figure 7.8c), which show a reddish emission
after excitation (Figure 7.8d).

To verify that the dye is encapsulated inside the chan-
nels and not adsorbed on the surface, studies with linearly
polarized light were performed by fluorescence microscopy:.
Similar to LDS 730 in SAPO-5 crystals, the anisotropic re-
sponse again reveals a preferential orientation of the dye
molecules. The highest fluorescence signal was achieved
when the light was polarized parallel to the long axis of the
crystal (also parallel to the channels, E| |c), indicating the
preferential orientation of the transition dipole moments of
the dye molecules in this direction (molecular major axis).
In contrast, it was practically zero when the light was po-
larized perpendicular to it (E_Lc, data not shown).

Therefore, the anisotropic response to polarized light
reveals that the LDS 730 molecules are preferentially
oriented along the nanochannels in the c-direction of
both SAPO-5 and MgAPO-5 hosts. In fact, the difference
between the MgAPO-5 and SAPO-5 particles lies only in
the crystal growth in the c-direction of the AFI frame (com-
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pare Figure 7.6a and Figure 7.8b), but with the LDS 730
molecules occluded in the same preferred crystal orienta-
tion.

The LDS 730 dye uptake into MgAPO-5 was determ-
ined and lead to a higher loading than that obtained for
the analogous SAPO-5 (Table 7.4 vs Table 7.3). The amount
of magnesium and SDA content seem to play a crucial role
in the dye occlusion. For instance, in the syntheses denoted
as S1/MgAFI-1 (1L and 1H) with 0.2 MgO and 1.00 SDA,
very low dye occlusion was achieved within the AFI pores,
being always below < 0.05 mmol/100 g sample powder, re-
gardless of the amount of dye added to the gels.

Interestingly, when the amount of Mg is kept at 0.2 and
the amount of SDA is reduced to 0.75 (samples 2L and 2H),
much higher dye incorporation is achieved even for the syn-
thesis with a low dye content added in the gel (z = 0.008,
sample S1/MgAFI-2L). In fact, these samples have given
the highest dye uptakes among all the syntheses performed.
This effect is attributed to the initial pH of the synthesis,
which is more acidic as the amount of template (basic spe-
cies) decreases and, therefore, further stabilizes the cationic
species of the dye. As the substitution of Mg in the structure
generates a net negative charge in the channels and there is
a major proportion of the dye in cationic form, its incorpor-
ation is more favoured (isomorphic substitution explained
in Section 2.2 and dye occlusion mechanism in Chapter 4).

Furthermore, the reduction of Mg from x = 0.2 to 0.1 in
samples 3 and 4 (Table 7.4) also favors dye uptake, but only
in those syntheses with a higher dye content in the initial
gel (z = 0.016 and 0.024, samples 3H, 4M, and 4H), where
an occlusion between o.17 and 0.41 mmol/100g sample
powder is reached. All in all, comparing these results with
the SAPO-5 system mentioned above, the improvement in
dye uptake is remarkable, obtaining a 20 times higher dye
incorporation in the best of the cases (Table 7.3 vs Table 7.4)

In order to understand how the host and the higher
dye uptakes may affect the photophysical properties of the
final material, a thorough photophysical characterization of
the samples was carried out. Figure 7.9 shows the absorp-
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fluorescence spectra
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tion and emission spectra collected for the LDS 730 dye
in solution (black) and the S1/MgAFI-4M (blue) as repres-
entative sample for comparison. The absorption band (Fig-
ure 7.9a) of S1/MgAFI-4M sample shows its main band loc-
ated around 695 nm together with an important shoulder
at shorter wavelengths, at around 60oo nm. The band is
strongly red shifted with respect to that of the dye in
aqueous solution (A5 = 573 nm, black curve in Figure 7.9a).
In fact, after deconvolution of the absorption band into two
Gaussians, the band centered at 604 nm (green filling), has
a relative area under the curve 3 times higher than the band
centered at 723 nm (red filling). These bands are assigned
to the Sy-S; transition and S,-ICT state, respectively. The
stabilization of the CT state in the ground state is a direct
consequence of the encapsulation of the dye into the inor-
ganic aluminophosphate-based host, giving rise to a new
bathochromically shifted band in the absorption spectrum,
unlike what is observed in solution,

Regarding the fluorescence spectrum, the bulk powder
shows two weak emission bands around 573 nm and 666
nm (Figure 7.9b, blue spectrum), attributed to emission
from the LE (S;) and ICT states. Apart from those weak
signals, the main fluorescence band is registered at 814 nm,
highly red shifted and placed in the NIR region. It is be-
lieved that, as previously reported in other materials,"*4°
this hybrid system exhibits both intra- and intermolecular
CT coupling (so far only intraCT has been seen; the two pro-
cesses are explained in the fundamentals, Section 3.2.2.2).
The donor-acceptor backbone structure can eventually gen-
erate a CT complex between two adjacent molecules as de-
picted in Figure 7.10. Thus, the originating interCT occurs
mainly from the donor moiety of one molecule to the ac-
ceptor unit of another. The emission is bathochromically
shifted with respect to intraCT, and thus also with respect
LDS 730 emission in solution.

Intermolecular CT relies primarily on the distance
between two molecules.*' It is favored whenever the dis-
tance between donor and acceptor moieties of different mo-
lecules is smaller than the distance between the donor and
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Figure 7.10: Diagram of the emission mechanism for the LDS 730
dye within the nanochannels of the Mg APO-5 structure, showing
the experimentally-observed radiative relaxation pathways.

acceptor groups within the same molecule. Consequently,
the greater the dye loading, the closer the molecules will
be to each other and the more likely the generation of
interCT complexes. Indeed, this is verified by photophys-
ical characterization of samples with different dye-loadings
(Table 7.5).

When the system contains 0.03 mmol dye per 100 g
sample powder (sample 1L), due to a very low loading, no
interCT complex is formed and only the band at 676 nm as-
signed to intraCT emission is registered in this sample (yel-
low curve in Figure 7.11). The intermolecular charge trans-
fer band emerges when the dye loading reaches 0.06 mmol
dye/100 g powder sample and coexists with the intraCT
(sample 4L). As the concentration of LDS 730 obtained in-
side the solid structure increases, we observe a higher con-
tribution of the interCT band in detriment of the intraCT
and a clear red shift of its fluorescence maximum (from
775.5 nm in sample 4L to 812.0 nm in 4H, purple curve in
Figure 7.11). However, it should be noted that this red shift
in the interCT band can be also a consequence of the inner
filter effect due to the high optical density reached on the
crystals (Section 6.2).

Fluorescence lifetimes were also recorded in the bulk
powders, obtaining much longer lifetimes than that in
solution(T > 1.5 ns over < 0.1 ns in solution, Table 7.5), in-
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Table 7.5: Dye-loading and fluorescence properties - fluorescence
maxima (Ag), lifetimes (), and fluorescence quantum yields (¢gq)
upon excitation at 6oo nm - for S1/MgAFI samples in bulk
powder. The same parameters for LDS 730 (aq) are also shown
for comparison.

System Dye uptake A T ba
(mmol/100g) (nm) (ns)
LDS 730 (aq) - 700.0 <o0.1 < 0.01
| SUMgAFLX | | ]
1L 0.03 676.0 2.11 0.08
4L 0.06 668.0/775.5 1.47 0.03
M 0.17 668.0/785.0 1.51 0.02
4H 0.41 667.0/812.0 1.27 0.02

dicating a decrease in the probability of non-radiative relax-
ation pathways by the restriction of the molecular motions.
This is also reflected in the quantum yields, but especially
in sample S1/MgAFI-1L that yielded the best fluorescence
quantum yield, near 10% (¢pg = 0.08, Table 7.5). This high
value is attributed to the low dye uptake of the hybrid
system (0.03 mmol/100 g powder sample), with its fluor-
escence coming only from an intraCT and where the inner
filter effects are minimized.

In contrast, in cases where the uptake is higher and
the contribution of the interCT state becomes more import-
ant, the fluorescence quantum yields drop to values of ¢g
= 0.02-0.03 (Table 7.5). The emission of interCT is usually
less efficient compared to that of the intraCT state due to
a higher probability to relax by non-radiative pathways (i.e.
internal conversion), since it is a lower energy state that is
closer to the ground state. This is well reflected in the life-
time values, which decrease as the presence of the latter be-
comes more important (from 2.11 ns to 1.27 ns from sample
1L to 4H). Besides, as previously mentioned, the contribu-
tion of possible inner filters can also induce a quenching in
the fluorescence properties.
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All in all, the photophysical properties found in these
materials are a direct consequence of a more restricted en-
vironment for the LDS 730 dye molecules in the narrow
nanochannels of the Mg-doped AFI host. This environment
imposes rigidity on the organic guest dyes and minimizes
rotational and vibrational motions of the molecules, thus re-
ducing the non-radiative pathways responsible for the poor
fluorescence of the LDS 730 dye in solution (Section 3.6.1).

In conclusion, the fluorescence ability of LDS 730 has
clearly increased once encapsulated into the AFI structure.
The problem of scarce dye incorporation found in SAPO-5
has been solved changing the structure dopant from Si to
Mg, which has successfully induced Brensted acid sites on
MgAPO-5 nanochannel walls. As a result, a 20 times higher
dye uptake has been reached in MgAPO-5 with respect to
SAPO-s5.

Moreover, it has also been proven that intermolecular
interactions are triggered at high dye loadings within chan-
nels. In this way, the photophysical properties of the dye
can be modulated by favoring the contribution of one of the
charge transfer states (intraCT or interCT) over the other.
This can be done by playing with the amount of dye incor-
porated in the AFI framework, and obtaining an emission
from the green to the NIR region of the electromagnetic
spectrum, a very interesting region for biomedical applica-
tions.

7.1.4 Dye-MgAPQO-5 in conventional oven

Up until now, all the systems studied have been prepared
by the microwave regime. This type of heating reduces
the synthesis time by an order of magnitude, allows rapid
heating of the synthesis gel, produces very homogeneous
products, and usually leads to smaller crystal sizes. How-
ever, for optical applications, it is more interesting to ob-
tain large crystals (hundreds of microns) to work in single-
crystal mode.
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Figure 7.12: PXRD
pattern comparison
between S1/MgAFI
(4H and 4H’) hybrid
material synthesized
by microwave (MW)
and conventional
heating (CH).
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In this section, bigger particle materials will be synthes-
ized by conventional heating in order to optimize condi-
tions for optical applications. For this purpose, the compos-
itions that have rendered the highest dye concentrations by
microwave (samples 2H and 4H with 0.41 mmol/100 g dye
uptakes, Table 7.4) were heated for 24 hours instead of for 2
hours (1 hour in the microwave is scalable to 12 hours in the
oven) in large stainless steel autoclaves in a conventional
oven. Thus, the gel molar composition used is the same
as in the previous section, including the structure-directing
agent (TEA). Following the general formula:

x MgO : 1 P,O; : (1-x/2) ALO, : y TEA : z LDS730 : 305
H,O

the temperature was set at 160 °C for 24 hours. More
information concerning the syntheses can be found in the
experimental part, in Section 4.1.

The most representative attempts carried out are
shown in Table 7.6. For the nomenclature of the samples,
the same criteria have been followed. Since these samples
have the same gel compositions as others synthesized by
MW, the same names have been used but adding the char-
acter prima at the end to denote that they have been heated
by conventional furnace.

Table 7.6: Synthesis conditions (composition of the gel), ini-
tial pH of the gel, and the final dye uptake obtained in LDS
730/MgAPO-5 composites prepared by CH.

Sample X ‘ y | z Initial Dye uptake
Gel composition pH (mmol dye
/100 g)
| SUMgAFILX | | | ]
2H’ 0.2 0.75 | 0.024 5.0 1.21
4H’ 0.1 1 0.024 4.4 1.12

X-ray diffraction patterns of the hybrid materials ob-
tained show that pure AFI phase has been obtained for both
cases, showing the characteristic peak at 7.58° (Figure C.4
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in Part V).3° The oven diffractograms show very high crys-
tallinities as indicated by the higher intensities of the peaks
represented in Figure 7.12, which are almost three times
higher than those synthesized by microwave. This is be-
cause the crystals rendered by this type of heating are big-
ger and the quality in terms of crystallinity is higher.

The images taken by scanning electron microscope (Fig-
ure 7.13a) and optical microscope (Figure 7.13b-c) show
hexagonal prismatic crystals, with an elongated growth
along the c-axis of the framework, direction parallel to the
channels. As can be clearly observed, these particles are
very different both in shape and size from those hexagonal
prisms with hexagonal pyramid edges rendered by the mi-
crowave (Figure 7.8).

This is also reflected in the X-ray diffractograms. While
for MgAPO-5 synthesized by microwave the most intense
peak so far has always been the first one in the diffracto-
gram, the one appearing at 7.58° (Figure 7.12, hkl = 100); in
the furnace, in contrast, it is at 22.52°, belonging to hkl =
102 (Figure 7.12), indicative of much greater growth in the
c-direction with respect to the a-direction. It should also
be remembered that in the SAPO-5 structure, hexagonal
disks were obtained that grew less in the c-direction of the
particle because their most intense peak also corresponded
to the first one (7.58°; Figure 7.4 and Figure 7.5).

Besides, the intensity signals in the X-ray diffraction
patterns are also in agreement with that studied under
the microscope. That is, the lower crystallinity assigned to
sample 4H obtained by microwave is directly related to the
size of the crystals. The bigger the crystal size, the bigger
is also the intensity of the X-ray signals. This is due to the
fact that the long synthesis times in the furnace causes the
nuclei to form more slowly, resulting in a slower and more
symmetric growth and giving more crystalline structures.

Interestingly, between the two samples synthesized by
CH with different gel compositions, noticeable changes in
crystal shape are also observed. When there is a higher
amount of magnesium x = 0.2 (sample 2H’), the peak at
21.01° in XRD (Figure C.4) is more pronounced, indicating
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Figure 7.13: (a)
Scanning electron
microscope image
together with (b)
transmission and

(c) emission images
of S1/MgAFI-4H’
crystals. Scale = 20
um.
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a) SAPO-5 (MW)

c) MgAPO-5 (CH)

Figure 7.14: Color
difference in the
powder samples of
the LDS 730/ AFI
structures obtained:
(a) SAPO-5 (MW), (b)
MgAPO-5 (MW) and
(c) MgAPO-5 (CH).
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a higher growth of the crystal in its c-direction, as it has
been checked by SEM, rendering needle-shaped crystals of
100 pm in comparison with the 50 um obtained for x = 0.1
MgO (see SEM images in Figure C.5). Indeed, the presence
of Mg it is known to have a great effect on the crystallinity
and crystal size, producing much bigger crystals in MgAPO
materials in comparison to aluminophosphates, even being
up to an order of magnitude larger.#* All in all, both syn-
theses rendered crystals much larger than those obtained
by microwave (5-20 pm crystals in MW).

The dye uptake in the oven-synthesized samples is
higher than 1 mmol dye per 100 g sample powder, being
around three times higher than the best uptake obtained by
microwave (1.21 mmol dye/ 100 g sample powder in CH
versus the 0.41 mmol dye/100 g sample powder achieved
by MW; compare the results of Table 7.4 and Table 7.6);
showing that 24 hours in the oven facilitate the incorpora-
tion of the dye, against the 2 h of microwave heating (see
the gradual increase in the color of the powder samples in
Figure 7.14). In addition, an increase in the amount of mag-
nesium slightly increases the dye charge within the struc-
ture (Table 7.6), probably because more Brensted acid sites
are generated in the pore walls that favor dye incorporation
through electrostatic interactions.

To compare the photophysical properties of the dye
within the MgAPO-5 system by CH and MW, the 2H’
sample has been selected as the most representative. The
absorption and fluorescence spectroscopic bands of these
two materials with the same composition are shown in Fig-
ure 7.15. Sample S1/MgAFI-2H’ exhibits the same bands
as previously observed by MW, with the main absorption
band located at around 695 nm (A;ps = 698.5 nm) and a
prominent shoulder at shorter wavelengths at around 600
nm, ascribed to the ICT and LE bands, respectively. Regard-
ing the fluorescence spectrum, the bulk powder shows two
fluorescence bands under the excitation at 600 nm, a weaker
band at 676.0 nm attributed to the intraCT state and another
more intense and broader band at 849.0 nm ascribed to the
interCT band, centered in the NIR region (photophysical
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data given in Table 7.7), again exhibiting radiative deactiv-
ation from the two charge transfer states.

Again, the effect of dye loading on the inter CT com-
plex formation is demonstrated. The higher amount of dye
occluded inside the AFI structure by CH has further en-
hanced the formation of the complex, showing an even lar-
ger shift of the fluorescence band, being placed at 849 nm
vs 804 nm for the sample synthesized by MW. It is worth
mentioning again that this shift could be also partly due
to the inner filter effect, affected by the high dye loading
within this structure. However, it is clear that the contribu-
tion of the interCT complex emission is higher by CH, as a
consequence of a higher dye loading (Figure 7.15).

Table 7.7: Dye loading and photophysical parameters - fluores-
cence maxima (Ag), fluorescence lifetime (1), and fluorescence
quantum yield (¢g) upon excitation at 600 nm- for CH synthes-
ized S1/MgAFI samples in bulk powder. The same parameters
for LDS 7730 (aq) are also shown for comparison.

System Dye uptake A (OY']
(mmol/100g) (nm)
| LDS730@@@) | R R 7000 | <0.01 |
S1/MgAFI-2H’ 1.21 676.0/849.0 0.01
S1/MgAFI-4H’ 1.12 675.5/825.5 0.02

Overall, the fluorescent quantum yields and life-
times indicate an improvement over the dye in solu-
tion (Table 7.7), suggesting a decrease in non-radiative
pathways; nevertheless, a decrease is observed with re-
spect to the best sample obtained by MW (¢g = 0.08 in
the S1/MgAFI-1L sample, Table 7.7). This effect probably
comes from the increase in the dye concentration that in-
duces a higher formation of CT complex as well as a higher
contribution of inner filters.

In any case, we have improved the photophysical prop-
erties with respect to the dye in solution for the reasons
already described and, in addition, larger and more crys-
talline particles have been obtained which are much more
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Figure 7.15: Height
normalized absorp-
tion and fluorescence
spectra normalized
to the first emission
band (Aexc = 600 nm)
for the bulk powder
samples S1/MgAFI-
2H (black) and -2H’
(blue) synthesized
by MW and CH,
respectively.
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interesting for optical applications as will be discussed in
subsequent chapters.

7.1.5 Conclusion

The strategy presented herein provides a gateway to tightly
confine LDS 730 dye into a 1D-nanoporous host limiting its
flexibility and guiding its conformation into a planar config-
uration, reducing the probability of non-radiative deactiva-
tion pathways, and also inducing an aligned arrangement
of the dyes along the channels, resulting in the appearance
of new and improved photophysical properties.

The choice of the metal added as a dopant to the in-
organic structure in the synthesis has been of great im-
portance since it has allowed a change in the polarity of
the environment and net negative charge generated. Con-
sequently, it has been possible to modulate the resulting
photophysical properties of the system, by controlling the
polarity of the medium and the extension of the negat-
ive charge of the framework. In this way, emission of the
LDS 730 dye coming from different excited states has been
achieved, from the LE to the intra and interCT states, be-
ing able to modulate its emission in the hybrid system. In
particular, emissions ranging from 550 nm for the Si-doped
structure with less dye loading and neutral environment
to 850 nm in the AFI structure doped with Mg with the
highest dye loading in and more polar environment were
obtained.

Therefore, the photophysical characteristics have been
enhanced with great success using both conventional and
microwave ovens. On the one hand, while the microwave
provides the versatility to rapidly (2 h) achieve the dye-
loaded aluminophosphates of interest; on the other hand,
the conventional oven offers the advantage of producing
very large crystals with high dye uptake. Furthermore, the
S1/MgAFI hybrid systems yielded materials with fluores-
cence bands placed in the NIR region which are of great in-
terest in biomedicine, materials science, and related areas.
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Since the discovery of the laser in 1960,% laser technology
has been widely used in industry, communication, imaging,
storage, medicine, and many other fields.4448 Today, its
further expansion requires the output power and conver-
sion efficiency of the laser to be constantly higher, and the
wavelength range to be broader and broader, even tunable.
Both characteristics are closely linked to one another, and
while the former leads to the development of the solid-state
laser, the latter drives us to the discovery of nonlinear op-
tics, since nonlinear optical frequency conversion is neces-
sary to attain such tunability in lasers.*?

In fact, advances in nonlinear optics and solid-state
laser sources were developed in parallel and brought
impressive breakthroughs during the first forty years
of their development, leading to important applications
in optical information processing, integrated optics, or
telecommunications.’*>> As a result, many of today’s
photonic devices are based on these phenomena, such
as optical amplifiers, optical modulators, ultrafast optical
switches, or solid-state lasers.5375°

Most of these optical devices are usually photonic crys-
tals and their capabilities for NLO are greatly enhanced
when they feature non-centrosymmetric systems; these pos-
sibilities include ultrafast optical switching for communica-
tion and even optical computing.>>57

Regarding traditional NLO (refer to Section 3.4 for the-
oretical background) systems, they are mainly based on
inorganic crystals with high chemical and mechanical sta-
bility, such as a-quartz, barium borate (BBO, Figure 7.16),
monopotassium phosphate (also called potassium dihydro-
gen phosphate, KDP), potassium titanyl phosphate (KTT)
or lithium niobiate (LiNbO3),' and also semiconductors like
GaSe.’* ! The time-consuming and costly fabrication pro-
cesses of these crystals, however, have turned attention to
organic-natured systems as an alternative, as these mater-
ials offer higher NLO efficiencies, faster responses, lower
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Solid-state lasers
and nonlinear optics
are closely linked to
one another.

Figure 7.16: Real
image of a typical
BBO crystal employed
as frequency doubler
in optical systems.

Traditional NLO
systems are based in
inorganic crystals
but the fabrication is
expensive and
time-consuming.
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Organic systems are
a good alternative.
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Figure 7.17: Drawing
of the LDS 722 dye
structure and its
encapsulation inside
MgAPO-11 cavities
(AEL type, 4.0 A x
6.5 A). Regarding the
dye, its optimized
geometry, dipole
moment (Mulliken,
blue arrow) and
dimensions estimated
by theoretical calcula-
tions are shown.
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costs, and are easier to process and integrate into optical
devices.®*%3

In general, most of the promising organic compounds
are 7-conjugated molecules with strong electron donor
and acceptor groups at the ends, such as the aforemen-
tioned dyes of the styryl family (described previously in
Section 3.6.1). Their push-pull nature and high first-order
hyperpolarizability values make them especially attract-
ive for this purpose. However, the major drawbacks when
trying to achieve an organic system based on such mo-
lecules for NLO applications is that they usually crystal-
lize in centrosymmetric mode and suffer from poor phys-
ical and chemical stability as well as weak mechanical
properties.®+©5

Fortunately, this problem has recently been overcome
by the encapsulation of these organic chromophores into
rigid 1D and 2D environments, such as AIPO, which exhibit
complementary nonlinear optical activities with respect to
inorganic materials.®®%7 For example, previous studies in
our group showed that the inclusion of the LDS 722 dye
within the inorganic microporous 1D-channeled MgAPO-
11 matrix (AEL type structure, see details in Section A.3)
system synthesized by CH, successfully produced a hybrid
material with very interesting optical applications such as
second-harmonic generation.?>

The inorganic-organic hybrid system was prepared
with the aim of improving the emission capacity of the
very flexible LDS 722 dye and promoting a preferential ori-
entation of the molecules along the channels. Indeed, the
dimensions of the elliptical voids of AEL (4 A x 6.5 A) im-
posed a strong restriction to the chromophore molecules
with a molecular size of 2.5 A x 4.9 A x 18.6 A (see Fig-
ure 7.17). The key to success lies in the synergy obtained
by the confinement effect of the organic dye hosted in a ri-
gid inorganic molecular sieve with good intrinsic physical
properties (mechanical, thermal, photo, and chemical stabil-
ity) and optical transparency in the Vis/NIR region. Thus,
a new functional material with high emissive efficiency and
frequency conversion properties emerged based on the pref-
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erential alignment of the push-pull dye in the zeolitic mat-
rix with 1D channels of molecular dimensions.

Inspired by our previous successful studies, but espe-
cially by the high emission efficiency (¢g = 40%) obtained
by the encapsulation of this styryl in the magnesium-doped
AEL structure, it is also believed to be a promising system
to produce the so-called "microlaser action" or laser gain in
a microcrystal. In particular, this dye is a good candidate
for laser signal because it has so far been demonstrated in
solution to have a laser efficiency as high as 43% in the near-
infrared of the spectral region, although the fluorescence
quantum yields are very low (< 0.01).3> Therefore, it is be-
lieved that this laser signal could be further improved by
incorporating this fluorophore within a solid system such
as the AIPO framework proposed in this work.

To accomplish the laser action phenomenon (explained
in Section 3.5), it is essential to have a resonant cavity suit-
able for optical feedback. In this section, the outer surface
of the crystal itself is expected to act as a resonant cavity, re-
sembling the Fabry-Perot cavity.**% Therefore, the interest
of this work is to obtain a solid-state microlaser by increas-
ing the host crystal size.®®

Despite the difficulty in synthesizing highly oriented
and defect-free molecular sieve frameworks, the formation
of suitable large-sized (around hundreds of microns) alu-
minophosphate crystals with naturally defined geometrical
shapes has been attempted in order to provide a simple ap-
proach to achieve microlasers without the need for cutting,
polishing, and coating. It is worth noting that conventional
heating in the oven is preferred for this purpose since this
technique provides relatively large crystals compared to mi-
crowave heating (see Section 7.1).

7.2.1  Photophysics of LDS 722 in solution

The photophysical properties of LDS 722 dye were ana-
lyzed in aqueous solution (Figure 7.18). Similarly to the
LDS 730 dye studied in Section 7.1, this hemicyanine dye
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LDS 722/AEL
system was proved
to very good for
NLO and is believed
to be promising also
for microlaser.

The main goal is to
achieve large
crystals as resonant
cavity to resemble
the Fabry-Perot
cavity.
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also has a high absorption capacity, but in this case in
the blue region of the visible spectrum (A,ps = 446.0 nm)
and shows a highly red shifted fluorescence band (Ag =
715.0 nm) with a relatively large Stokes shift (Avs = 8436
cm™), again originated from an intramolecular charge trans-
fer state favored upon photoexcitation (see spectra in Fig-
ure 7.18). This Stokes shift is even more than two times
higher than in LDS 730 (Avs = 3166 cm™; Section 7.1.1)
because the m-conjugated system is smaller in the hemi-
cyanine LDS 722 dye, shifting its absorption maximum to
lower wavelengths. This is similar to what happens with
cyanines and carbocyanines (e.g. between cyanines Cy3 and
Cys) where noticeable shifts are visible as a function of the
chain length.”® In addition, the difference between the two
fluorophores lies in the acceptor moiety, with LDS 722 be-
ing more prone to accept electrons and further favoring the
charge transfer between both ends of the molecule.

Regarding its fluorescence quantum yield, it shows the
same trend as most hemicyanines. The flexibility of the
molecule gives rise to non-radiative deactivation pathways,
making the fluorescence quantum yield in solution very
low (¢pg <o.01 and lifetimes very short (T = 0.08 ns). Typic-
ally, in these types of push-pull molecules, the lack of emis-
sion is usually caused by a twisted intramolecular charge
transfer (TICT, Section 3.6.1). Considering this particular
case, the aromatic compound contains a strong electron-
donating group (amino group, —NMe,) in one end of
the molecular backbone and a strong electron-withdrawing
group (alkyl pyridinium heterocycle) in the opposite end,
both connected through a flexible alkyl chain (Figure 7.17).
The charge density difference between the two ends re-
vealed by the molecular electrostatic potential map calcu-
lated by theoretical simulations (Figure 7.19) verifies the
presence of donor and acceptor moieties within the mo-
lecule.

As a result, upon excitation, a charge transfer occurs in
the molecule that leads to a change in the dipole moment
of the molecule, making the value of the first hyperpolar-
izability () high, which is as mentioned a very interest-
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ing nonlinear optical property to achieve a second-order
response (SHG) in optical materials (Section 3.4.1). This, to-
gether with its high stokes shift, which is an advantageous
feature to minimize the inner filter effect, makes it partic-
ularly interesting for laser applications. Nevertheless, the
crystallization of 7-conjugated organic molecules usually
involves a centrosymmetric growth of the crystals and in
a non-parallel stacking, a hindrance to yield NLO proper-
ties. Therefore, the AIPO-11 (AEL) structure with narrow
channels was selected with the intention of restricting the
molecule’s movements, increasing its fluorescent intensity
and promoting the non-centrosymmetric arrangement of
molecules by preferential alignment.

7.2.2  Photophysics of LDS 722/AEL system

In previous work, the confinement of LDS 722 in 1D AEL
host led to very interesting features.> Since this study will
be based on that particular system, the most representative
sample obtained at that time will be analyzed first and its
most important characteristics highlighted.

The LDS 722/AEL hybrid system prepared by conven-
tional heating showed a deep purple color (Figure 7.20) and
an intense reddish emission under UV light, displaying
clearly that the amount of dye absorbed by the inorganic
structure was relatively high. Indeed, an uptake of 2.20
mmol per 100g of material was obtained, representing 44%
of the total dye added to the gel, and resulting in a material
with high optical density, a prerequisite to be used in op-
tical applications. Furthermore, the dye molecules showed
a high degree of orientation within the channels, with di-
chroic values of D = 55 (ratio of intensities, Section 3.3),*>
observing a preferential arrangement by polarized fluores-
cence, that is, with the molecular longitudinal axis located
in the same direction as the framework channels.

Looking closely at the photophysics of the bulk powder
in Figure 7.21a, the absorption spectra showed the typical
band of the LDS 722 dye at around 400 nm, ascribed to
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the So-S; "locally excited" (LE) transition, hypsochromically
shifted with respect to that recorded for the dye in solution.
In addition, another less intense and red shifted band ap-
pears at =~ 500 nm attributed to the ICT state in the ground
state. The fact that this ICT band is detected only in the
hybrid system and not in solution is a consequence of the
stabilization of the ICT state due to a planar configuration
adopted in the molecule and imposed by the rigid environ-
ment of the host matrix.

Regarding its fluorescence, it comes mainly from the
ICT state rather than the LE, because when exciting the
sample upon UV-blue light (Acxc = 410 nm), a reminiscent
emission band at around 450 nm ascribed to the radiative
deactivation of LE is recorded together with the more in-
tense and very red ICT emission band (~ 680 nm, both are
indicated in Figure 7.21a), which indicates an efficient re-
laxation from the LE state to the final emissive ICT state.

In fact, the hybrid sample showed much higher fluores-
cence efficiencies than that obtained for the dye in aqueous
solution (¢pg = 0.41 in powder with respect to ¢g ~ 0.01 in
solution), Note here that even higher quantum yields are
reached when the ICT band is directly populated (Aexe =
530 nm, exciting the aforementioned stabilized ICT in the
ground state). Thus, a dramatic enhancement of the fluor-
escence capacity of the hemicyanine was achieved through
encapsulation into the AEL matrix, recording fluorescence
quantum yields up to forty times higher than those of the
aqueous solution. In addition, the longer lifetimes (t = 2.57
ns over T = 0.08 ns in water, Figure 7.21b) also verify the de-
crease of non-radiative pathways in the rigid medium due
to an emission coming from a planar intramolecular charge
transfer (PICT) as mentioned before.

Finally, the viability of the material for NLO applica-
tions was proven, yielding a hybrid system with second-
order nonlinear optical properties, such as SHG.?> With a
NIR light source of 1024 nm focalized in a single particle
and maintaining the polarization direction parallel to the
dipolar moment of the molecule (long axis of the molecule,
Figure 7.17), or in other words, parallel to the AEL struc-



7.2 LARGE CRYSTALS OF LDS 722/ MgAPO-11

ture nanochannels; a sharp peak with twice the energy at
512 nm was observed ascribed to second-harmonic genera-
tion (Figure 7.21¢).

After these successful results, we wish to go one step
further and demonstrate that besides the NLO properties,
this system could be a good candidate to obtain a solid-
state microlaser in a single, fast, cheap and efficient step,
avoiding the high cost of inorganic materials.

7.2.3 Synthesis optimization for microlaser response

To take advantage of the enhanced laser properties that can
be promoted by the highly emissive photoactive molecules
in this system, and thus obtain dual applicability in the
same optical device (solid-state laser plus NLO properties),
the particle size needs to be relatively large, ranging from
tens to hundreds of microns.”" In this way, the well-defined
edges of the AEL crystals are expected to act as a resonant
cavity for the generation of the laser signal.

To obtain large crystals, one of the most commonly em-
ployed techniques is seed growth. For this purpose, suspen-
sions of molecular sieve particles are used to prepare pre-
cursor layers, followed by secondary growth on the seeds.
So far, the results obtained have not been very successful
due to limitations to assemble the seed crystals in order
and adjust the growth of the crystal planes.””

Another technique is in situ growth by hydrothermal
synthesis, which is one of the most widely used methods,
although it is by no means the simplest. Due to the lack
of understanding of the nucleation and growth mechanism
under hydrothermal conditions, it is very difficult to con-
trol the heterogeneous nucleation that takes place by this
approach, a process to be avoided if crystals of big size
are pursued. By this method, there can be many nucleation
sites and some crystals may grow smaller and/or with im-
perfections or even agglomerate and form twins. However,
the extensive previous experience in these syntheses and
the ease and simplicity by which the final products are ob-
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tained have tipped the balance towards hydrothermal syn-
thesis.

Therefore, in this section, the synthesis of large crystals
by hydrothermal synthesis is reported using conventional
heating and varying multiple synthetic parameters until the
optimal conditions for such an objective are found. As a
starting point, the attempts carried out by Cheng et. al. for
the preparation of large AEL crystals were used but with
slight modifications. These authors found that the optimal
parameters for the synthesis of large AEL single crystals
(without dye) of approximately 250 um resided in a tem-
perature of 180 °C, a much longer crystallization time than
hitherto employed (24 h for the particles of Section 7.2.2),
and the following gel composition: 1 AL O, : 1.04 P,0O; :
0.28 MgO : 1.9 DPA : 500 H,0.73

In our case, attempts with and without LDS 722 dye
were performed using the same gel composition and tem-
perature at various crystallization times. Thus, the molar
composition of the gel was as follows:

1 ALO, : 1.04 P,O; : 0.28 MgO : 1.9 DPA : x LDS722 : 500
H,O

It should be noted that the source of Al was differ-
ent, being aluminum isopropoxide instead of aluminum hy-
droxide (employed in previous syntheses); and water-rich
synthesis gels were prepared to ensure fewer nucleation
centers and therefore the growth of larger crystals.7#7> A
crystallization temperature of 180 °C was applied and sev-
eral crystallization durations (variation from 45 to 138 h)
were tested.

All the syntheses were performed according to the pro-
cedure explained in Section 4.2, doped with Mg to help the
incorporation of the dye (proven in Section 7.1), and stirred
with a magnet. The time periods were progressively mod-
ified to analyze the effect of time on the crystallization of
the AEL phase (each new synthesis doubles the time of the
former one, even the first synthesis being already twice as
long as the 24 h normally used, Section 7.2.2).
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All the attempts are shown in Table 7.8. The nomen-
clature for the samples has followed the same criteria as
explained in Section 7.1, expressing the addition of the dye
with the prefix S2, which stands for the second styryl em-
ployed in this work. In this case, the number added as a
suffix to the end of the name indicates the gel molar com-
position employed in the synthesis, and A, B, C letters de-
note different crystallization times. Besides, no letter has
been added to indicate the amount of dye added to the gel,
since the dye loading was kept constant (0.008).

Table 7.8: Experimental crystallization heating times used for
samples without (MgAEL-X) and with (S2/MgAEL-X) dye, and
the amount of LDS 722 added to the synthesis gel for the
S2/MgAEL-X samples.

Sample x LDS 722 Time (h)
 MgARLX | |
1A - 45
1B - 70
1C - 138
 SeMgARLX | |
1A 0.008 45
1B 0.008 70

Hence, the influence of crystallization time on the crys-
tal formation of MgAPO-11 (samples named as MgAEL-
X) was examined. The XRD patterns of the synthesized
products under different crystallization times (Figure 7.22)
correspond well with the standard AEL crystals (the first
two peaks of MgAPO-11 are 20 = 8.09° and 9.56°), albeit
with the existence of amorphous phases and another crys-
talline AFI phase, indicated by background interferences
and by the peak at 7.39° found in the diffractograms.

Finding this MgAPO-5 (AFI) phase at long synthesis
times is very common, as it is a thermodynamically very
stable phase. However, the intensities of the characteristic
peaks of this phase are relatively much lower than those
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Figure 7.23: Scanning
electron microscopy
images of MgAEL-X
samples at different
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The scale bar is 100

um.

b fﬁ
W/ 7

cf

a

Figure 7.24:
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related to the AEL phase (Figure 7.22), indicating that
MgAPO-11 is the main phase of the resultant powder.

When comparing the three patterns, the first one
synthesized at 45 h shows a considerable background
(MgAEL), implying that this time range is not yet sufficient
for good crystalline growth. At longer times, an improve-
ment of the signals is observed in terms of peak intensities,
indicating a higher crystallinity and a noticeable decrease
of interferences from amorphous compounds.

All of the above is likewise reflected by scanning elec-
tron microscopy. Figure 7.23 shows the SEM images of
three synthesized products in which the formation of large
crystalline particles, bigger than 100 um, can be observed
surrounded by smaller impurities phases. These undesired
phases may be related to the dilution of the synthesis mix-
ture which, on the one hand, favors the growth of large
crystals but, on the other hand, increases the content of by-
products.7475

At 45 h crystallization time (Figure 7.23), crystals of
very irregular morphology and agglomerates appear. After
reaching 70 h, the crystal quality and purity improve yield-
ing rectangular prism-shaped AEL crystals of ~ 150 x 50 x 8
um3 (abc directions in the crystal, see Figure 7.24). However,
after 138 h, it is more difficult to find single AEL crystals
by SEM, because the crystals appear to be tightly bound to
one another due to an intergrowth between them.

Therefore, the crystallization time enhances the form-
ation of AEL crystals up to 70 h. After this point, con-
sidered as the optimum time, a further increase in time is
detrimental. Thus, the conditions applied for the MgAEL-
2 sample effectively resulted in very symmetric and well-
formed particles. For this reason, in the next attempts, just
the first two synthesis times were selected to know whether
LDS 722/AEL hybrid large particles could also be achieved
by this approach (Table 7.8).

The final products obtained are mainly white with a
few red large crystalline particles visible to the naked eye,
indicating the presence of limited but large S2/MgAEL
crystals. X-ray diffractograms verify the formation of the



7.2 LARGE CRYSTALS OF LDS 722/MgAPO-11

MgAPO-11 structure (see Figure C.6) but again with the
presence of amorphous phases and AFI phase. The intens-
ities of the peaks have decreased in comparison to the
MgAEL-X samples, indicating a lower crystallinity as a con-
sequence of the addition of the dye (compare Figure 7.22
and Figure C.6). Once again, at the particular reaction time
of 70 h, the sample is slightly more crystalline.

Therefore, the single crystals of sample S2/MgAEL-1B
were considered the best from this batch of synthesis for
further analysis. The crystals were inspected by microscopy
(electron and optical) and well-formed crystals of AEL and
AFI structures were found. The scanning electron micro-
scopy Figure 7.25a clearly shows an intergrowth between
the two phases, with hexagonal crystals of AFI intersected
with the rectangular plates of AEL (indicated by white ar-
rows). Interestingly, very large crystals of up to ~ 250 x 50 x
15 pm3 size were obtained, even larger than those without
dye (Figure 7.23).

Figure 7.25b shows the transmission image of a crys-
tal of 200 um, a rectangular-like particle with well-defined
edges and an apparently small roughness on the crystal sur-
face, probably due to amorphous impurities. Although they
look poorly colored in transmission, the sample exhibits
an intense red fluorescence under green illumination (with
HQs530/30m band-pass filter), characteristic of the emission
from the ICT state of the chromophore, as demonstrated in
the smaller particles of the previous sample (Section 7.2.2).

As tested below by measurements with linearly po-
larized light, the optical properties of the chromophore-
embedded molecular sieve are highly dependent on the ori-
entation in the nanometer channel structure.”> Figure 7.26
shows the polarization experiments performed in sample
S2/MgAEL-1B. When the polarized light is parallel to the
nanochannels of the structure (a-direction, El Ic, see Fig-
ure 7.24) and thus, to the transition dipole moment of
the chromophore molecules (checked by theoretical calcu-
lations and shown in Figure 7.17), the maximum emission
intensity is recorded onthe crystal (Figure 7.26a).

169

Figure 7.25: (a)
Scanning electron
microscopy images
of S2/MgAEL-1B
sample. The scale

bar is 300 um. (b)
Transmission and (c)
fluorescence images
taken with the optical
microscope.



170

300 400 500
X (Um

Figure 7.26: Optical
microscope fluores-
cence images of a
particle from sample
S2/MgAEL-1B with
the polarized light
(polarizer set prior
to detection) (a) par-
allel (El Ic) and (b)
perpendicular (E_Lc)
to the longitudinal
axis of the particle
(indicated by white
arows). The intensity
profiles (orange) of
the longitudinal dis-
tance of the particle
are also included,
indicated by dashed
white lines.
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This is also demonstrated by the intensity profiles re-
corded from the longitudinal crystalline zone of the particle
(orange graph in Figure 7.26a), where homogeneous fluor-
escence intensity is registered along the particle. However,
this emission intensity becomes almost null (Figure 7.26b)
when polarized light is perpendicular to the channels (b-
direction, ELc, Figure 7.24), and only a reminiscent fluores-
cence signal is obtained at the crystal edges (Figure 7.26b).
The dichroic ratios determined (D = 50) were as high as
those obtained for previously synthesized LDS 722/AEL
crystals by the conventional approach (Section 7.2.2).

In conclusion, the highly anisotropic response indic-
ates that LDS 722 was successfully incorporated along the
nanochannels of the framework. Regarding optical density,
although it was not possible to estimate it due to a large
number of inhomogeneities in the material, the incorpora-
tion of the dye along the crystal appears to be homogen-
eous since the emission intensities remain almost constant
throughout the particle (Figure 7.26a).

Given the excellent of this host-guest system, it is be-
lieved that it could be potentially interesting for micro-
laser action. In order to test whether the LDS 722/AEL
dye-doped zeotype could act as a resonator, laser action
measurements were performed in LuMIn (Light, Material,
and Interfaces) group at the University of Pari-Saclay (ENS).
First of all, the optimal settings for the analysis were es-
tablish. Samples were prepared on different substrates and
conditions, such as mixing the powder in glycerol within a
capillary or drop-casting the crystals on a glass or quartz.
The cavity was pumped with a pulsed linearly polarized
frequency-doubled Nd:YAG laser (Aexe = 532 nm, 500 ps,
10 Hz, experimental setup explained in Section 6.8) at the
optimum excitation wavelength for this hybrid system (see
Figure 7.21a); and the excited fluorescence light was collec-
ted with several microscope objectives (x10 and x50).

In general, the smaller x10 objective led to better results
because the excited surface area of the particle was smaller.
When using the x50 objective, the light was too focused and
the dye bleached too fast, sometimes even seeing the explo-
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sion in some of the crystals because the particles did not
withstand such high laser intensities. Regarding the differ-
ent substrates, the quartz was found to be the most suit-
able among all the materials tested. In the case of the ca-
pillary, the glycerol interfered with the crystal preventing
resonance from happening and the laser signal was lost be-
fore reaching the spectrophotometer. In glass and quartz
slides, in contrast, we were able to record the laser signal,
being among them the quartz slide more efficient because
its lower refractive index allowed a better confinement of
the light inside the particle cavity.

Interestingly, by placing the quartz slide upside down,
the analyses gave more satisfactory results (more details in
next Section 7.3.4.2). Collecting the signal under the holder,
the laser emissions were significantly improved, since all
interferences that could be generated by direct light-crystal
contact were suppressed. Hence, in order to limit to some
extent the bleaching of the isolated single crystals and to
record stimulated emission signals, an objective of x10 and
a quartz slide in an upside-down configuration were em-
ployed for all the measurements. All spectra and data were
acquired with the best focus and with extreme care to avoid
the dropping of crystals.

However, the analysis for S2/MgAEL-1B sample did
not exhibit any laser spike; instead, only red emission from
the crystal was recorded as shown in Figure 7.27. This could
be ascribed to shape and edges of the crystal itself that do
not act as good resonant cavities, and/or to the dye uptake
that it may not be high enough to reach the required min-
imum optical density (could not be estimated due to the
high amount of impurities) for such laser application.

Therefore, to improve the quality of LDS 722/AEL crys-
tals and the photophysics of the dye, by avoiding the ran-
dom and heterogeneous formation of other products’® and
ensuring a high dye loading into the channels, a new syn-
thetic route was tested focused on the control of nucleation
and crystal growth.

As a result of the thorough previous study carried out
by our group in which many conditions (temperature, time,
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Figure 7.27: Red
emission from a

single particle of
S2/MgAEL-1B
sample under
Nd:YAG laser (Aexc
= 532 nm laser).
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and gel composition) were varied, the synthesis of LDS
722/ AEL system (Section 7.2.2) resulted in a more pure and
homogeneous material. However, the average average" size
of the crystals was of a few tens of microns, not big enough
for microlaser applications. From that study, we know that
the presence of the LDS 722 dye in the synthesis gel, gen-
erally acts as a strong structure-directing agent towards
the formation of the thermodynamically more stable AFI
phase (although its amount with respect to SDA was much
lower, 0.008 LDS 722 : 1 SDA). In fact, this phase emerged
when comparing with the gel of the same composition but
without any LDS 722 dye added.

Thus, for the next stage, previous syntheses of LDS
722/ AEL crystals (Section 7.2.2) that have given the best res-
ults in terms of phase purity and photophysics were taken
as a starting point, to optimize and obtain bigger crystals
in the range of hundreds of microns. The most representat-
ive sample from that study was prepared with a gel com-
position of 0.1 MgO : 1 P,O; : 0.95 ALLO, : 1 EBA : 0.008
LDS722: 300 H,O. The synthesis was set for 24 hours at
195 °C by conventional heating under static regime. Note
here that the aluminum source and SDA employed are dif-
ferent with respect to the previous ones used,”? being now
Al(OH), and EBA, respectively.

According to the crystallization theory, crystal size is a
function of the ratio of nucleation rate and growth rate.”7779
Thus, in order to obtain large crystals, very low nucleation
rates must be achieved. Many parameters govern this con-
dition, such as temperature, time, alkalinity of the gel/me-
dium, aging time in the preparation of the synthesis gel,
the concentration of the reactants, and so on. In this sense, a
systematic variation of the synthesis conditions was carried
out taking into account all the above-mentioned sample-
preparation conditions but changing the composition of the
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synthesis gel, mainly the H,O content and addition of 2-
propanol, as follows:

0.1 MgO : 1 P,O; : 0.95 ALLO, : 1 EBA : 0.008 LDS722 : x
H,O : y 2—propanol

and varying the crystallization temperature and time.
All the experiments carried out are shown in Table 7.9 The
guidelines to be followed were the same as those explained
in the experimental section (Section 4.2).

Hence, all the experiments were done at two temper-
atures (180 and 195 °C) and their crystallization time was
extended to 70 h. In some syntheses, 2-propanol was added
to the synthesis gel to promote crystal growth”3, and/or the
amount of water was increased to achieve a dilute environ-
ment.

Table 7.9: Temperature (A = 180 °C and B = 195 °C) and vari-
ations in the gel composition (LDS 722, water, and 2-propanol)
applied for S2/MgAEL-X syntheses. At the end of the table, the
average size of the yielded crystals is included.

Sample Temp X y AEL Crystal
(@] size (um)
| S2MgAEL-X | | | U
2A 180 300 - 30
2B 195 300 - 20
3A 180 300 6 30
3B 195 300 6 15
4A 180 500 - 30
4B 195 500 - 15
5A 180 500 8o
5B 195 500 6 30

The X-ray diffractograms shown in Figure C.7 of the
do not reveal the existence of AFI phase, being AEL the
main phase in all cases. This is confirmed by scanning
electron microscopy, in which, moreover, very homogen-
eous particles in terms of shape and size are observed
(see sample 3A in Figure 7.28). Hence, at this point, one
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Figure 7.28: Scanning
electron microscopy
(SEM) image of
S2/MgAEL-3A
particles. (a) Scale

is of 100 um and (b)

20 um
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of the main problems mentioned above about the co-
crystallization of AFI phase has been solved.

Comparing the syntheses carried out at different tem-
peratures (samples A and B, Table 7.9) and lower amounts
of water (300 H,O, samples 2-3), a smaller growth and size
of crystals is observed in those heated at 195 °C (15-20 um
vs 30 um), as well as a lower crystallinity. The lower tem-
perature seems to promote higher growth of MgAPO-11
crystals. Regarding the addition of isopropanol, no notice-
able effect is observed related to the crystal size (compare
samples 2A and 3A in Table 7.9).

For the next attempts, a different parameter, the
amount of water, was tested (samples 4 and 5, Table 7.9).
The concentration in solution greatly affects the degree of
saturation of the system and consequently the generation
of nucleation points.®® In dilute gels, growth is favored at
the expense of nucleation, leading to the formation of large
crystals. Hence, the addition of 500 H,O aims to consider-
ably reduce the gel concentration and obtain a more dilute
gel with the aim of promoting particle growth.

Analyzing the particle sizes of the these attempts with
higher amounts of water, the synthesis of sample 5A with
a synthesis temperature of 180 °C and propanol in the gel,
led to a significant increase of the particle size up to 8o
um. Interestingly, this effect was only observed when isop-
ropanol was added together with high amounts of water. It
is hypothesized that this may be related to the OH™ ions,
which may increase the solubility of aluminate species, fa-
voring zeolite growth in the dilute gel environment.®°

All in all, sample 5A has rendered the largest crystal
size (8o um x 20 um x 3 um, Figure 7.28b) in this series.
The purity of the main phase in the final powder has al-
lowed the estimation of the loaded dye, reaching an uptake
of 0.66 mmol per 100 g of powder sample. Furthermore, the
emission is in agreement with the photophysics described
above (Section 7.2.2), characterized by a main band placed
at 674.0 nm and a fluorescence efficiency of 28%. The ana-
lysis at the single-particle level (Figure 7.29a) demonstrated
homogenous incorporation of the dye along the crystal and
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the successful encapsulation into the channels was proved
by its high dichroic ratio (D = 40).

Hence, several crystals of sample 5A were tested for
laser action, following the same procedure explained above,
that is, using a quartz slide in an upside-down config-
uration and pumping with a pulsed linearly polarized
frequency-doubled Nd:YAG laser (Aexc = 532 nm, more de-
tails in Section 6.8). These measurements were carried out
with the polarization set to the maximum emission (polar-
ized light parallel with respect to the channels” a-axis, E| |¢,
and thus parallel to the dipole moment of the chromophore
molecules).

Figure 7.29b shows the laser spectrum obtained for one
of these particles. The broad band registered in the 660-690
nm range is attributed to the fluorescence band of the single
microcrystal (with an intensity signal over 50 counts). In ad-
dition, there are some well-defined spectral peaks on top of
the fluorescence maximum, which are indicative of stimu-
lated emission processes in the LDS 722/AEL system.

However, this trend is not reproducible in many of the
crystals, and it was not possible to properly characterize
the laser signal. Morphology is likely to have played a role,
as the crystals, despite being well formed, appear to be in-
tergrowthed as shown in Figure 7.28b, which may have re-
duced the quality of the optical cavity and affect to the laser
gain. In addition, the dye uptake produced was 3 times
lower than that obtained in the first attempts performed in
the group, which was probably not high enough to obtain
good laser response.

7.2.4 Conclusion

After an exhaustive and methodical variation of the
synthesis of MgAPO-11 in a conventional furnace, and
combining the observations of two different synthetic
procedures,”>73 a practically pure AEL-phase photoactive
hybrid material has been achieved, in which the photophys-
ical properties of the dye have been improved. In addition,
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Figure 7.29: (a) Emis-
sion image upon
green excitation light
(with HQ530/30m
band-pass filter, scale
=20 um) and (b) laser
intensity spectrum of
sample S2/MgAEL-
5A particle under the
pump of a Nd:YAG
(Aexc = 532 nm) laser.
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Figure 7.30:
Molecular structure
of DMASBT and its
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due to charge delo-
calization between
dimethylamino and
benzazole.
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the use of a dilute synthesis gel resulted in rather long and
good quality crystals, obtaining crystals up to 250 and 8o
um applying both techniques, making progress in terms of
improved crystal growth.

To fully achieve the initially stated objective and to de-
velop a new hybrid material as a solid-state microlaser,
further experiments will have to be done. In any case,
everything studied so far will serve as a starting point to
obtain other photoactive systems different dyes occluded.

7.3 DMASBT DYE INTO VARIOUS MgAPOs: AN IM-
PROVED MICROLASER ACTION AND SHG RE-
SPONSE.

In light of the interesting results obtained in pre-
vious chapters, another dye from the styryl family,
DMASBT (trans-2-[4-(dimethylamino)styryl]benzothiazole,
Figure 7.30), has been chosen to be encapsulated in the
1D-nanochannel structures of MgAPO-11, MgAPO-5, and
MgAPO-36. Following the previous trend, the main goal is
to discover new photoactive hybrid materials for the devel-
opment of systems with nonlinear optical response or solid-
state lasers (for more information read the introductions in
Chapter 1 and Section 7.2).

A key factor to enhance the properties of the dye and
of the hybrid material itself, is to guarantee a good match
between the molecular size of the chromophore and the
pore dimensions of the system. For this reason, the dye has
been incorporated into three different solid matrices with
different pore sizes and topology (MgAPO-11, MgAPO-36,
and MgAPO-5, Figure 7.31) by the crystallization inclusion
method. Following the general objectives of this chapter,
the main goal is, once again, to obtain a relatively high
dye concentration (to reach high optical density) of well-
ordered photoactive dye molecules as monomeric species,
to boost the photophysical behavior and achieve high fluor-
escent efficiencies, essential for optical applications.
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Figure 7.31: Schematic representation of the three aluminophos-
phate structures selected (MgAPO-11, MgAPO-36, and MgAPO-
5 ) for the incorporation of DMASBT molecule, showing channel
topology and pore-dimensions.

Therefore, this work presents the attempts undertaken
to obtain a hybrid material that provides, on the one hand,
a means to extend the frequency range between the avail-
able laser wavelengths by means of SHG; and, on the
other hand, the so-called laser gain by resonance generated
within the same crystal of large dimensions.

7.3.1  Photophysical properties of DMASBT in solution

Before studying the behavior of the resultant hybrid sys-
tem, it is important to understand the photophysics of the
free chromophore in solution. This styryl is very similar
in structure to those described above (see Figure 7.30 and
for comparison see Table 3.2 in Section 3.6.1), but unlike the
previous ones, it is in neutral state in aqueous solution. Con-
sequently, the photophysics are sensitive to the medium,
giving rise to the appearance of different (cationic) species
depending on the proton concentration (pH) of the envir-
onment.

177



178

[83] [79] [64]

-

[5.8] [49] [3.2]

Figure 7.32: DMASBT
(aq) in 50% EtOH at
different pH values.

STYRYL DYES INTO MAPOs

In this context, the photophysical behavior of the dye
was measured in a 50% EtOH aqueous solution at different
proton concentrations. Note here that this dye is not very
soluble in water and that its solubility improves with the ad-
dition of ethanol. A total of eight solutions were prepared
at different pH values, as shown in Figure 7.32, where the
color change already indicates the presence of different spe-
cies. In fact, three different colors were noticed when lower-
ing the pH of the media: yellow from basic pH values to 3.2,
colorless between 3 and 2.5; and, finally, slightly pinkish at
very low pH < 1.6.

To gain further insight into the origin of these
changes, absorption and fluorescence measurements were
performed. All the average wavelengths at the maxima of
the recorded spectral bands are listed in Table 7.10 and the
spectra are plotted in Figure 7.33.

Table 7.10: Summary of the photophysical properties- absorption
(Aabs) and fluorescence (Ag) wavelength maxima recorded at dif-
ferent excitations (Aexc = 300 nm and 485 nm)- for different spe-
cies of DMASBT dye (1.75 - 10°M) at different pH conditions in
H,O:EtOH (50:50) solution. The DMABT species are named as
neutral for the non-protonated species; monocation I (MC I) for
the protonated species with the proton on the dimethylamino;
monocation I (MC II) for the protonated species with the proton
on the benzothiazole ring; and, dication (DC) for the diproton-
ated species with protons on both sides (all shown in Figure 7.34).

DMASBT pH Aabs A
species (nm) (nm)
Neutral > 3.2 396 523 - 527

MCI 1.6 < pH < 3.2 301 420-429
MCII < 1.6 508 586
DC <16 323 413
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Figure 7.33: (a) Absorption and (b) normalized fluorescence spec-
tra of DMASBT (aq) in 50% EtOH at different pHs. All the emis-
sion spectra were recorded exciting at 300 nm, except for the one
filled in red color, which was excited at 485 nm. [DMASBT] =
1.75 - 10 M in all measured solutions.

The absorption spectra (Figure 7.33a) show several
bands which were attributed to different species of
DMASBT dye (Figure 7.34):

1. Neutral species (yellow): under basic-neutral and not
harsh acidic conditions, pH > 4.9, the absorption spec-
tra show a main band centered at Amax = 396 nm,
responsible for the yellow color of the solution (Fig-
ure 7.32), together with another band in the UV re-
gion, at around 260 nm. This principal band is visible
until a pH of around 3, although to a lesser extent
(see absorption spectra in the range of pH = 3.2-2.5).
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As result, a loss of the yellow hue can be appreciated
by the naked eye at those pHs (Figure 7.32).

. First monocation (MC I, colorless): under slightly acidic

conditions, pH < pk, = 4.5," a new absorption band
emerges, blue-shifted with respect to that previously
assigned, and placed in the UV range at around 301
nm (see the absorption band at pH = 3.2 in Figure
7.33a). This band is related to the protonation of the
dimethylamino nitrogen (Monocation I, see its struc-
ture in Figure 7.34) and is hypsochromically shifted
due to a loss of the conjugation (the lone pair of elec-
trons of the nitrogen atom does not take part in the
m-conjugated system). Since this cation absorbs in the
UV region, it is characterized by a colorless appear-
ance, as shown in the photograph of the solution pre-
pared at pH = 2.5 (Figure 7.32).

. Second monocation (MC II, pink): under very acidic con-

ditions, pH < 2, a new weak red shifted band appears
at around Amax = 508 nm assigned to Monocation II,
in which the benzothiazole ring is protonated (MC II,
Figure 7.34), and which is responsible for the pinkish
color of the solution (Figure 7.32). Although protona-
tion at this nitrogen is less probable due to its lower
basicity with respect to dimethylamino, there is some
likelihood of its occurrence under very acidic condi-
tions. Indeed, the relatively large bathochromic shift
in the absorption and fluorescence (detailed below)
bands is the result of the formation of a stable species
with an enlarged 7-electronic delocalization.

. Dication (colorless): at extremely acidic conditions

there is a slight red shift of the absorption band of
monocation I (from 300 nm to 323 nm, Table 7.10) due
to the formation of the dication. Note here that similar
to MC I, the diprotonated DMASBT cannot undergo

1 This pk, is an estimated value calculated from the photophysical data
extracted from Figure 7.33 and using the procedure presented in Sec-
tion C.2.1 of the Appendix. Consistent with data published so far.5*
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any charge-transfer process.®> Consequently, the two
are hardly distinguishable photometrically (in terms
of electronic delocalization).

Regarding the emission properties, at pHs > 4.9, the
characteristic emission band of the neutral form at around
525 nm is observed (green lines in Figure 7.33b). A further
decrease in basicity leads to an equilibrium between the
neutral and Monocation I species, registering two fluores-
cence bands, at 525 nm (neutral) and 425 nm (MC I), re-
spectively. As the pH is further decreased (pH = 1.6), the
band of the neutral form of the dye vanishes completely
and the emission of MC I and/or diprotonated (DC) is
mainly registered at Aexc = 300 nm. More importantly, at
this low pH, a new red shifted band, placed at 585 nm
ascribed to the MC II, is registered upon Aexc = 485 nm (red-
lined spectra in Figure 7.33). Overall, the changes in absorp-
tion and emission spectra show the same pattern and agree
with the study previously published by Fayed et al.®?

Regarding the emission efficiency, the fluorescence
quantum yields recorded were very low for all the species
(bg < 2%).” In the case of the fluorescence spectrum of the
DMASBT neutral dye (Figure 7.33b), its large Stokes shift
(AVgtokes = 6200 cm™) suggests that the emission comes
from a charge transfer state upon excitation. The studies
conducted by Saha et al.®" indicate that it is in fact a TICT
due to the rotation around the C-N bond of outer nitro-
gen (Figure 7.35).5* The dimethylamino and benzothiazole
groups act as donnor and acceptor parts in the structure,
where the pyramidal geometry of the nitrogen with sp3
hybridization allows a twist of 9o° and therefore, perpen-
dicular arrangement with respect to the 7 system of the
molecule. This process is generally favored in polar envir-
onments resulting in very low fluorescence signals.

For the most stable cationic configurations of the
DMASBT dye, studies were carried out in vacuo in the two

The references used to determine the quantum yields of MC I and neut-
ral species of DMASBT dye are quinine sulfate (0.1M H,SO,) and cou-
marin 152 in ethanol.
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possible protonation sites (Figure 7.36). When the proton
binds to the external amino group, the nitrogen atom is in
sp? configuration and is not involved in the aromatic sys-
tem. As a consequence, in this configuration (MC I), the
dimethylamino group can rotate around the C(phenyl)-N
single bond to orient the two methyl groups perpendicu-
larly to the adjacent phenyl ring (Figure 7.36a-below), res-
ulting in a slight stabilization of 3.6 kcal/mol. Hence, the
flexibility of MC I, mainly rotations and vibrations within
the structure (i.e. internal conversion), are the main cause
of emission deactivation. Note here that the diprotonated
form of DMASBT would also be considered to have an sp3
hybridization due to the structural similarity with respect
to MC I; the lack of delocalization in the system makes it
unfeasible to generate an sp* hybridization in the outer ni-
trogen.

Figure 7.36: DFT geometry-optimized molecular structure of pro-
tonated DMASBT on (a) the dimethylamino group in two con-
formations, and (b) on the S-N-containing ring.

However, when the proton binds to the N atom in the S-
N containing ring (MC II), delocalization occurs in the sys-
tem (Figure 7.34). This resonant species indeed exhibits sp?
hybridization on the outer nitrogen demonstrated by optim-
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ized DFT geometry simulations, where the outer dimethyl-
amino group does belong to the aromatic system, resulting
in a highly planar structure (Figure 7.36b). In this case, the
emission does not come from a TICT}? since the spin of
the —NMe, moiety is hindered, suggesting the formation
of a rigid planar planar D-A (donor-acceptor) conforma-
tion with low involvement of molecule motions, leading to
a favored planar intramolecular charge transfer (PICT) state
even in the ground state Figure 7.33.5384

Although the PICT process usually results in higher
fluorescence quantum yields, this is not the present case,
once again because, in solution, internal conversion con-
tinues to be the main non-radiative deactivation process
in the excited state.®+ This suggests that incorporating the
molecules of this chromophore into suitable structures by
providing a rigid and constrained environment would be
an ideal strategy to boost its fluorescence properties.

As mentioned before (Section 7.1), the incorporation of
the dye by crystallization inclusion method into MgAPOs is
favored for cationic molecules (electrostatic force driven).
Thus, MC I and/or MC II are expected to be occluded
within the MgAPOs channels but not the neutral DMASBT
species. Considering the above, in this chapter, the prepar-
ation of several hybrid materials composed of Mg-doped
aluminophosphates will be carried out, with DMASBT as
the photoactive guest species. The resultant photophysical
properties and final applicability of the hybrid material will
be studied.

7.3.2  Synthesis of DMAST/MgAPO hybrid materials

Hereafter, different synthesis attempts are described to
facilitate the incorporation of the cationic DMASBT spe-
cies into the three MgAPO structures. These syntheses
were based on the previously described LDS 722/AEL
system (Section 7.2) with slight modifications. The three
magnesium doped aluminophosphates, with different pore
sizes and shapes, are the following: MgAPO-11 (AEL
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Figure 7.37: SEM
images of samples
21in (a) S3/MgAEL
(b) S3/MgATS, and
(c) S3/MgAFI. Scale

= 100 um in all photo-
graphs.
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structure-type with smallest pore dimensions of 4 A x 6.5
A), MgAPO-36 (ATS structure-type with elliptical channels
of 6.7 A x 7.5 A), and MgAPO-5 (AFI structure-type and
cylindrical channels of 7.3 A diameter). All structures are
depicted in Figure 7.31; for a more detailed explanation of
the hosts, refer to Section 2.4 and to the host systems data-
base in Appendix A.

The gels were prepared with the following general
molar composition:

x MgO : 1 P,O.: (1 -x/2) ALO, : y SDA : 0.024 DMASBT :
300 H,O

in which x was varied between 0.1 and 0.2, y between
0.75 and 1.5, and the structure-directing agent for each syn-
thesis was chosen depending on the desired final phase:
EBA for MgAPO-11, TPA for MgAPO-36, and TEA for
MgAPO-5. The amount of dye was always set at 0.024
DMASBT to ensure high dye loading. All these data are
collected in Table 7.11, where the samples have been named
with the term S3/Structure-X, using the prefix S3 to refer
to DMASBT dye (third styryl dye employed throughout
the memory), followed by the type of structure (Mg-doped
AEL, ATS, or AFI structure types) and finished with a num-
ber that indicates the variation in the molar compositions
of the gels. All preparations were carried out following the
experimental procedure detailed in Section 4.1, 4.2 and 4.3.
The gels were heated under static conditions at 180 °C for
24 h in a heating oven (Heraeus Function Line).

By applying the crystallization inclusion method, our hy-
brid materials were successfully achieved without major
difficulties. X-ray diffraction measurements show that, in
general, the final products gave rise to the desired phases,
with a few impurities in certain cases (see Figure C.8 and
Figure C.9 in the Appendix). SEM images also confirm that
the phases were reached (Figure 7.37), showing the distinct-
ive crystal shapes for each particular structure: rectangular-
shaped plates for AEL, needle-shaped crystals for the ATS
structure, and hexagonal rods for AFL
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Table 7.11: Gel molar compositions used for the synthesis of the
DMASBT /MgAPO samples, the respective initial (I) and final (F)
pH values, the dye uptake expressed as mmol of dye per 100
grams of the solid product, and the average particle size of the
resultant hybrid materials.

MgAPO Gel pH Dye Cristal
sample composition uptake size
X y I F mmol / (pem)
100g
S3/MgAEL-X

1| 02 | 075 | 42| 48| 078 | 100- 150
2| 02 | 1.00 | 47| 53| 0.59 | 100 - 200
3| 02 | 1.50 | 6.1 | 6.0 | 0.58 70 - 100
4| 01 | 075 |39 | 50| 0.61 200 - 500
5| 01 | 1.00 | 4.7 | 6.1 0.55 150 - 200
S3/MgATS-X

1| 02 | 075 | 40 | 48| 0.88 100 - 350

2| 02 | 1.00 | 47 | 5.2 | 0.67 | 250-500

In general, regardless of the structure, the cyrstal size is
very large. Table 7.11 shows the estimated dimensions for
each of the synthesized samples determined by scanning
electron microscopy. The crystals formed range between
100 pm-500 um; high enough for single-crystal measure-
ments and/or applications. Interestingly, there are vari-
ations when changing the amount of template (SDA) or Mg
content.

For instance, keeping the Mg amount at 0.2 in the syn-
thesis gel, a slight increase in the amount of the structure-
directing agent from 0.75 to 1.00 helps the crystal growth
(compare samples 1 with samples 2 in Table 7.11), but fur-
ther increase up to 1.5 (sample 3) produces a decrease in
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Synthesis gel

!

Final product

Figure 7.39: Color
change from yellow
to pink from the
synthesis gel to the
final solid product
upon incorporation
of DMASBT dye into
MgAPO-11.
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size, obtaining the smallest crystals (70-100 pm) among all
the tested attempts. On the other hand, when fixing the
amount of Mg at 0.1 in the synthesis gel, the response
is totally opposite. This is verified in the AEL crystals
(samples 4 and 5), where the largest dye-doped AEL crys-
tals known so far were obtained using a smaller amount of
template (with o0.75 of EBA in the case of sample 4), reach-
ing sizes up to half a millimeter (see Figure 7.38).

Figure 7.38: Photograph of S3/MgAEL-4 particles taken by José
Prieto Barranco with extreme macro technology,®> by stacking
190 images captured at a focus distance of 4 microns from one
photograph to the other. A Mitutoyo M Plan Apo 1X microscope
optic was used on a Nikon D850 camera, with a focal length of
180 mm. Scale = 400 um.

The gel molar compositions for each synthesis were se-
lected with the main objective of playing with the acidity of
the initial gels so as to favor the presence of the dye in its
protonated forms. Indeed, in the synthesis process, a color
change was observed from yellow in the initial gel (charac-
teristic of the neutral form), to an intense pink color in some
of the resulting powders (Figure 7.39). The pink color of
the hybrid powder is indicative of the incorporation of the
second cation (MC II) within the channels. However, this
variation in the color does not allow to predict at first sight
the incorporation of the colorless first cation (MC I), and it
is, therefore, necessary to resort to certain analyses to Verify
it. In any case, this concludes that neutral compounds are
not favored for zeolite incorporation,® even when the pH
of the gel is not very acidic (4 < pH < 6, Table 7.11); oth-
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erwise, the final color of the product would be yellow or
even orange due to the mixture between yellow and pink
(sum of the neutral species and MC II).

The quantification of the dye uptake into MgAPOs
was carried out by dissolving the matrix in hydrochloric
acid and then preparing 50% EtOH aqueous solutions (ex-
plained in Section 6.6). The amount of the two monoproton-
ated species (see calibration curves for each cationic species
in Figure C.10 in the Appendix) in acidic environment was
taken into account to estimate the total amount of the oc-
cluded chromophore. The dye loadings determined for the
different samples are shown in the graphical representation
in Figure 7.40 and Table 7.11.

Considering the parameters studied, the amount of
structure-directing agent added to the gel is the most im-
portant factor in terms of the dye loading in the AIPO sys-
tem. Figure 7.40 indicates that at lower SDA values (0.75
SDA, purple bars), higher dye uptake is obtained for all
cases. In fact, this is observed regardless of the amount of
magnesium added to the synthesis gel (Figure 7.40a). This
can be explained mainly by the basic nature of the SDA.

At lower amounts of SDA, the acidity of the gel in-
creases, and so does the formation of cationic DMASBT
species, thus promoting the dye loading. This is well re-
flected in the initial pH of the gels (shown in Table 7.11),
where lower pH values between 3.9 and 4.3 are measured
for SDA = 0.75; while with SDA = 1.50 the gel reached a pH
= 6.0-6.1. Importantly, the pH-variation in the gel is close to
the pk, value of the dye.

Furthermore, although the magnesium amount does
not affect the initial pH of the gels, the dye uptake can
also be modulated by this parameter. The presence of mag-
nesium increases the charge imposed in the host structure
(see isomorphic substitution mechanism in Section 2.2 of
the Fundamentals part) and facilitates the dye incorpora-
tion through electrostatic interactions (Figure 7.40a). This is
reflected in the S3/MgAEL syntheses in which the SDA is
kept constant but the amount of Mg is varied, always ob-
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11) at several MgO
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taining higher dye loadings at higher amounts of Mg (0.2
MgO in Figure 7.40a and Table 7.11).

Therefore, a direct relationship can be established
between the dye uptake within zeolitic hosts and the pH-
induced in the medium, as well as with the net charge
inside the pores due to the magnesium concentration. All
these results lead to higher uptakes under more acidic con-
ditions and higher amounts of magnesium in the synthesis
gels.

7.3.3  Photophysical characterization of DMASBT/MgAPO dye-
doped zeotypes

After the successful synthesis of the different MgAPO struc-
tures with DMASBT dye, in order to get a better under-
standing and further evidence of the different dye species
occlusion, a comprehensive analysis of all samples was car-
ried out by spectroscopic measurements. The photophys-
ical data is provided in Table 7.12.

The abosrption spectra depicted in Figure 7.41 shows
that when the gel composition is fixed at 0.2 MgO and the
amount of SDA varies from 1.00 to 0.75, there are import-
ant changes in the photophysical behavior. At a template
amount of 1.00 (Figure 7.41a), the two bands attributed to
the cationic species of the DMASBT dye are only discern-
ible in the AEL structure; whereas in AFI and ATS struc-
tures, only the first band related to MC I is clearly detected,
the second one (related to MC II species) being barely no-
ticeable.

By reducing the amount of template to 0.75 SDA (Fig-
ure 7.41b), the latter band emerges in both AFI and ATS
structures revealing higher incorporation of MC II un-
der these specific conditions. However, MC I seems to be
the protonated species mainly occluded in AFI and ATS
samples regardless of SDA amount, confirmed by the whit-
ish color of the powder samples (see Figure 7.42), whereas
MC 1II is in a much higher extent in the AEL framework
(intense pink color in Figure 7.42). This result could be in
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line with the hybridization adopted by the nitrogen atom
in MC I, which is probably much more impeded than MC
II (sp? hybridization) in the narrow channel topology of the

AEL structure.

Table 7.12: Main photophysical parameters of DMASBT/MgAPO
samples: maximum absorption (A,;,s) and emission wavelengths
(Ag), fluorescence lifetimes (), and fluorescence quantum yields

(dn)-
Sample Aabs A T ba® | ba®
(nm) (nm) (ms) | (%) | (%)
syMgAELX | | I N
1| 4025/ 494.0 | 595.5 3.22 3 56
2 | 3945/ 4975 | 5915 | 3.16 3 63
3 | 388.5 / 550° 577.5 2.66 2 60
4 | 402.5 / 526° 587.0 2.85 3 394
5 | 392.5 / 509° 585.0 2.80 3 62
SYMBATSX | | I B .
1 | 375.5 / 493.5 612.0 1.86 1
2| 3735/- 574.5 | 2.18 1
| SIMAFLX || R AN S
1 | 371.5 / 490.0 592.5 2.87 1 4
2 372.0 / - 583.0 2.74 2 5

Fluorescence lifetimes (1) were registered after excitation at 485 nm and

given by a sum of exponential decays by means of Equation 6.6. The fluor-

escence quantum yields (¢g) were measured after excitation at a) 380 nm
and b) 525 nm. ¢) Approximate values (absorption bands are not very well

defined). d) Under-estimated value due to the presence of some impurit-

ies.

The fluorescence of the different samples was studied
after the excitation at the two different observed absorption
bands (Aexc = 380 nm for MC I and Aexe = 485 nm for MC
IT). However, the presence of MC I in all structures shows
poor emission in all zeolites. The quantum yields obtained
exciting at 380 nm were very low for all systems, being less

than 3%.
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S3/MgAEL-1

S3/MgATS-1

Figure 7.42: Color
difference between
DMASBT/MgAPO
powder samples in
the three structures
(AEL, ATS and AFI).
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Absorbance
Absorbance

Figure 7.41: Absorption spectra of DMASBT in the different AEL,
AFI and ATS structures with a gel molar composition of (a) 0.2
MgO / 1.00 SDA (2 samples) and (b) 0.2 MgO / o.75 SDA (1
samples). Optimized geometries of MC I (N with sp3 hybridiza-
tion) and MC II (N with sp® hybridization) are depicted in blue
and red background, respectively, and depicted in front (a) and
side view (b).

In contrast, upon excitation to MC II (Figure 7.43), re-
markable changes in the emission were obtained depend-
ing on the zeolitic structure. Figure 7.43 shows the fluores-
cence spectra heigh-normalized to the resulting quantum
yields of the DMASBT within the three different struc-
tures (AEL, AFI, and ATS). The fluorescence maximum was
found to be between 575-615 nm (see all the fluorescence
maximum values in Table 7.11) and interestingly this band
was much more pronounced for the AEL, triggering one or-
der of magnitude its emission compared to the other two
structures. That is, DMASBT reached quantum yields up to
63% in AEL with respect to ~ 5% in the case of AFI and ATS
aluminophosphates under 525 nm excitation (Table 7.11).

In general, the quantum yield is high for all DMASB-
T/AEL systems (53/MgAEL samples), except for sample
S3/MgAEL-4. This sample is composed of the largest crys-
tals in this series but with a higher degree of impurities
(see PXRD in Figure C.8 and SEM images in Figure C.11 of
the Appendix), affecting the quantum yield measurement.
This suggests that the fluorescence efficiency may be higher
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) 0.2 Mgo 1.00 SpA 0.2 Mgo /075 SDA
a

Normalized emission

Figure 7.43: Fluorescence spectra of DMASBT within the three
different structures AEL, AFI and ATS under 485 nm excita-
tion with a gel molar composition of (a) 0.2 MgO / 1.0 SDA
and (b) 0.2 MgO / o.75 SDA. The fluorescence bands are height-
normalized to their quantum yields.

if the quantum yield could be measured at a particle level
(more complete single crystal characterization discussed in
the next section, Section 7.3.4).

It is worth recalling that the quantum yield of the dye
in solution was lower than 2% (Section 7.3.1). Hence, the
confinement of MC II into the different zeolitic frameworks
has increased the quantum yield with respect to solution,
particularly in the AEL host with the smallest pore size.

The rigidity imposed by the matrix is also noticed by
an increase in the lifetimes. The decay curves recorded
for the three systems have given lifetimes around 2-3 ns
(Table 7.12), indicative of a much greater hindrance of mo-
lecular motions with respect to the dye in solution (< 0.1
ns). The increase of the lifetime follows the trend ATS <
AFI < AEL (Table 7.12), indicating a better fit of MC II in
the host with narrowest nanochannels.

To get further insight into the confinement of proton-
ated dye species within the different zeolite frameworks,
theoretical simulations were performed. The interaction en-
ergies are reported in Table 7.13, and the dye distribu-
tion in the three frameworks is displayed in Figure 7.44
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and Figure 7.45. The results clearly show that the inter-
action energy established between the zeolite framework
and the protonated dye is higher for AFI and ATS frame-
works, when DMASBT is protonated in the external di-
methylamino group (MC I, structure in Figure 7.34). This is
naturally a consequence of the protonated dye in this con-
figuration (non-planar structure due to sp3 hybridization
in the external N atom) and the larger cross-section of the
12 MR channels in both inorganic structures, which allow a
better fit of MC I, optimizing host-guest interactions.

Table 7.13: The interaction energy of DMASBT as a function of
the protonation (MC I, in the dimethylamine, NMe,; or MC 1],
in the benzothiazole ring, Nying) confined within the different
zeotype frameworks (i.e. Zeo-- DMASBT-H") and the difference
between the interaction energies (AE).

MgAPO i.e. Zeo-(DMASBT-H") (kcal/mol)
| _mcr | mcm | ABMvCm
AFI -217.7 -212.0 +5.7
ATS -206.5 -198.8 +7.7
AEL -187.6 -208.3 -20.7

In contrast, the smaller 10 MR channels of the AEL
framework imply a worse fit for MC I with non-planar con-
figuration, but much larger host-guest interactions when
the dye is protonated on the benzothiazole ring (MC II).
As stated before, the molecular structure of MC II remains
planar (sp® hybridization in the outer N atom) and thus
fits better in the elliptical and smaller channels of the AEL
framework (Figure 7.45).

These results provide a clear explanation to the experi-
mental observations. Thus, from the studied photophysics
and computational calculations, it is possible to conclude
that the main species present in the AFI and ATS structures
is MC I, while the MC II configuration is more favored in
the AEL structure.

Therefore, there is enough evidence to demonstrate
that the DMASBT dye comes to fit in such a way into
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LE.=-2177

LE.=-206.5

ATS-MCII

Figure 7.44: DFT optimized geometrical structure of DMASBT in
protonated MC I (top) and MC II (bottom) forms confined within
the (a) cylindrical 12 MR channels of AFI and (b) elliptical 12 MR
channels of ATS.
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AEL-MCI LE.=-187.6

Figure 7.45: DFT optimized geometrical structure of DMASBT in
protonated MC I (top) and MC II (bottom) forms confined within
elliptical 10 MR AEL channels.

the cylindrical pores of the AEL, where the walls of the
nanochannel block all possible rotational and vibrational
motions and favor a planar molecular structure. This hap-
pens to the extent of obtaining idyllic solid-state photophys-
ics causing an enormous enhancement in fluorescence effi-
ciency and rendering a potentially interesting system for
optical applications.

7.3.4 DMASBT-AEL Single Crystal Characterization: SHG
and Laser Action

The particular encapsulation of Mc II within AEL
nanochannels has boosted the optical features by the pro-
motion of a fluorescent planar intramolecular charge trans-
fer in such a rigid environment, which presumably will also
force a preferential and ordered arrangement of the dye mo-
lecules along the material. Therefore, it could be an ideal
candidate for nonlinear optical properties or microlaser ac-
tion.

In order to test this, a deeper characterization of the
DMASBT molecule occluded into the Mg APO-11 nanochan-
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nels was carried out by optical microscopy. The diverse ex-
periments performed for the analysis at a single-particle
level are shown in Figure 7.46. The experiments were fo-
cused on S3/MgAEL-2 sample, the one with highest fluor-
escence efficiency and with a considerable dye uptake (0.59
mmol/100 g, Table 7.11). Optical microscopy images show
crystals of well-defined geometry, large size (150-200 pum)
and sharp edges. The particle shows a pale pink color by
transmission (Figure 7.46a) and an intense red emission un-
der green excitation light (Figure 7.46b), both characteristic
of MC II species.

The feasibility of this hybrid material for NLO applica-
tions was proven by polarization experiments. Figure 7.46b
shows a particle image with the light polarized parallel to
the crystal channel direction (E| | ¢, along the longitudinal
axis of the crystal), with its maximum fluorescence intensity.
When the polarized light is perpendicular to the channel
direction, the fluorescence of the particle switches off (data
not shown). Note here that the transition dipole moment
of the protonated DMASBT molecule is located parallel to
the long molecular axis, as observed for the other styryls
analyzed so far.

The recorded fluorescence intensities for mutually per-
pendicular polarizations yielded a dichroic ratio of D = 100,
indicating a very high alignment degree of the photoact-
ive molecules occluded within the MgAPO-11 host. This is
the highest anisotropic response achieved in our group so
far (being twice than that obtained for the LDS 722/AEL
system, see Section 7.2, probably because of the bulkier
DMASBT molecule that fits much tighter within the AEL
host), evidencing a total alignment within the pores.

The oriented inclusion of DMASBT dye molecules
along the unidirectional aluminophosphate type structure
also resulted in a strong intrinsic birefringence (Figure 7.47,
a phenomenon explained in Section 3.3). When the crossed
polarizers were placed parallel to the longitudinal axis of
the crystal, an artificial bright pink color (interference col-
ors) was observed by transmission. In contrast, when pla-
cing the cross polarizers perpendicular to the crystal length,
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Figure 7.46:
Microscope images
of DMASBT/AEL
particle (sample 2): (a)
Transmission and (b)
emission image upon
green exitation light
(with HQs530/30m
band-pass filter)
polarized parallel

to the white arrow.
(c) Color map image
as a function of the
fluorescent intensity.
Scale = 100 pm.



196

Figure 7.47:
Birefringence beha-
vior of S3/MgAEL-5
sample particular.
Cross polarizers were
set in excitation along
the longest axis of the
crystal. Scale = 100
pm.
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the particle fluorescence is switched off (data not shown).
This indicates that the refractive index is different in the
two directions, which is a result of the periodic alignment
of the molecules.

Besides, the incorporation of the dye is homogeneous
in all analyzed single crystals. Figure 7.41c shows the color
map of the previos particle as a function of fluorescence in-
tensity, showing uniformity throughout the crystal of about
150 um, which is a signature of the crystallization inclu-
sion method. In fact, the incorporation of dye into such
large crystals by diffusional approaches can rarely lead to
such homogeneous dye filling. All this confirms that the
DMASBT organic dye is homogeneously occluded with its
long axis along the longitudinal axis of the crystals (chan-
nel direction). The illustration of the dye occlusion into the
channels of the AEL structure and the molecules’ respect-

ive orientation within the crystal are shown in Figure 7.48a
and b.

Figure 7.48: (a) Illustrative scheme of DMASBT dye occlusion
within the nanochannels of the MgAPO-11 host. (b) SEM image
of sample S2/MgAEL-2 with white lines indicating the orienta-
tion of the nanochannels in the AEL framework.

All in all, there is certainty that the alignment and
occlusion of the dye molecules within the nanochannels
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have been highly satisfactory. Moreover, considering that
DMASBT exhibits intrinsic NLO properties due to its push-
pull nature and high first-order hyperpolarizability value,
makes this hybrid system potentially interesting for non-
linear optical applications such as second-harmonic gener-
ation (SHG).

7.3.4.1  Second-Harmonic Generation

For the study of NLO properties in the DMASBT/AEL sys-
tem, measurements were also performed at single particle
level. A crystal of sample 2 was excited with NIR light at
1020 nm (Figure 7.49a) with the polarization angle of the in-
cident light parallel to the transition dipole moment of the
molecule (El Ic). The experiment, shown in Figure 7.49b
resulted in a sharp peak at 510 nm, attributed to the second-
harmonic signal.

The SHG efficiency was studied in the same crystal at
different NIR wavelengths (from 800 nm to 1020 nm) in
order to identify the most efficient excitation wavelength,
with a laser power of 0.2 mW to prevent photobleaching
of the dye. According to the results shown in Figure 7.49¢,
the most efficient excitation wavelength is 1020 nm, and
the SHG intensity gradually increases (except in the case
of excitation at 975 nm) as the NIR excitation wavelength
increases.

The crystal center was then excited at the best excit-
ation wavelength found for the material (1020 nm) at dif-
ferent laser powers (Figure 7.50). The power displayed a
quadratic dependence with a slope of ~ 2 for all curves
(Figure 7.50b), which indicates a second-order susceptibil-
ity property, verifying that the registered signal is indeed
the second-harmonic generation response of the system.

The polarization-dependent properties in the SHG sig-
nal were systematically studied in this experiment, reveal-
ing that when the light is polarized parallel to y-direction,
the signal is practically the total SHG recorded for the sys-
tem (blue and red, Figure 7.50b). In fact, the signal recor-
ded in the x-direction can be considered negligible, being
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Figure 7.49: (a) Ana-
lyzed particle of
sample S2/MgAEL-2,
excited at the bright
zone by NIR light
(1020 nm) and (b) the
recorded SHG signal.
(c) SHG intensity at
different excitation
wavelengths with 0.2
mW excitation power.
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Figure 7.50: (a) Ana-
lyzed particle of
sample S3/MgAEL-2.
The white dot indic-
ates the excitation
zone for the experi-
ments. (b) SHG laser
power dependence.
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less than 10% of that recorded with the polarization set in
the y-direction. The strong polarization effect and the quad-
ratic power dependence confirm that the SHG comes from
the dye disposed in a preferred orientation along the AEL
nanochannels and not from the crystal itself (proven in pre-
vious studies).*>

This tendency has resulted very similar to that previ-
ously studied in our group for LDS 722/ AEL crystals.?> The
wavelength tunability for this experiment was performed
under similar conditions and also yielded its best excita-
tion wavelength at 1020 nm. This suggests that the NLO re-
sponse of the styryl/MgAPO is governed mainly by styryl
dyes with similar NLO characteristics (high hyperpolariz-
ability and push-pull character between D-A groups within
the molecule).

Finally, z-scanning images of the total and polarized-
SHG signal at different depths of the crystal were recorded.
For this purpose, an area at the center of the crystal was
selected (shown in Figure 7.51a).

Figure 7.51: SHG measurements in (a) S3/MgAEL-2 sample
particle and the excited scanning zone indicated with a white
square. (b-d) Surface map plot of the registered SHG intensity:
(b) total intensity, (c) intensity in x-direction, and (d) intensity in
y-direction.
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By the stacking of all SHG intensity surface images re-
gistered at different z-scans, a three-dimensional surface
map was obtained (Figure 7.51b-d). In general, the total
SHG signal within the particle is homogeneous, except for
some areas where defects or cracks in the crystal are visible.
The practically null response obtained in the x-direction
confirms that the dye is responsible for the SHG.

These experiments conclude that the SHG signal com-
ing from the particle is a consequence of the configuration
and distribution adopted by DMASBT dye within the AEL
cavities. The host has induced a non-centrosymmetric ar-
rangement, which is critical for the activation of nonlinear
optical properties. The intrinsic nonlinear optical proper-
ties of the styryl dyes (high values of the first hyperpolar-
izability achieved by m-conjugated molecules with strong
electron donor and acceptor groups) also play a crucial
role in the resulting SHG response, since no response was
achieved by the encapsulation of other families of dyes into
the same framework.*”

7.3.4.2 Laser action

The excellent properties shown by S3/MgAEL samples in
terms of fluorescence efficiency may open new perspectives
in the investigation of other interesting optical properties.
In fact, thys type of dye has already been reported to ex-
hibit laser emission in viscous media.35% In this section,
different experiments dedicated to trigger and analyze mi-
crolaser action signal on S3/MgAEL single particles are de-
scribed. The hypothesis is based on the high emission abil-
ity and the well-defined edges of large S3/MgAEL particles,
which can act as a resonant cavity and consequently induce
stimulated emission.

First of all, crystals were prepared on different sub-
strates and mixtures in order to establish the optimal con-
ditions for the analysis, as was done for LDS 722/AEL
(Section 7.2). The optimized parameters selected were the
same as for the previous LDS 722/ AEL crystals. Figure 7.52
shows the laser emission obtained in S3/MgAEL crystal of
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sample 4 (Table 7.12) coated on quartz slides. When the
particles were placed on the substrate and the slide was
faced up to the laser excitation, the recorded spectrum (or-
ange) of the individual microcrystal shows a broad band
centered at 580 nm, along with some spectral spikes around
the fluorescence band.

Interestingly, by placing the quartz slide upside down,
the spikes increase in intensity and number, whereas the
broad fluorescence band decreases (pink spectrum, Fig-
ure 7.52). Those sharp peaks are assigned to stimulated
emission processes occurring in our DMASBT /AEL system
triggering laser action on a single crystal. By turning the
slide upside-down, and collecting the signal with the spec-
trophotometer from the bottom, all interferences generated
by direct contact are suppressed and the laser signal is sig-
nificantly enhanced.

To analyze the effect of the size of the crystals on the mi-
crolaser action, samples 2 and 4 were selected (Figure 7.53)
since both show similar dye uptake but differ in the dimen-
sions of the particles (100-200 pm in sample 2 and up to 500
um in sample 4, Table 7.11). Figure 7.53 shows the spectra
registered for single particles under the same conditions (re-
lative pump intensity = 0.75 pJ). On the one hand, sample
2 shows a fluorescence band centered at around 585 nm
(close to that registered by fluorescence spectroscopy) albeit
no stimulated emission signal. On the other hand, sample
4 demonstrates the opposite, showing a very intense and
sharp spectral peaks, indicating stimulated emission.

Therefore, the smaller particles of sample 2, with dif-
ferent shape and a higher presence of defects may pre-
vent the laser from resonating inside the microcavity of the
DMASBT/AEL system. However, the well-defined rectan-
gular prism shape of this bigger single-crystal acts as a bet-
ter resonator activating solid-state microlaser. In fact, the
signal is known to be scalable with the propagation length
in the cavity.87 Hence, from an experimental point of view,
enlarging the crystal size leads to a higher gain, increasing
the action of the microlaser.
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Figure 7.53: Photoluminescence (PL) spectra of sample 2 and 4
(blue and red lines, respectively) by green laser excitation (Aexc
= 532 nm, 500 ps, 10 Hz) at a relative pump intensity of o0.75
uJ. Some example transmission images are shown at the top of
the spectra for comparison, and in the case of sample 4 its fluor-
escence image recorded upon excitation with green light is also
given (taken from the fluorescence microscope with a band-pass
filter HQs530/30m). The scale is 100 pm for the three images.

Now, to determine the pump lasing threshold to activ-
ate laser action, 53/MgAEL crystals (sample 4) were excited
at different incident pump power intensities (Figure 7.54).
Below 0.65 mW, the dye-doped aluminophosphate crystal
exhibits a broad peak centered at around 580 nm, charac-
teristic of the spontaneous emission. At an input power of
0.65 mW, we find the laser threshold of the sample, with a
few sharp peaks starting to emerge.

As the input power increases above this threshold (0.65
mW), the set of spikes around 590 nm rise sharply in intens-
ity and quantity, suggesting higher optical feedback within
the cavity of the structure. In addition, as laser intensity
increases, spectral peaks at longer wavelengths gradually
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Figure 7.54: Emission intensity spectra of DMAST/AEL hybrid
system of sample 4 under several pump power intensities (mW)
considered as relative values. Pumped with a Nd:YAG laser (532
nm, 500 ps, 10 Hz).

become more visible due to an increased balance between
gain and loss within the crystal.®

Further measurements were performed at different in-
cident pumping polarizations using a halfwave plate on ex-
citation to rotate the linear polarization. As illustrated in
Figure 7.55, the emission spectra of the particle were meas-
ured by tuning the incident polarization from -45° to 45°,
at five different positions rotating every 22°. The emission
intensities together with the number of peaks change as a
function of the incident linear polarized light. The intensity
and number of spikes become higher when the polarization
direction is fixed at 22°; conversely, the laser signal is lost
at -22°.

The total intensities quantified (after subtracting their
respective baselines) and plotted as a function of the polar-
ization angle in Figure 7.56 reflect more clearly the polar-
ization dependent behaviour in the particle. In this figure,
the corresponding polarization direction with respect to the
particle is also depicted, where 22° and -22° correspond to
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Figure 7.55: Photoluminescence spectra for sample 2 under differ-
ent incident light polarization at 0.85 mW of pump power intens-
ity (Nd:YAG laser Aexc = 532 nm, 500 ps, 10 Hz). It is important
to highlight that the power value given is relative.

an electric vector parallel (E| Ic) and perpendicular (E_Lc)
to the major axis of the DMASBT molecule.

In this graph, the maximum laser intensity signal is re-
corded at 22°, just when the pump polarization is aligned
to the major axis of the crystal and thus along the nanochan-
nels and fluorophore orientation (Figure 7.48). In contrast,
when the polarization is changed to a perpendicular orient-
ation, at -22°, the minimum value is obtained. For orienta-
tions other than those already mentioned (45°, -45° and 0°),
intermediate values are obtained because only a part of the
molecules embedded in the channels are excited, resulting
in lower stimulated emission.

The proposed the laser generation mechanism in a
single crystal is depicted in Figure 7.57. It is believed that
light oscillates between the two parallel sidewalls of the
crystal and is confined within the crystal. Some pictures
taken during the generation of laser action (Figure 7.57a-b)
illustrate that the center of the crystal (pumping area) and
lateral edges are highly illuminated (illustrative figure also
in Figure 7.57c).

Generally, MgAPO-11 particles are characterized by
having a defined rectangular prism morphology with an or-
thorhombic unit cell with Imma symmetry (properties given

203

Figure 7.56: Radar
chart plot of the total
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registered as a func-
tion of the indicent
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determined from the
spectra depicted in
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in the hosts database in Appendix A). Consequently, the
prism faces can form mirrors of a ring optical resonator in
which the feedback necessary for laser action is successfully
reproduced.

a)

Pumping area

Figure 7.57: (a) Transmission and (b) fluorescence images of a
particle from sample 4. The green dot indicates the green laser
excitation and the red emission indicates the fluorescence coming
from the particle together with its laser action coming mainly
from the edges. Scale = 50 pm. (c) Hlustrative figure of the laser
origin in the DMASBT/AEL system.

So far we have discussed how the pump intensity and
polarization have an effect on the lasing properties of the
S3/MgAEL particles. In addition, we have generally dis-
cussed the direct effect of crystal size and morphology on
the laser response. We suspect that the positions of the spec-
tral peaks correspond to different morphology-dependent
structure modes, even though this section has not been
deeply studied yet. Further experiments are currently un-
derway to determine the resonance modes within different
cavities.

In short, this study has served for the recognition of
the best crystals for future measurements. Furthermore, we
can state that laser emission from a solid microlaser based
on dye-doped aluminophosphate has been demonstrated
with very good efficiency and very well-defined laser spec-
tra. These systems based on dye-doped zeotypes may be in
the spotlight and can play a crucial role in future optical
applications.
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7.3.5 Conclusion

In summary, styryl-type DMASBT dye has been encap-
sulated into the structures MgAPO-11, MgAPO-36, and
MgAPO-5 (AEL, ATS, and AFI, respectively); being the AEL
structure with the narrowest channels in this series, the
most favorable to enhance the photophysical features of the
dye. In particular, this structure has favored the incorpora-
tion of monocation II (protonated at the benzothiazole ring),
the one characterized by a planar structure and longer 7-
delocalized system.

The resulting DMASBT/AEL system has proven to
be ideal for optical applications due to the rigidity im-
posed by the matrix. On the one hand, the material ex-
hibits a very high fluorescence quantum yield, 60 times
higher than that obtained in aqueous solution and in the
red part of the visible spectra. On the other hand, the dye
molecules are highly aligned along the nanochannels of
the AEL host. Both properties (high fluorescence efficiency
and polarization-dependent response), together with the in-
trinsic nonlinear optical properties of the dye, have resulted
in a hybrid material with a NLO response, such as second-
harmonic generation.

Moreover, the synthesis of relatively large well-
geometrically formed DMASBT/AEL particles (i.e. 400 x
75 um in size) has resulted in a new class of solid micro-
lasers systems, with the crystal itself acting as a resonant
cavity, while the dye is the active medium, yielding stim-
ulated emission at a pumping excitation threshold of 0.65
mW.
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Figure 7.58: (a) Struc-
ture of 4-DASPI dye.
Molecular dimensions
and transition dipole
moment (blue arrow,
Mulliken) estimated
by theoretical calcu-
lations are depicted.
(b) 1D channels of
MgAPO-11 (AEL) mo-
lecular sieve. (c) 3D
cavity of MgAPO-34
(CHA) framework.

STYRYL DYES INTO MAPOs

STYRYL-DYE INTO 1D-CHANNELED
(AEL) AND CAGE-LIKE CHABAZITE

7.4 4-DASPI
MgAPO-11
(cHA)

The previous sections were focused on styryl dyes (LDS
730, LDS 722, and DMASBT) occluded in one-dimensional
nanochannel MgAPO structures, with the aim of achieving
highly fluorescent ordered hybrid materials in the red re-
gion of the electromagnetic spectrum. Following the same
strategy described in the previous sections, a new hy-
brid material was synthesized based on the occlusion of
the trans-4-[4-(Dimethylamino)styryl]-1-methylpyridinium
iodide dye (4-DASPI, Figure 7.58a) as a photoactive guest in
the MgAPO-11 inorganic host (Figure 7.58b). Furthermore,
with the intention of discovering new structures that confer
new optical properties to the chromophores, this same dye
was also encapsulated in the Chabacite framework, a struc-
ture with 3D cavities (Figure 7.58¢c) very different from the
1D channels studied so far, but suitable to provide a restric-
ted environment.

7.4.1  Photophysics of 4-DASPI dye in solution

To better understand the final photophysical properties of
the host-guest systems, studies in aqueous media are a pre-
requisite. 4-DASPI, the fourth and last styryl dye employed
throughout this chapter, was characterized in water solu-
tion. This dye is homologous to the previous LDS 722 dye,
having dimethylamino as electron donor group and methyl
pyridinium as acceptor group but linked by a chain with a
single double bond (Figure 7.58a) instead of two double
bonds (compare structures in Scheme 3, Chapter 3).

Table 7.14 shows the main photophysical parameters
of the 4-DASPI fluorophore in aqueous medium. Similar
to LDS 722 (Section 7.2.1), it absorbs in the blue region of
the electromagnetic spectrum (A,ps = 449.5 nm) and emits
in the red (Ag = 618.5 nm, Figure 7.59a). The large Stokes
shift (Avgiokes = 6079 cm™) is due to the push-pull nature
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Table 7.14: Photophysical parameters - absorption maximum
(Asbs), molar absorption coefficient (emax), fluorescence max-
imum (Ag) and fluorescence quantum yield (¢pyg) - of the 4-DASPI
dye in water solution.

Styryl dye Aabs E€max - 1074 Aq T ba
(nm) M™*cm™) (nm) (ns)
4-DASPI/H,O | 449.5 2.8 492.0 <o0.1 | <o0.01
618.5

of hemicyanines, as described so far in the photophysics of
the previous styryls (Section 3.6.1), where the fluorescence
comes from an intramolecular charge transfer between the
donor and acceptor moieties favored in the excited state
(see the difference in the electronic distribution between
HOMO and LUMO orbitals in Figure 7.60a). In fact, in
this case, in addition to the main fluorescence band com-
ing from the ICT state, a very weak band appears at higher
energies (Ag = 492.0 nm, Figure 7.59a) ascribed to the LE
band. Nevertheless, the dye shows poor fluorescence fea-
tures in solution (¢g < 0.01 and T < 0.1), which are barely
recordable since they lay under the resolution of the setup.

Hence, the photophysics of this dye follows the same
pattern as previous styryl dyes. The main deactivation path-
way comes from the flexibility of these molecules, being
non-radiative and occurring particularly via molecular mo-
tions and internal twisting into the twisted intramolecu-
lar charge-transfer state (TICT)." Figure 7.60b shows the
main rotation of this molecule, which occurs around the
single bond between the aniline ring and the pyridylethyl-
ene motifs.*”

However, since these photophysical parameters de-
pend on both the polarity and the viscosity/rigidity of
the medium,' they can be modulated and significantly im-
proved by freezing this dye within a rigid solid matrix with
narrow channels. Consequently, the goal is mainly to limit
the flexibility of the molecule by slowing down the rotamer-
ism process (TICT) in the excited state.1 In addition to all
of the above, the intrinsic NLO properties possessed by this

207
1,0+ >
Avstokes
—_ Lct
=}
o 0.8}
&
3
2 osl
®©
o
G
Q o4}
fe]
<
0,2}
LE
0,0 -

Fluorescence (a.u.)

'300 400 500 600 700
Wavelength (nm)

Figure 7.59: Height-
normalized absorp-
tion and emission
spectra (Aexc = 420
nm) recorded for
the 4-DASPI dye in
solution.

a)

LUMO

%l

800

) )

HOMO
b)

g Sauaet

Figure 7.60: (a)
HOMO and LUMO
orbitals, and (b)
optimized ground
state geometry for

the 4-DASPI dye with

its internal rotation
representated.



208

2

N | JN‘W ) S4/MgAEL-4

J . H S4/MgAEL-3
. ok S4/MgAEL-2

" S4/MgAEL-1
* H *

5 10 15 20 25 30 35 40
o

Intensity (a.u.)

O
~

AR

Intensity (a.u.)

2 AEL ]

70 72 74 76 7,8 80 82 84
20(°)
Figure 7.61: (a)
PXRD patterns of
S4/MgAEL-X (4-
DASPI/AEL) hybrid
systems. Asterisks
denote AFI impurity
peaks. (b) Zoomed
difractogram area
normalized to the
intensity of the first
peak belonging to the
AEL phase ((= 8.2°).

STYRYL DYES INTO MAPOs

dye due to its push-pull character make it a very attractive
molecule for optical NLO properties.

7.4.2  Photophysics of 4-DASPI/AEL

The main results derived from the encapsulation of e
4-DASPI into MgAPO-11 (AEL) and MgAPO-34 (CHA)
frameworks (previously described in Section 2.4), both with
different topologies and cavities are now detailed. The over-
all composition of the gel for the synthesis of 4-DASPI/AEL
was:

0.95 ALO; :
H,O

In order to find the most suitable conditions to ob-
tain pure 4-DASPI/AEL systems, systematic variations on
x (MgO) and y (EBA) were performed. The water amount
was set at 300 and a proportion of 0.024 dye was added, to
ensure proper dye-loading in the host. The gels were static-
ally heated in a conventional oven at 180 °C for 24 hours,
following the steps explained in the synthesis procedure in
Section 4.2. Table 7.15 summarizes the differences in the gel
molar compositions employed for the syntheses. For the no-
menclature of the samples, the same criterion as before is
used. In this case, S4 refers to the fourth dye of the styryl
family used during this work, that is 4-DASPIL

The XRD patterns of the samples shown in Figure 7.61a
indicate the formation of AEL phase in all of the attempts
(the first two peaks of MgAPO-11 appear at 8.2° and 9.6°)
but with an important presence of AFI impurities (a more
intense peak at 7.5°). Note here that the intensities of the
peaks do not indicate that the amount of AFI is greater than
that of AEL, because the first peak of AFI appears intense
even when there is a slight presence of it.

Interestingly, 4-DASPI, as it has also occurred for LDS
722, acts as a structure-directing agent for AFI phase, even
if its amount with respect to the template is very small
(0.024 dye vs. 1.00 EBA). In fact, using the same molar com-
position for many other dyes (e.g. AC, MeAC, PY, ACO,

1 P,0O; : x MgO: y EBA : 0.024 Dye: 300
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Table 7.15: Variations in gel composition (MgO and EBA), initial
pH of the synthesis gel, final dye uptake (expressed as mmol
of dye per 100 g of solid product and as percentage of the dye
loaded with respect to the initial amount in the gel), and the ratio
of the first intense X-ray peaks of the AFI (7.5°) and AEL (8.2°)
phases in S4/MgAEL-X (4-DASPI/AEL) materials prepared by
conventional heating.

Gel composition Dye uptake X-Ray

Sample X y Initial| mmol / % IAFI/AEL
(MgO) | (EBA) pH 100g

| S4/MgAEL-X | | I I D
1| 0.20 1.00 4.9 8.8 93
2| 020 0.75 4.2 3.1 27

0.10 1.00 4.8 4.8 41

4 | o0.10 0.75 3.8 3.8 26

and ACY) a pure AEL phase has always been obtained
without any difficulty.?7/36:89.90

With the intention of estimating the weight of this sec-
ondary phase with respect to the main AEL phase, all the
diffractograms were normalized to the intensity of the first
peak of AEL phase (Figure 7.61b). Although this is not a
quantitative method to determine the real percentage of
each phase (for that a pattern matching should be done),
it allows an estimation of the presence AFI between the dif-
ferent attempts. Comparing the characteristic peaks of both
phases, it is easy to see that the presence of AFI phase is
notably higher in samples 1 and 3, in which the synthesis
gel was composed of 1.00 EBA and consequently character-
ized by higher pH values (Table 7.15); whereas in 2 and
4 samples, the contribution of AFI phase is much lower
(Iari/agL = 2, Table 7.15).

Interestingly a large amount of dye is occluded (quanti-
fication procedure detailed in Section 6.6, and calibration
curve depicted in Figure C.12 of the Appendix). In fact,
the powder shows a very intense dark orange color (Fig-
ure 7.62) and important orange emission under UV light.
Values from 3 to 9 mmol per 100 g of sample powder

209

Ambient Light

-

UV Light

Figure 7.62:
Photograph of
S4/MgAEL-1 sample
in powder under
ambient and UV
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Figure 7.63:
Transmission and

fluorescence im-
ages under green
excitation light
(HQ530/30m band-
pass) of AEL particle
(a, b); and for AFI
and AEL particles
with intergrowth (c,
d). The scale (white
bar) is 20 pm.
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(Table 7.15), which represent a percentage from 25 to al-
most 95% of dye initially added to the gel, were obtained.
Note here that the presence of the MgAPO-5 (AFI) phase
affects the determined final dye-uptake values, overestimat-
ing the amount occluded in AEL. The higher the presence
of this phase is, the higher the loading of the 4-DASPI dye
is obtained (Table 7.15). This may be closely related to the
dimensions of the channel entrances of the two unidirec-
tional structures formed in the synthesis procedure, where
the wider and more cylindrical 7.3 A cavities of AFI facilit-
ate the incorporation of more 4-DASPI molecules compared
to the elliptical channels of AEL (4 A x 6.5 A).

To learn more about this incorporation, the particles
were analyzed by microscopy. Both AEL and AFI phase
crystals have been found within the samples. Figure 7.63a-
b show an AEL single particle with well-defined rectangu-
lar prism morphology that exhibits a homogeneous and in-
tense orange-red emission under green excitation light (Fig-
ure 7.63b) throughout the crystal. Furthermore, the align-
ment of the dye along the AEL channels was observed by
linear polarized fluorescence microscopy, with a D (dichroic
ratios) value of 32, resulting in a system with a highly an-
isotropic response.

However, in some particular cases, these planar crystals
have been found intergrown with AFI-like phase particles
(Figure 7.63c), which appear as hexagonal and elongated.
Importantly, by green excitation light, these crystals do not
fluoresce (Figure 7.63d), likely attributed to wider pores of
AFI in comparison with AEL, not able to impede molecular
torsion and thus cannot boost the photophysical properties
of this dye.

The photophysical characterization of the S4/MgAEL
system is shown in Table 7.16 and Figure 7.64. As the 4-
DASPI/AFI system is not fluorescence, only the fluores-
cence and excitation spectra of the samples have been re-
corded to get more precise information on 4-DASPI within
the inorganic AEL framework.

S4/MgAEL shows an emission band at 606.0 nm,
slightly blue-shifted with respect to solution (618.5 nm, Fig-
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ure 7.64a), a typical effect for chromophores encapsulated
in very rigid media. The fluorescence band indicates that
charge transfer within the 4-DASPI molecule in the excited
state is fully efficient, emitting only from the relaxed CT
band. In addition, the recorded excitation spectrum dis-
plays a broad band placed at 531.5 nm, ensuring that ICT
state is responsible for the emission of the system, and not
the Locally Excited "LE" band of 4-DASPI (A,,s = 450 nm,
Figure 7.64a).

Concerning the quantum yield, the fluorescence effi-
ciency of the dye inside the AEL framework is increased
by one order of magnitude, rendering values of 0.10 vs 0.01
in solution (Table 7.16), as a consequence of the rigidity im-
posed by the zeolitic framework, limiting the flexibility of
the dye. Thus, once again, the probability of relaxation by
non-radiative pathways has been reduced. It is important to
note that these quantum yields do not vary as a function of
the gel composition, obtaining generally the same emission
efficiency for all presented samples (Table 7.16).

Table 7.16: Fluorescence properties - fluorescence (Ag) maximum
wavelengths, lifetime (7), and fluorescence quantum yield (¢gq) -
of the 4-DASPI (aq) and inside MgAEL channels (S4/MgAEL).

System A T ba
(nm) (ns)
4-DASPI/H,O 618.5 <o0.1 < 0.01
S4/MgAEL 606.0 0.13 (18%) 0.10
3.07 (82%)

However, compared to the previous systems described
with the same inorganic support but different dyes (LDS
722/ AEL in Section 7.2 and DMASBT/AEL in Section 7.3),
its fluorescent efficiency is relatively low for optical applic-
ations. This fact could be attributed to the AFI impurities,
since 4-DASPI/AFI can absorb but not emit, leading to un-
derestimated quantum yield values in powder.

Besides, the recorded lifetimes of ~ 3 ns are much
longer than those obtained in solution (< 0.1 ns), in agree-
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ment with former results as a result of the confinement of
the dye. Note here that the biexponential behavior in the
fluorescence decay curves is likely again attributed to the
presence of AFI impurities, as a non-emissive system and
thus shorter lifetimes values. Hence, the longest lifetime of
about 3.07 ns with a weight of 82% is ascribed to the 4-
DASPI dye in the AEL structure, while the shortest lifetime
of about 0.13 ns with a weight of 18% indicates a less rigid
environment, which is likely to be the 4-DASPI within the
AFI structure.

In summary, the photophysics of the dye has been im-
proved in AEL with respect to 4-DASPI in solution. How-
ever, for use in the applications discussed so far (SHG
and microlaser) in single-crystal mode, further experiments
would be required in order to achieve particles of suitable
size and shape.

7.4.3 Photophysics of 4-DASPI/CHA

In an attempt to find other possible alternative structures to
the inorganic AEL framework to further improve the pho-
tophysics of 4-DASPI, an exhaustive search and study were
performed by theoretical simulations focusing mainly on
the size and shape of the cavity. After testing several struc-
tures, the chabazite structure was selected as potentially
interesting. The simulations indicated that the dye can be
hosted in a very peculiar configuration (Figure 7.65), i.e.
between two interconnected three-dimensional chabazite
cavities, which open into large 6.7 A x 10.0 A ellipsoidal
pockets formed by 8-membered rings with a longitudinal
distance of 11.7 A (more details of the structure given in
Section X and the Appendix).

The 4-DASPI dye could be incorporated with its bulky
head and end groups located in separate CHA cavities, and
the central alkenyl chain passing through the smaller 8 MR
ring connecting the cavities (Figure 7.65), providing strong-
motion restriction and preventing rotations. Consequently,
this can be considered a novel hybrid system with a rather
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Cavity 1

Figure 7.65: The geometry adopted by the 4-DASPI dye between
two separate and interconnected CHA cavities. Front (left) and
side (right) views of the CHA cavities and the occluded dye mo-
lecule.

particular dye arrangement, which could give rise to dis-
tinctive photophysical properties.

The Chabazite structure with AIPO-34 topology be-
longs to the ABC-6 family of zeolites with 3D connected
cage systems, and although it has been known for a long
time it has been used for the first time in our group. It was
one of the first zeolites to be discovered, and its extensive
research allows a more straightforward preparation of the
structure, giving the possibility to explore its caging effect
on photoactive molecules. Therefore, in this section, we will
continue to focus on Mg-doped structures, to maximize the
incorporation of dye molecules by promoting Brensted acid
sites in the framework (as experimentally demonstrated in
Section 7.1).

Thus, for the formation of the inorganic MgAPO-34
host, the following molar composition of the gel was pre-
pared:

3.3 TEA : 0.47 MgO : 0.80 ALO, : 1 P,O; : 47 H,O : (0.024
4-DASPI)

The gels were statically heated in the conventional oven
at 150 °C for 48 h. The procedure is described in more detail
in Section 4.4. The synthesis was set at a low temperature to
avoid dye degradation (at 190 °C the dye was observed to
degrade) and involved high TEA and Mg contents to avoid
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AFI cocrystallization.”" First, a dye-free synthesis was per-
formed to check that the structure of interest was reached,
and then a dye concentration, x was set at 0.024, to obtain
the dye-loaded MgAPO-34. The hybrid system will be de-
noted S4/MgCHA, where S4 refers to the 4-DASPI dye oc-
cluded within the Mg-doped CHA structure.

PXRD (Figure 7.66) showed crystallization of pure
CHA materials in both cases, with diffraction peaks in
good agreement with standard chabazite crystals (first peak
at 9.4°).?% The crystallinity was slightly lower when the
material was prepared in the presence of 4-DASPIL The
S4/MgCHA solid showed a very light orange colour, in-
dicating a low presence of the dye in the structure. In fact,
the amount of estimated dye is around 0.3 mmol per 100
g of powder sample (procedure in Section 6.6). Compared
to the dye loading obtained inside the AEL structure (3-9
mmol/100 g, Table 7.15), it was much lower, which could
be related to the type of cavities of this structure and to the
particular configuration adopted by this fluorophore, con-
fined in-between two cavities of the chabazite.

Figure 7.67a shows small MgAPO-34 crystals, with an
average dimension of about 1-3 um and no appreciable
defined morphology. Compared to previous systems, nucle-
ation is much more favored and the crystals obtained have
been much smaller (> 20 pm until now). Optical micro-
scopy (Figure 7.67b) shows the same type of crystals but
with an intense red fluorescence (Figure 7.67c) when ex-
cited with green light.

Polarized fluorescence experiments showed that 4-
DASPI molecules in MgAPO-34 crystals do not show a
preferential orientation. In the experiments, when the po-
larization angle (before detection) was tuned from o° to
90° in several steps, the fluorescence signal of particles did
not show any intensity dependence for all the polarization
angles.g This is an indication that 4-DASPI molecules are
randomly incorporated inside the cages of the MgAPO-34
due to the three-dimensional cage disposition in the CHA
system, contrary to the 1D-channeled 4-DASPI/AEL.
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In fact, this lack of alignment of the dye molecules was
expected. Due to the symmetry of the zeotype, the mo-
lecules are oriented in the ab plane, where the channels ap-
pear to be interconnected; but within this plane, they can
be placed in any orientation within the cavities, and can be
arranged in 3 different directions as depicted in Figure 7.68.
Although the fluorescence anisotropy technique does not
allow us to ensure whether the dye molecules have been
introduced into the cavities, it is the most likely since the
solid has been thoroughly washed after the synthesis pro-
cedure to remove any remaining dye from the surface of
the particles.

The photophysical characterization of the S4/MgCHA
solid sample (Figure 7.70 and Table 7.17), exhibits two
broad absorption bands centered at 343.0 and 437.0 nm
(Figure 7.70a). Similarly to DMASBT (Section 7.3), the two
bands were assigned to 4-DASPI dye in different protona-
tion forms. In this case, the monocationic (MC) and dica-
tionic (DC) species, respectively, as confirmed by the dye
photophysics in solution at different pHs (Figure 7.69).
Thus, in a very acidic 4-DASPI aqueous solution (pH = 1)
presents an absorption band at 329.0 nm whereas at neutral
pH the main band was centered at 450 nm (Figure 7.70a).

Figure 7.70b shows the fluorescence spectra of 4-DASPI
in CHA under direct excitation to DC. The less intense peak
at lower wavelengths, Aq = 385.0, is attributed to DC, and
the main band, centered at 583.0 nm, is instead attributed to
MC, because under direct excitation to this species the same
emission band is observed. The high Stokes shift obtained
in the hybrid material (Avgokes = 5416 cm™ in chabazite and
AVgiokes = 6079 cm™ in solution) and by the bathochromic-
ally band registered in the excitation spectrum (maximum
at 525 nm, Figure 7.70b, Table 7.17), with respect to its ori-
ginal absorption at 437.0 nm (Figure 7.70a), indicated that
the charge transfer state is responsible of the fluorescence
emission.

Once again, the main emission band of 4-DASPI in
MgAPO-34 cavities is significantly blue-shifted compared
to the dye in solution (Figure 7.70b and Table 7.17), at-
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Figure 7.67: Images
taken for S4/MgCHA
sample by (a)
scanning-electron mi-
croscopy (SEM) and
optical microscopy:
(b) transmission and
(c) fluorescence taken
under green excita-
tion (y el filtro) light.
The scale is 20 um in
all of them (black and
white bars).
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tributed to the confinement effect. The physical interac-
tions with the cage walls in the narrow environment of
CHA structure is strong, leading to a shift toward higher
energies.”” In fact, the blue-shift in chabazite has resulted
higher than that obtained in AEL for 4-DASPI.

Table 7.17: Photophysical parameters - absorption (A,ps) Or excita-
tion (Aex) and fluorescence (Ag) maximum wavelengths, lifetimes
(T, only the major lifetime contribution is given), and fluorescence
quantum yields (¢gq) at different excitation wavelengths - of the 4-
DASPI fluorophore in different environments (H,O, MgAEL and
MgCHA).

System Aabs | Aex A T ba
(nm) (nm) (ns)
4-DASPI/H,0 | 329.0° / 449.5M | 492.0 / 618.5 | <0.1 | <o0.01
S4/MgCHA 343.0 / 437.0 385.0 / 583.0 | 2.73% | 0.33°
S4/MgAEL 531.5% 602.5 3.12% | 0.10%

N/
_N</+ \>_// @ \
McC
I _/
— — N+
| Th—= \
L ]
+H+1L pka= 3.1
/
N/ W/ A
= DC
(Blue shift)
Figure 7.69:

Equilibrium between

the 4-DASPI (aq)
monocation and
dication especies

D) Dicationic species; M) Monocationic species

a) Same values at Aexc = 320 nm and Aexc = 450 nm.

* Maximum wavelength taken from the excitation spectra, since the ab-
sorption showed a very broad band that was not possible to deconvolute.

Interestingly, the 4-DASPI loaded CHA material
is highly fluorescent independently of the excitation
wavelegth, reaching a quantum yield of around 30%
(Table 7.17, over 30 times higher than in solution), and
very long lifetimes of about 2.7 ns (Table 7.17 and Figure
7.70c). Moreover, these fluorescent quantum yields have
been markedly improved in CHA with respect to AEL
(=30% in CHA with respect to ~ 10% in AEL, Table 7.17),
probably because the geometry adopted by the dye inside
these cages has lead to a higher restriction of the molecular
motions. In any case, it can be concluded that in both struc-
tures the motions of the molecule have been satisfactorily
hindered and its photophysics is improved.

Considering the good photophysical results obtained
for the 4-DASPI/CHA system and the small particles of
approximately 1-2 pm, it was thought that they could be in-
teresting to produce random laser in suspension.?>%* Ran-
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dom lasers (RL) are laser devices in which the multiple
scattering in disordered media provides optical feedback
and leads to laser action.95797 In these cases, since the en-
vironment contains several scattering centers, the light is
scattered many times before escaping from the gain me-
dium, increasing the path length of the light and thus indu-
cing an amplification of the light.9%99 Since the scattering
itself traps the light in the gain medium, there is no need
for mirrors.94%°

In practice, the small particles (few microns) of
S4/MgCHA will provide the disordered medium to gen-
erate the scatter necessary to amplify the light. Therefore,
a suspension of 4-DASPI/CHA particles in methanol was
prepared in rectangular quartz cells of 1 cm optical path
length. The suspension was transversely pumped with a
wavelength-adjustable optical parametric oscillator (OPO)
at 450 nm, 5 mJ power and at a repetition rate of 1 Hz."
Excitation pulses were linearly focused into the cell using
a combination of positive and negative cylindrical lenses (f
= 15 cm and f = -15 cm, respectively) arranged perpendicu-
larly and the fluorescence emission was monitored perpen-
dicular to the excitation beam.

However, no stimulated emission was recorded, prob-
ably because the incorporation of the dye was not high
enough to activate the laser action, a necessary prerequisite
to attain good optical gain (Section 6.8). Therefore, future
experiements will be dedicated to promote higher dye in-
corporation by variations in the synthesis conditions.

7.4.4 Conclusion

By employing different types of magnesium-doped alu-
minophosphates (AEL and CHA) as inorganic supports
for 4-DASPI dye molecules in order to provide a rigid en-
vironment, fluorescence quantum yields and excited-state
lifetimes have been increased significantly, slowing down
the torsional motion of the dye. The different inorganic
matrices influence and modulate the photophysical proper-
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ties of this fluorophore offering different functionalities to
the resulting hybrid material. Thus, depending on the type
of cavities (channels or cages) of the host, either a highly
ordered anisotropic material or a very fluorescent system
has been obtained.

This last novel system, in which the dye molecules are
hosted inside confined cavities, opens up new possibilit-
ies to discover other novel structures, which are likely to
provide new optical functionalities. These other dye-loaded
host systems of the same ABC-6 family (AFX and SWY) will
be discussed in the outlook chapter (Chapter 10).
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In nature, we find a multitude of processes driven by light
energy, such as photosynthesis. In this process, plants and
other photoautotrophs absorb solar energy by antenna pig-
ments and efficiently transfer it to photochemical reaction
centers where the energy conversion takes place.”* ™% It is
a rather complex but very interesting natural process that
has attracted many scientists. In fact, one of the most fas-
cinating challenges in photochemistry is the design and
development of artificial systems that mimic this natural
process. For that purpose, an efficient strategy employed
is the energy transfer between different molecules, collect-
ing light through absorption of an organic donor molecule
to subsequently transfer the energy to another acceptor
component. 019

A key factor governing the efficiency of this pro-
cess is the excitation energy transfer (EET) between two
chromophores, which is often referred to as Forster Res-
onance Energy Transfer (FRET, see more details in Sec-
tion 3.2.2.3)."'>""" A deep knowledge of the most import-
ant parameters of this photophysical process, such as the
distance between the chromophores and their relative ori-
entations, as well as the exact ratio between donor and
acceptor,’'* allows precise control and development of ef-
ficient artificial systems to be used in a wide range of ap-
plications, e.g. photonic antennas, tunable dye-lasers, light
modulators, and so on.'*3711¢

This chapter will mainly focus on the development of
materials based on photoactive molecules subjected to en-
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ergy transfer processes aimed for tunable dye lasers and
white light emitters. In the first case, the main advantage
resides in the possibility to modulate the wavelength of
the laser signal over a wide spectral range compared to
conventional monochromatic lasers.'7*'® The acceptor mo-
lecules are indirectly excited by the transfer of the donor
excitation energy, which is usually a robust dye with good
photostability that significantly improves the durability of
the acceptor. In this way, the laser performance is consid-
erably improved, especially in cases where fluorescence is
pursued in the red region of the visible spectrum,''? an area
of particular interest for biomedical applications (explained
in Chapter 7)."%°

In the second case, regarding white light emitters, the
emission of the whole region of the visible spectrum is col-
lected by recording the simultaneous emission of the blue,
green, and red (RGB colors) regions of the electromagnetic
spectrum.*'"*2>*21 One of the most exploited strategies for
the generation of white light is the use of mixed multi-
component systems that emit in different regions and in-
duce a partial energy transfer between donor and acceptor
molecules.**7"*4 Furthermore, by choosing the appropriate
proportions between donors and acceptors it is possible to
modulate the resulting emission color.

When designing systems with organic dyes, one of the
prerequisites is that the material must be optically dense
for optical applications. However, many of these fluores-
cent molecules have a relatively high tendency to self-
associate under these conditions (in aqueous solution or
solid-state). Thus, at high dye contents, overall laser per-
formance is usually negatively affected by aggregation, as
they compete with monomers when absorbing the pump
irradiation. Since aggregates are generally characterized as
non-fluorescent, or much less fluorescent than monomers
(except for very specific examples)?’, they drastically de-
crease the fluorescence capacity and consequently the laser
action (Section 3.2.1).

In this context, the aim of this chapter is the search
for high dye loadings in hybrid systems avoiding aggreg-
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ation, in order to promote FRET processes by the sim-
ultaneous encapsulation of several chromophores within
zeotypes.''3125126 To this aim, two molecular sieves have
been selected: the framework IFO, a relatively novel struc-
ture characterized for having extra-large one-dimensional
pores; and AEL, proven to be an ideal host for a wide vari-
ety of dye guests (covered in Section 7.2, 7.3 and 7.4 respect-
ively). Regarding the allocated organic dyes, mainly robust
laser dyes with a general molecular structure built up by
three fused aromatic rings have been selected (Section 3.6.2).
All of them have different fluorescence features and are po-
tentially susceptible to aggregation at high concentrations.
Therefore, their incorporation into zeotypes will be used as
a strategy to:

i) Protect and isolate the molecules to avoid specific in-
teractions with the surrounding media and photode-
gradation.

ii) Improve the photophysical properties of the enclosed
fluorophores by restricting molecular motions and ag-
gregation.

iii) Promote energy transfer mechanisms among the en-
capsulated dyes to tune the emission light of the final
hybrid system.

Hence, along the following lines, we will describe and
discuss the designed materials and their final photophys-
ical characteristics, paying special attention to the changes
in the properties of isolated molecules once inside the
zeolitic structures and the ongoing energy transfer mech-
anisms.

Among the systems to be discussed in this chapter, a
published paper related to white light emission in AEL
framework (Section 8.2) should be highlighted.® Regard-
ing the IFO structure, there is an article under preparation
that includes the most significant results.
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8.1 EXTRA-LARGE MgITQ-51 (IFO) MOLECULAR SIEVE

The synthesis of extra-large pore zeotypes is of great im-
portance for the development of new systems susceptible
to expand their use as catalysts or molecular sieves. In the
past, many attempts were made to discover materials with
bigger cavities (classification in Section 2.3) by the use of
big molecular size SDAs. However, with this approach, the
likelihood of finding suitable template candidates is very
small, since it is very difficult for molecules to meet all the
requirements, including adequate size, rigidity, thermal sta-
bility, and hydrophobicity.'27-12%

In this sense, a new concept that solves the previous
problem was introduced by Gémez-Hortigiiela et. al.'*97"3"
and Corma et. al.’3*> where the structure guidance of the
porous materials was based on the supramolecular self-
assembly of the structure-directing agent. For example,
LTA'? and AFI'?7'3° zeolites were successfully synthes-
ized by this method, using aromatic molecules that self-
aggregate and form stable bulky dimers,"® which are
primarily responsible for driving a particular structure of
the microporous network.'33

The great advantage of this method is that allows
the use of relatively simple molecules (bulky and rigid),
known as organic structure-directing agents (OSDAs), usu-
ally soluble in the synthesis medium and with strong non-
bonded interactions with the inorganic host.’?>33 In this
way, these organic templates have opened the door to the
discovery of many new and more complex extra-large pore
zeolites.”?%7'39 One of them is the ITQ-51 structure (IFO
framework type), a one-dimensional 16-ring channel frame-
work with a pore opening of 9.3 A x 10.6 A (Figure 8.1a
and Section 2.4). It was discovered in 2013,'#° and is syn-
thesized with DMAN (1,8-bis(dimethylamino)naphthalene,
Figure 8.1b) as OSDA, that self-assembles and forms dimers
able to stabilize the very large pores (see illustrative repres-
entation in Figure 8.1a)."33

Interestingly, this novel structure allows the encapsula-
tion of larger dyes into its extra-large channels. For this
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very reason, this structure has been used to incorporate
for the first time larger laser dyes such as rhodamine 123
(R123) and Nile Blue (NB). Following the trend of this
thesis, to facilitate the incorporation of these fluorophores,
the inorganic structure has been doped with magnesium
(MgITQ-50) and its synthesis conditions were optimized. In
the following lines we will show a complete study of the
zeotype including the photophysical characterization of its
template, together with a thorough analysis of the achieved
dye-loaded host-guest materials.

8.1.1  Photophysics of DMAN template in solution

Before explaining the synthesis of the Mg-doped zeotype
and dye-doped hybrid systems, a small emphasis will be
made on the photophysics of DMAN in solution, since for
the first time we employ a bulky aromatic OSDA with in-
teresting photophysical properties by itself.

DMAN (Figure 8.1) is an aromatic diamine that com-
bines strong basicity (pK, < 12.3)'#"'4* with a high affinity
for protons, hence it is often referred to as proton sponge.
Moreover, it shows a tendency to aggregate and form di-
mers. To analyze its photophysical behavior, six solutions
were prepared in aqueous media, at different pH-s and
concentrations: acidic (pH = 2), neutral (pH = 7, similar to
the conditions of the synthesis gel, Section 8.1.2), and basic
solutions (pH = 12), each of them at two extreme concentra-
tions, diluted (7- 105 M) and concentrated (7- 103 M).

The photophysics of DMAN in the protonated state
(pH < pk,) is shown in Figure 8.2a and Table 8.1. Both di-
luted and concentrated DMAN-H" species at acidic (pH =
2) and neutral (pH = 7) conditions present similar charac-
teristics, with the main absorption band at 285 nm and a
highly shifted emission at around 462 nm. This is in agree-
ment with published data, and the very large Stokes shift
(Avst = 13500 cm™, Table 8.1) observed for the monoproton-
ated species is a consequence of the formation of a strongly
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relaxed and highly polar intraCT, involving motions of the
DMA groups (dimethylamines) in the excited state.'33 44

The electrostatic potential map of DMAN in Figure
8.2b suggests a strong charge-transfer character of the
molecule with a highly partitioned electronic distribution
between the DMAs and the naphthalene moiety. The ICT
shows weak emissive capability, resulting in a fluorescence
quantum yield of around <1% (Table 8.1)."4" Lifetimes
could not be measured in our setup (laser excitation not
available in the UV range), but are known to be very long,
in the order of 10-15 nanoseconds.™4"

Table 8.1: Photophysical data - absorption (A,ps) and fluorescence
(An) wavelength maxima and Stokes shift (Avg;) - of DMAN (aq)
at different pH-s and concentrations (diluted = 7-10”> M and con-
centrated = 7-1073 M).

[DMAN] | pH Aabs M Avg;

(nm) (nm) (cm™)
Dil. 2 285.0 475.5 14233
Conc. 2 284.5 462.0 13504
Dil. 7 285.0 462.0 13443
Conc. 7 284.5 462.0 13504
Dil. 12 345.5 448.0 6622
Conc. 12 381.5 442.0 3588

The results clearly indicate that self-interactions of
DMAN protonated species do not occur in either dilute or
concentrated solutions in the measured range. However, a
completely different scenario is found in basic media, at pH
= 12, approaching the pk, of the molecule (Figure 8.3 and
Table 8.1).

Here we find the main absorption band located at
345 nm in diluted medium, red shifted with respect to
the one previously observed. This displacement to longer
wavelengths upon basifying the medium indicates the form-
ation of neutral DMAN as a consequence of the electronic
coupling between the electron pairs of the amino and aro-
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matic rings."#" This neutral species, even at not very high
concentrations, appears to form aggregates, characterized
by a long tail up to 700 nm in the absorption spectra
(highlighted with purple color in Figure 8.3). Moreover,
as the concentration increases, the absorption shifts even
more bathochromically (from 345.5 to 381.5 nm, Table 8.1)
because the interactions between the molecules become
stronger, likely resulting in the formation of J-aggregates in
solution. It should be noted that these aggregates are vis-
ible even to the naked eye since the solution switches from
transparent to a purplish hue as the concentration increases
at this pH. Furthermore, the species found in solution at
this pH is barely soluble at any of the prepared concentra-
tions, including the diluted one.

Upon excitation to the neutral monomer (Aexe = 350
nm), the fluorescence spectrum shows its maximum around
445 nm regardless of the solution concentration,’>> which
resembles that of DMAN-H* in water, but slightly blue shif-
ted (Table 8.1). Evidence suggests that this emission is still
coming from an intraCT state."**'+* The reddish emission
band found in acidic media may be related to the more
polar character of the CT state (hydrogen bonds in DMAN-
H") and the better solvation by water molecules, thereby
stabilizing it and leading it to lower energies. Another pos-
sible explanation may be that DMAN is subjected to im-
portant geometrical changes in the excited state, which im-
plies a geometrical relaxation and a reorientation of the di-
methylamino groups.'+*

Figure 8.4 displays the emission of a concentrated
sample of DMAN at pH = 12, recorded at high pump-
ing conditions (8o mW power) and at different delay times
after the laser pulse upon excitation at the tail range of the
absorption spectra (Aexc = 460 nm, setup described in Sec-
tion 6.4). For short delay times, a band centered at 515 nm
together with a shoulder at around 600 nm is observed. As
the delay increases, the band at shorter wavelengths gradu-
ally decreases, and the shoulder at higher wavelengths be-
comes the main emissive band (delays > 20 ns).

225
— Diluted

-~ \ 14

:? lln.N NII J

: “

s A0

(]

c

©

_e_ p

2 pH=12

S ry_Abs Flu .

©

[0)

NF 1

®

El ]

o

=z

300 400 500 600
Wavelength (nm)
Figure 8.3: Height
normalized absorp-
tion, and fluorescence
spectra of the diluted
DMAN (aq) (7107
M) at pH = 12. The
molecular structure of
the neutral species is
shown above and the
purple filling indic-
ates the formation of
aggregates.

Normalized fluorescence (a.u.)



226

NOVEL SYSTEMS FOR ENERGY TRANSFER

—0ns | ]

. —2ns |
Tl 4ns

6ns | 1
8ns
10 ns
12ns| |
14 ns
16 ns|
18 ns
20ns| T
——22ns|
—24 ns

Fluorescence intensity (a.u.)

- v +
" 500 550 600 650
Wavelength (nm)

Figure 8.4: Fluorescence emission spectra for DMAN (aq, ph =
12) at different delay times after laser pulse (from o to 24 ns,
every 2 ns) upon excitation at 460 nm at a laser power of 8o mW.

These two bands may imply the formation of two
types of aggregates with different relative geometric dis-
positions in the ground and/or excited state, i.e. the inter-
molecular charge transfer complex responsible for the red-
tail in absorption and the excimers that are only formed
in the excited state. Both species are characterized by long
lifetimes."*" The emission characterized by shorter lifetimes
could be related to aggregates of intermolecular charge
transfer character, while the one with longer lifetimes could
be assigned to a m-7t stacking of the monomers generating
excimers in the excited state (Section 3.2.2.1). A deeper char-
acterization of the nature of the emission of these DMAN
species at basic pH and at high concentration is difficult
to perform in solution. The presence of these species com-
pletely quenches the emission of monomeric DMAN res-
ulting in quantum yields close to zero regardless of their
concentration in solution (Table 8.1).%442

In short, the photophysics of the organic structure-
directing agent used for the formation of the ITQ-51 struc-
ture is quite complex, being highly dependent on the pH
of the medium and consequently on the species generated
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in each state, having a high tendency to self-associate in its
neutral state.

8.1.2  Synthesis of IFO and photophysics of occluded DMAN

The Mg-doped IFO zeotype was synthesized with the fol-
lowing gel composition based on previous studies: 443

0.95 ALO; : 1.00 P,O; : 0.1 MgO : 1.2 DMAN : 40 H,0O

As mentioned above, the protonated aromatic sponge
DMAN was used as SDA and the divalent transition metal
Mg*? ion was introduced as a substituent to favor Brensted
acid sites. Therefore, the Mg-containing ITQ-51 materials
were prepared at 150 °C under static conditions. In pre-
vious studies conducted by other scientists, the gels were
heated for 5 days. In our case, in order to perform a kinetic
study, different heating times were applied, at 1, 2, 3, and 5
days, respectively. Refer to the experimental part for a more
detailed explanation of the syntheses (Section 4.7) and the
Appendix for the exact gel compositions (Appendix B).

The PXRD patterns of the prepared samples confirm
the crystallization of pure IFO structure in all the attempts
(Figure 8.5), with its characteristic first peak around 6.5° in
the diffractogram.?® Interestingly, there are no apparent dif-
ferences (similar intensities) between the heating times ap-
plied during the preparation of the structure, indicating the
successful crystallization of this phase at 1 day of heating,
reducing the heating time.

Scanning electron microscopy images (Figure 8.6a)
show a homogeneous size distribution of ITQ-51 crystal-
line particles, with no visible amorphous phases or crystals
with different morphologies. The IFO samples show plate-
like crystalline particles with sizes ranging from 5 to 10 um,
intergrown in an aggregate morphology.

For all samples, the incorporation of DMAN molecules
within the crystalline framework of MgIFO has been high,
with 34-37% of DMAN occluded with respect to the ini-
tial amount added to the gel (quantification procedure de-
scribed in Section 6.6 and calibration curve shown in Fig-
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Figure 8.6: MgIFO
particle images. (a)
SEM (scale = 10 pm)
and (b) fluorescence
image under UV
excitation (D350/50x
band-pass, scale = 20
um).
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ure C.14). Such high template loadings may also explain
the excellent structure direction driven by this aromatic mo-
lecule resulting in a very pure phase and homogeneous
crystallization.

Interestingly, the particles analyzed by optical micro-
scopy (Figure 8.6b) show bright blue fluorescence under
UV excitation light. This suggests that the confinement of
the DMAN molecules inside the nanochannels of IFO has
improved fluorescence properties with respect to solution.
To get more information about the distribution of DMAN
molecules inside the nanochannels, studies were performed
with linearly polarized light. These studies do not reveal
any preferred orientation of the DMAN within the chan-
nels, probably due to various possible dispositions that the
molecules can adopt within the extra-large pores of the
structure (Figure 8.1a).

Therefore, an in-depth photophysical characterization
of the bulk white powder of the MgIFO zeotypes was per-
formed. UV-Vis absorption spectrum shows (Figure 8.7a)
the appearance of the main band at around 300 nm together
with a very broad band at higher wavelengths, approxim-
ately from 450 to 700 nm.

As studied in the previous section (Section 8.1.1), this
protonated aromatic sponge exhibits a photophysical de-
pendence on environmental conditions. However, its high
basicity (pk, = 12.3) almost completely ensures its proton-
ation in the synthesis medium (initial and final pH of the
prepared gels are around 2 and 8 approximately), thus al-
lowing the necessary organic-inorganic interactions during
the nucleation-crystallization processes.'33

Hence, the first and most prominent band, at around
315 nm, red shifted with respect to the protonated DMAN-
H™ in solution (285 nm, Table 8.1), and blue-shifted with re-
spect to the neutral molecule (345 nm), is attributed mainly
to the protonated DMAN monomer, although a minor con-
tribution of the neutral species cannot be excluded. Upon
excitation to this band (Aexe = 315 nm, blue spectrum in
Figure 8.7) a well-defined emission band appears with its
maximum at 412 nm, which is in agreement with previous
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studies of DMAN within IFO.'33 The excitation spectrum
shows a band at 288 nm, very similar to that registered for
the DMAN-H" in aqueous solution (285 nm, Table 8.1) en-
suring that protonated DMAN species is responsible for the
fluorescence of the system.

Interestingly, the fluorescence efficiency for the trapped
monomer DMAN-H* is much higher, 24%, compared to 1%
in solution (Table 8.1), explaining the intense blue emission
observed by optical microscopy (Figure 8.6b). This improve-
ment in the fluorescent quantum yield can be attributed
to the confinement effect within the IFO cavities, probably
due to the hindrance of dimethylamino motions reducing
internal conversion processes.

Moreover, as mentioned above, the UV-Vis absorption
spectrum also shows the presence of a red shifted broad
band centered around 550 nm (Figure 8.7a). This peak
is likely assigned to DMAN complexes, expected in the
crystalline environment of the IFO structure. The recorded
emission spectra upon excitation to this band (Aexc = 460
nm, Figure 8.7c) confirm the formation of two emissive
complexes: one centered at around 540 nm and another
red shifted at around 650 nm (515 nm and 600 nm in solu-
tion, Section 8.1.1). Like in solution, they are believed to be-
long to complexes of interCT nature and 7-7t stacking exci-
mers, respectively, but from the protonated DMAN species.
Note here that the emission efficiency of those complexes
is much lower in comparison with the isolated DMAN mo-
lecules.

The excitation spectrum shows a red shifted charac-
teristic band (Figure 8.7¢) similar to that obtained in the
absorption spectra (compare with Figure 8.7a), confirming
the aforementioned assignation. Indeed, this band appears
slightly red shifted and with a more-defined shape than
that observed in the absorption spectrum (Figure 8.7a) in-
dicating a higher contribution of these complexes in the
excited state. This is a typical feature of interCT complexes.
Note here that excimers only exist in the excited electronic
state because they dissociate after photon emission.
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Therefore, it is concluded that the incorporation of the
structure-directing agent DMAN takes place both in its
monomeric and associate state, resulting in feasible self-
interactions of the DMAN molecules in the synthesis gel
and the final ITQ-51 solid prepared.’?> On the other hand,
a highly fluorescent material has been obtained as a con-
sequence of the enhanced photophysical properties of the
constrained monomer.

Surprisingly, this improvement is affected by the aging
time of the system. After a few months of the synthesis, a
sharp decrease in the fluorescent emission was detected in
all samples. Optical microscopy images (Figure 8.8) show
this abrupt change in intensity and color hue over time,
where it is possible to discern between particles that have
undergone a drastic fluorescent quenching from an intense
blue to fainter green color.

Aging time

ol
)

Figure 8.8: Fluorescence images of MgIFO particles under UV
excitation (D350/50x band-pass) (a) right after synthesis and (b)
a few months later. Scale = 20 um.

This strange phenomenon in the material was not to be
expected in materials as stable as the zeotypes. Hence, in an
attempt to understand the change in the system’s behavior,
photophysics was again thoroughly characterized. All this
data is included in Table 8.2. The most notable change was
observed in terms of the fluorescent quantum yield and av-
erage lifetimes of the DMAN monomer, registering a very
sharp decrease from 24% to 5% (Figure 8.9a) in the fluores-
cence efficiencies and from 7.03 ns to 5.62 ns in the lifetimes.
In addition, the emission spectra recorded for the aggreg-
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ates (Figure 8.9b) showed a narrower and bathochromically
shifted band (at around 600 nm) with respect to the pre-
vious one. One of the hypotheses for this photophysical
change is a geometrical redistribution of the DMAN com-
plexes within the ITQ-51 structure with time.

Table 8.2: Photophysical parameters - absorption (A,ps) and fluor-

Q
~—

Fluorescence (%)

escence maximum (Ag) wavelengths, and lifetimes (7, average life-
time considered according to Equation 6.6) of DMAN monomers
and dimers within the MgIFO structure over time.
Sample DMAN Aabs Al T ba
(nm) (nm) (ns)
MgIFO Monomers 316.0 412.0 | 7.03 0.24
Dimers | 450-700% | 536.0 | ND | < 0.01
MgIFO Monomers | 316.0 412.0 | 5.62 | 0.05
(16 months) | Dimers | 450-700% | 603.0 | ND | <0.01

The lifetimes and fluorescence quantum yields were recorded upon excit-
ation at 315 nm for DMAN monomers and 460 nm for the dimers.

* Tail in the absorption spectra.

ND: not possible to determine because the signal was too low.

To further elucidate the changes of the DMAN com-
plexes within the IFO structure, a computational study was
performed. The optimized geometries of the DMAN di-
mers in the zeotype structure are shown in Figure 8.10. Cal-
culations reveal that DMAN molecules can be located in
two possible thermodynamically stable configurations in-
side the 16-ring channels.

In the first dimer geometry, the naphthalene unit of one
of the monomers is disposed in front of the DMA groups
of the second monomer and vice versa, favoring an interCT
process between both moieties (Figure 8.10a). In the second,
the naphthalene groups are in a face-to-face disposition en-
suring 7t-7t type interactions between the aromatic rings and
typical conformation of exciplexes (Figure 8.10b). The two
arrangements seek to maximize interaction between dimers
and the energetic difference between the two is relatively
small, both configurations being highly stable.
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Figure 8.10: Two possible stable configurations for DMAN ag-
gregates within the IFO structure: (a) with interCT character,
with the DMA and naphthalene groups, face to face, and (b) with
-7 type interactions, with the aromatic naphthalene groups face
to face.

The computational model reveals that the aging time
has favored the redistribution of aggregates within the
channels, and explains the new emission band at 603 nm
(Figure 8.9b and Table 8.2), assigned to dimers with 77t
interactions between aromatic rings,’3* which are thermo-
dynamically more stable over time than those with interCT
character (maximum at 536 nm, Table 8.2). All this explains
the drop in the fluorescent quantum yield of DMAN. Over
time, the different ordering of the organic molecules leads
to the generation of less fluorescent aggregates and causes
an overall fluorescence decrease in the system.

To sum up, the self-assembly role of protonated aro-
matic sponges is crucial for the resultant photophysical
properties of the extra-large pore zeolite ITQ-51. Further-
more, although the fluorescent efficiency of the material has
been affected over time, a blue fluorescent zeotypic mater-



8.1 EXTRA-LARGE IFO

ial has been achieved for the first time without the need to
incorporate any other dyes into the synthesis gel.

In light of the results, the next stage is focused on the
encapsulation of bulky laser dyes with the idea of exploit-
ing these blue fluorescent features of OSDA and thereby
promoting an energy transfer to other molecular entities
trapped in the channels.

8.1.3 Coencapsulation of other dyes for energy transfer (FRET)

In this new section, energy transfer processes between
units of different entities are pursued by the encapsula-
tion of other fluorescent dyes into the unidirectional chan-
nels together with DMAN. In this sense, knowing that the
DMAN-IFO zeotype emits mainly in the blue region (Fig-
ure 8.11a), two laser dyes, rhodamine 123 (R123) and Nile
Blue (NB), have been selected to create suitable FRET pairs
with DMAN and thus tune the final emission of the system.

The first of these, R123, is a well-known laser dye of
the xanthene family (Section 3.6.2.2). It absorbs and emits
in the green region of the visible electromagnetic spectrum
(Aabs = 498 nm and Ag = 525 nm in H,O, Figure 8.11b) and
exhibits quantum yields of nearly 1.4 Complementarily,
Nile Blue, an oxazine-type dye (Section 3.6.2.3) exhibits ab-
sorption and emission in the red-edge of the visible spectra
(Aabs = 635 nm and Ag = 674 nm in H,O, Figure 8.11¢)"4
and high quantum yields in polar environments. Both are
very bulky laser dyes (dimensions in Figure 8.11) that can-
not be encapsulated in the previous structures presented
throughout this thesis (AFI, ATS, AEL, or CHA). However,
they show interesting properties to drive new photophys-
ical features inside the unidirectional channels of the IFO
structure (9.3 A x 10.6 A, Figure 8.1).
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Therefore, several attempts were made using the same
gel composition previously described for MgIFO, but
adding an amount of dye to the synthesis gel.

0.95 ALO, : 1.00 P,O; : 0.1 MgO : 1.2 DMAN : 40 H,O :
0.008 Dye (R123 and/or NB)

The most representative samples are shown in Table 8.3.
Note here that the total amount of dye added was kept at
x = 0.008 so as not to disrupt the IFO phase and that is
much lower compared to the amount of DMAN acting as
SDA. The gels were heated at 150 °c for 24 h, the optimum
time considered in the previous section for particle crystal-
lization (experimental procedure in Section 4.7). Following
the same sample labeling criteria, the MgIFO zeotypes were
named with the prefixes F1 or F2, indicating the first (R123)
or second dye (NB) of the family of three fused aromatic
rings encapsulated throughout this thesis.

Table 8.3: Relative ratios of DMAN and each dye added to the
synthesis gel (in total x = 0.008) in the dye-doped MgIFO hybrid
materials.

Sample Dye amount added to the
gel
DMAN | Riz3 NB
F1/MgIFO 1.2 0.008 -
F2/MgIFO 1.2 - 0.008
F1+F2/MgIFO 1.2 0.004 | 0.004

The PXRD patterns show that the dyes do not alter the
phase formation, obtaining pure crystallization of the IFO
structure in all attempts (Figure C.13 in the Appendix). As
for the first sample synthesized with R123, the optical mi-
croscopy images (Figure 8.12a) show a homogeneous distri-
bution of crystalline particles and a distinctive green emis-
sion typical of this dye. Although the incorporation was
found to be low (0.03 mmol of dye per 100 g of sample
powder), its presence is clearly seen in the absorption spec-
tra by its characteristic band placed at 514 nm together with
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the main absorption peak of DMAN at 315 nm (data shown
in Table 8.4).

Table 8.4: Photophysical parameters - absorption (A,ps) and fluor-
escence maximum (Ag) wavelengths, and lifetimes (7, average life-
time considered according to Equation 6.6) - of the dye-doped
MgIFO samples.

Sample Dye Aabs A

(nm) (nm)

F1/MgIFO DMAN 315.0 417.0
Ri123 514.0 538.0 - 540.0

F2/MgIFO DMAN 316.0 418.0

NB 595.0% 628.5

F1+F2/MgIFO | DMAN 310.0 418.0

R123 515.0 529.5

NB - 629.5

* Value obtained from the excitation spectrum

Regardless of the excited species, either DMAN (Aexc =
380 nm) or directly R123 (Aexc = 480 nm), the rhodamine
emission is observed at 538.0-540.0 nm (Table 8.4), respons-
ible for the green emission of the particles (Figure 8.12a).
Hence, an energy transfer is taking places from DMAN act-
ing as donor to R123 acting as acceptor. This energy transfer
in not complete since upon direct excitation of DMAN we
detect both emission bands (Figure 8.12b). The excitation
spectrum (Figure 8.12c) provides further evidence of this
transfer showing that the rhodamine emission comes also
in part from the DMAN monomers.

It is worth mentioning that other attempts were made
with this dye to favor higher loadings. In these cases, the
amount of water in the synthesis gel was increased (100
H,O) to enhance dye solubility in the gel, as well as the
amount of Mg (0.2 MgO) to favor Brensted acid sites. How-
ever, these have not been included as they resulted in very
similar dye uptakes.
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The other dye selected for the encapsulation is Nile
Blue, which exhibits interesting absoption and emission
bands in the red range (Figure 8.11b). Quantifications in-
dicate that NB incorporation has been low compared to
DMAN (160 vs 0.06 mmol dye/100g sample powder), al-
though particles of this F2/MgIFO material show red fluor-
escence, which could be probably due to this oxazine dye
(Figure 8.13a).

Analyzing the photophysics of the bulk powder, the ab-
sorption spectrum shows a band at around 550 nm (Figure
8.13a). By this band, it is difficult to confirm whether the
incorporation of the dye has been successful or not, since it
may also be due to the contribution of the DMAN dimers
(Table 8.2 or Figure 8.7a). In addition, the emission max-
imum (dashed spectra in Figure 8.13b) is centered at 628.5
nm, quite close to the -7t aggregates of DMAN, still not
being possible to discern between the two.

The excitation spectrum (Figure 8.13c) helps us clarify
that this emission belongs to NB, due to the appearance of
a well-defined band at 594.5 nm (Ay,s = 635 nm in H,O) in-
dicating that there is Nile Blue absorbed within the MgIFO
zeotype. Moreover, it also reveals that, in fact, some en-
ergy transfer from the donor DMAN to the acceptor NB
occurs, by the appearance of a weak band at 327 nm, as-
signed to the monomeric DMAN (Figure 8.13¢c). In con-
trast, the emission recorded by direct excitation to DMAN
monomers does not show the presence of NB and only the
band ascribed to DMAN is discernible (Figure 8.13b).

Therefore, the energy transfer has not been as efficient
as in the previous system with R123 (sample F1/MgIFO).
This may occur due to the lower overlap between the emis-
sion spectra of donor DMAN and the absorption band of
the acceptor NB as shown in Figures 8.13b and 8.12b (pre-
requisites for an efficient FRET explained in Section 3.2.2.3).

In the third and last attempt, in order to promote a
FRET cascade, the two dyes, R123 and NB, have been incor-
porated into the synthesis gel (see the relative dye ratios in
Table 8.3). In this way, the aim has been to achieve an energy
transfer from DMAN to R123, which has so far proved ef-
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fective, to then consecutively transfer this energy to NB, tak-
ing advantage of the higher spectral overlap between these
two dyes, R123 and NB (Figure 8.12b and Figure 8.13b),
compared to DMAN and NB.

As in the previous samples, the absorption spectrum
(Figure 8.14a) shows well-defined bands for DMAN and
R123 at 310.0 and 515.5 respectively, but not in contrast for
NB, where only a tail in the red part is discernible. The
recorded emissions indicate that the three molecular entit-
ies coexist in the same system, with blue (418 nm), green
(529.5 nm), and red (629.5 nm) fluorescence peaks attrib-
uted to DMAN, R123, and NB, respectively (data shown in
Table 8.4), recorded under direct excitation to each species
(Figure 8.14a).

The FRET processes among the three dyes is evidenced
by the excitation spectra (Figure 8.14b). In fact, the three
main bands that correspond to the DMAN, R123, and NB
are visible at 321.0 nm, 518.0 nm, and 589.5 nm, when the
emission was set at 700 nm. However, the FRET efficiency is
not entirely effective probably as consequence of the poor
dye uptake of R123 and NB compared to DMAN. The res-
ults presented above indicate that the relative dye ratios are
highly important to efficiently achieve high FRET probabil-
ities. For this reason, further experiements will be carried
out to optimize the dye loadings.

8.1.4 Conclusion

In this section, a zeotype with blue fluorescent properties,
a magnesium doped IFO, has been synthesized without the
need to incorporate additional dyes into the synthesis gel,
due to the intrinsic emissive characteristics of the template
guiding the crystallization. In addition, it has been demon-
strated that this material shows photophysical changes over
time, due to the fact that the structure-directing organic
agent (DMAN) employed for its crystallization exhibits a
redistribution within the unidirectional IFO channels, favor-
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However, purely
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prematurely.
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ing the formation towards thermodynamically more stable
aggregates.

Based on a starting fluorescent zeotype, the fluores-
cence range of the material has been broadened by com-
bining suitable dyes with properties in the green and red
regions of the visible spectrum, inducing FRET processes
between the encapsulated dyes.

8.2 WHITE LIGHT EMISSION IN MgAPO-11 (AEL)
FRAMEWORK

Conventional lighting systems, such as incandescent or
fluorescent bulbs, are part of our daily needs. However,
they are very inefficient and waste energy or contain toxic
substances such as mercury.'#® For this reason, significant
advances in solid-state lighting (SSL) technology have been
made in recent years,"4” among which white light-emitting
organic materials have attracted much attention as key com-
ponents in display and lighting devices.™#?

Among them, organic light-emitting diode (OLED)
based devices are well known and almost necessary in any
technological device present in everyday life, since they of-
fer numerous advantages, such as high-energy efficiency,
long lifetime, and are environmentally friendly. In addition,
they are composed of organic compounds that allow low-
cost manufacturing processes.'49'5°

Accordingly, this section aims to develop a material
to produce white light emission based on photoactive mo-
lecules. To this end, it is necessary to achieve blue/yellow
or red/green/blue emission at the same time, which means
that the devices require at least two emitting materials, usu-
ally organic dyes, in the material structure.** However, the
main drawback of purely organic devices is their premature
aging. In this sense, an effective way to avoid this prob-
lem is by protecting them with another structure, prefer-
ably a porous inorganic framework that allows the dyes
to be encapsulated in nanocavities, thus protecting them
from photo, chemical, and thermal degradation. The dye-
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doped hybrid materials can be easily and cheaply prepared
(Chapter 4) while promoting energy transfer phenomena
inside the cavities of the framework.

Therefore, following the same trend as in the previous
section, we will describe the simultaneous encapsulation of
several chromophores within the inorganic host MgAPO-
11, which has proven to be an ideal host for a wide variety
of guest dyes (results in Chapter 7). In order to improve
light capture and obtain a wider range of emission in the
material, the strategy adopted has been the use of a mixed
multi-component system with emission in the three regions
of the electromagnetic spectrum (blue, green and red) pro-
moted and controlled through partial FRET processes, thus
building a multicolor artificial antenna system.

Taking into account the requirements for effective For-
ster Resonance Energy Transfer (FRET, Section 3.2.2.3) and
the required emission ranges, the selected dyes are acridine
(AC), pyronin Y (PY), and hemicyanine LDS 722 (shown
in Figure 8.15). On the one hand, AC and PY, are molecu-
lar structures with three fused aromatic rings, which have
been selected as blue and green-emitting dyes. Structurally
they are very similar, however, pyronin Y (Section 3.6.2.2) is
slightly bulkier than acridine (Section 3.6.2.1). On the other
hand, as already described in this thesis, LDS 722 is a styryl
dye (Section 3.6.1) characterized by its emission in the red
region of the electromagnetic spectrum (Section 7.2).

FRET FRET
/\ /\ MgAPO-11
O \ /,!1 Ox /é\ N N [ N"/\
N l / L N
AC PY LDS 722

Figure 8.15: Schematic representation of the artificial luminescent
antenna prepared by the insertion of three different dyes (AC, PY,
and LDS 722) into the AEL zeolite channels.

Among them, the aim has been to control the efficiency
of partial energy transfer between donor and acceptor mo-
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lecules, being acridine the main energy donor moiety, and
LDS 722 constituting the final acceptor dye in the FRET
cascade. Therefore, in the following lines, we will briefly
discuss the results of a recently published paper in which
a solid-state hybrid system with efficient white light emis-
sion under UV excitation was successfully achieved.®

8.2.1 AEL hybrid systems loaded with a single dye

The selection of these dyes was based on their individual
photophysics inside the chosen framework. For this pur-
pose, all of them were previously encapsulated in the
MgAPO-11 (AEL) framework and analyzed separately. A
brief summary of the overall photophysical data is given in
Table 8.5 and by the spectra and CIE coordinates plotted in
Figure 8.16.

The acridine-loaded MgAPO-11 material (AC/AEL),
which absorbs at 414 nm and emits at 481 nm, has been
demonstrated to be a good blue cyan emitter with CIE
(Commission Internationale de 1’Eclairage) coordinates of
0.18, 0.33 (X, y). Under UV excitation it exhibits a relatively
high fluorescence quantum yield of 54% and a long fluores-
cence lifetime of 27 ns attributed to the protonated species
of the AC monomers, ACH*.?7

The pyronin Y dye (PY, Figure 8.15) encapsulated in
MgAPO-11 (PY/AEL) with absorption at 524 nm, revealed
the characteristic green emission of PY monomers at 544
nm (CIE under blue excitation light = 0.35, 0.64). Compared
to PY in aqueous solution (¢g = 0.21, Tg = 2 ns) it possesses
higher fluorescence quantum yield and longer lifetime (g
= 0.29, Tq = 4.2 ns).**

Finally, the LDS 722 dye occluded in AEL (LDS
722/ AEL) shows a very broad absorption region due to the
coexistence of two absorption bands, one at 397 nm in the
UV region attributed to LE main transition and the other at
503 nm, a broad band at higher wavelengths assigned to the
intramolecular charge transfer (ICT) state. The material has
demonstrated red emission properties with its maximum at



8.2 WHITE LIGHT EMISSION IN AEL

670 nm (CIE under green excitation light = 0.69, 0.31) with
a much higher quantum yield (¢g = 0.55) than the corres-
ponding one in aqueous solution (¢pg< 0.01), due to a large
constraint imposed by the AEL nanopores (Section 7.2).%5

Table 8.5: Photophysical parameters - absorption (A,ps) and fluor-
escence maxima (Ag), Commission Internationale de I’Eclairage
(CIE) coordinates, fluorescence quantum yield (¢gq) and fluores-
cence lifetimes (t) - of the single dyes within the AEL inorganic
framework.

Dye-doped Aabs M CIE ba T
system (nm) (nm) x, y) (ns)
AC/AEL 414 481 | 0.18,0.33 | 054 | 2.7
PY/AEL 524 544 | 0.35,0.64 | 0.29 | 4.2

LDS 722/AEL | 397/503 | 670 | 0.69,0.31% | 0.55 | 2.6

*CIE coordinates under green excitation light at Aexc = 530 nm.
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Figure 8.16: (a) Height normalized absorption spectra (dashed
lines) and fluorescence spectra (solid lines) of MgAPO-11
samples containing a single dye: AC/AEL (blue lines), PY/AEL
(green lines), and LDS 722/AEL (red lines). (b) CIE 1931 coordin-
ates diagram with the fluorescence emissions of the four samples
under UV light.

As already mentioned, the emission of white light in
this AEL host containing a mixture of dyes must be assisted
by a successive FRET energy transfer process between the
fluorophores. Therefore, acridine has been selected as the
main energy donor moiety, due to its high fluorescent
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quantum yield and its small molecular size, facilitating a
high loading rate of the dye into the host, which is prefer-
able to obtain relatively large donor:acceptor ratios (50:1 is
recommended) to ensure an efficient FRET process.?”

As acceptor in the first step, PY dye was selected. It
should be noted that the FRET process between AC and PY
in MgAPO-11 has been previously demonstrated to be ef-
ficient in the AC-PY/AEL system, which was favored by
three main reasons: the strong spectral overlap between
the emission band of the donor ACH* and the absorption
band of the acceptor PY (Figure 8.16), the high fluorescence
quantum yield and lifetime of the donor and the high prob-
ability of finding neighboring acceptor molecules.?”

This PY moiety will serve also as energy donor to LDS
722 in the last stage. The broad ICT absorption band of
LDS 722, in fact, the most efficient absorption band for
red emission (Section 7.2), shows indeed a good overlap
with the PY/AEL emission band (Figure 8.16). However, it
should be noted that this ICT band also overlaps with the
AC/AEL fluorescence, which opens the possibility of dir-
ectly transferring the energy from the AC to the LDS 722
moiety. Moreover, LDS 722 can also be excited under UV
light, although as mentioned, this excitation wavelength is
not the most efficient for this dye.”> However, the FRET cas-
cade in the system has to be partial to generate light in the
full of the spectrum; hence, in case of loss of efficiency dur-
ing the process, the reception of light in the red part of the
spectrum is ensured.

Therefore, as the resulting emission from the present
materials involves simultaneous FRET channels between
the three dyes, it is crucial to optimize the relative ratio of
the simultaneously encapsulated dyes in the AEL channels.

8.2.2 Energy transfer between simultaneously encapsulated

dyes

Experimentally, predicting the degree of incorporation of
an isolated dye into the inorganic matrix by crystallization
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inclusion method is not an easy task. Moreover, when deal-
ing with a mixture of dyes in the synthesis gel, as in the
present case, optimizing the relative proportions of the oc-
cluded dyes becomes even more complicated, having to
control the amounts added to the synthesis gel. In addi-
tion to typical parameters such as solubility, the dyes may
compete with each other and favor/prevent the entry of
the others. Hence, there may not be a direct relationship
between the amount of dye initially added to the gel and
the amount of dye found in the particles after crystalliza-
tion, so that finding the right proportions of each dye in
the synthesis gel is often a matter of trial and error.

In order to find the optimum composition with the
three dyes, the following general molar composition was
used:

0.9 ALO,; : 1 P,0; : 0.2 MgO : 0.75 EBA : x Dyes : 300 H,0

Systematic variations were made in the synthesis gel, al-
ways keeping the total amount of dye constant at x = 0.024
but varying the relative proportions between fluorophores.
Gels were heated under autogenous pressure in static re-
gime for 24 h at 160 °C by the procedure explained in Sec-
tion 4.2 of the experimental part. The pH values of the syn-
thesis gels ranged from 4 to 5.

Table 8.6 shows the most representative samples, which
were synthesized in the Molecular Sieves group of the In-
stitute of Catalysis and Petrochemistry of the CSIC (Madrid).
M3/MgAEL represents the Mg-doped AEL matrix with a
mixture of three encapsulated dyes. The relative ratio of the
dyes in the synthesis gel is indicated in parentheses next to
the number of each sample name. For example, the dye ra-
tio of sample 2 is 5:1:1, indicating 5 of AC, 1 of PY, and 1
of LDS 722. Considering that the total amount of the dyes
is kept at 0.024, the added ratio for AC, PY, and LDS 722 is
0.018, 0.003, and 0.003, respectively.
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Table 8.6: The relative proportion of each dye in the initial syn-
thesis gel (given in parenthesis in the sample names in AC: PY:
LDS 722 order), final amount of dye occluded into AEL expressed
as mmol dye per 100 g powder, fluorescence quantum yield (g,
Aexc = 530 nm), Commission Internationale de ’Eclairage (CIE)
coordinates, and Correlated Color Temperature (CCT) number
of the overall emission for each sample expressed in Kelvin de-
grees.

Sample Dye amount into AEL ba CIE CCT
(dye ratio) (mmol/100g) x,y) (K)
(AC: PY: LDS22) AC PY LDS 722
CMgMgaRLX | ||

1 (1:1:1) 3.19 | 0.14 0.09 0.08 | 0.42,0.41 | 3350
2 (5:1:1) 7.44 | 0.02 0.79 0.07 | 0.31,0.32 | 6750
3 (4:2:1) 6.94 | 0.08 0.45 0.10 | 0.32,0.34 | 6070
4 (3:1:1) 8.26 | 0.06 0.55 0.17 | 0.34,0.34 | 5170
5 (3:1:2) 9.49 | 0.06 0.64 0.04 | 0.35,0.32 | 4600

The resulting materials were fully characterized by
spectroscopic techniques and the emission color of all
samples was determined by chromaticity experiments (CIE
coordinates in Table 8.6), in order to check if the emission
color was close to the pure white color coordinates (x = 0.33
and y = 0.33) in the 1931 diagram.

The quantification of the uptake for all dyes was not an
easy task due to the overlap between the absorption regions
of the dyes in solution. Furthermore, the incorporation of
each dye into the MgAPO-11 structure does not follow a
linear correlation with the initial proportion added to the
synthesis gel (Table 8.6). For example, in the first attempt,
sample M3/MgAEL-1, where the dyes were added to the
synthesis gel in equal proportions (x = 0.008), the estim-
ated final amount of dyes loaded was 3.19 mmol of AC,
0.14 mmol of PY, and 0.09 mmol of LDS 722 per 100 g of
sample powder (Table 8.6). All this suggests that there is
a strong competition between the dyes to be encapsulated
into the nanopores of the AEL host, where the incorpor-
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ation of acridine dye is much more favored compared to
the other two, presumably due to its smaller dimensions
and/or higher affinity with the inner face of the channel
walls. Nevertheless, the incorporation of the dyes in any of
the proportions does not modify the structure of AEL. In
the case of the first prepared material, sample M3/MgAEL-
1, a yellowish emission (Figure 8.17a) was observed as con-
firmed from the CIE chromaticity coordinates (Table 8.6,
Figure 8.17b-c), showing a deficit of blue component. Ac-
cording to the color temperature, CCT, determined from
the CIE coordinates,’>" a numerical value of 3350 K was
achieved (Figure 8.18), which is classified as "warm white",
i.e. a pleasant orange to yellowish-white color suitable espe-
cially for bedrooms, living rooms, and restaurant lightings,
to name a few examples.

To achieve a material with an emission closer to pure
white light, with nearly the same emission intensity over
the entire range of the electromagnetic spectrum, in the
following attempt, the amount of blue-emitting AC dye
(first donor in the FRET cascade of the three-dye sys-
tem) in M3/MgAEL-2 was significantly increased with an
amount 5 times greater in proportion than PY and LDS 722
(Table 8.6).

Compared to the previous test, the incorporation
achieved for AC was more than double (7.44 vs 3.19 mmol
dye/100 g sample powder, Table 8.6). Regarding the other
components, interestingly, much higher incorporation of
LDS 722 with respect to PY and even with respect to sample
1 (Table 8.6) was also observed. This experimental fact can
be attributed to the strong competition between PY and
LDS 722 dyes to be embedded in the MgAPO structure
when the amount of AC is much higher in comparison,
with the incorporation of PY being hindered by the pres-
ence of LDS 722 in the gel. In fact, the height dimensions of
PY (perpendicular to the major molecular axis) are larger
than those of AC and LDS 722 (Figure 8.15), resulting in a
tighter fit of PY in the AEL nanochannels and leading to
more difficult incorporation.
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As a result of higher AC incorporation, the fluorescent
emission of M3/MgAEL-2 shows CIE coordinates closer to
pure white under UV excitation (Figure 8.17b-c), but still
with a slightly bluish hue (Figure 8.17a). Consequently, a
relatively high CCT is obtained (6750 K, Table 8.6), falling
in the range of the so-called "cool white", which is similar
to daylight but with a bluish-white appearance that is often
used when higher brightness is required, such as in indus-
trial areas, garages, stores or art studios. However, it does
not yet exhibit the necessary high fluorescence quantum
yield (¢pg < o.10 for samples 1-2) required for optical ap-
plications.

As mentioned above, PY presents a dual behavior in
the hybrid system, acting both as an acceptor of the energy
coming from AC, and as a donor transferring its energy
to LDS 722. Hence, to provide a slightly higher contribu-
tion of the green emission and improve the energy transfer
towards the final red-emitting entity, the relative amount
of PY with respect to LDS 722 was increased in the syn-
thesis gel (0.007 PY and 0.003 LDS 722) in the following
trial. Sample M3/MgAEL-3 (Table 8.6) was prepared with
a ratio of 4AC: 2PY: 1LDS 722, also slightly reducing the
amount of AC in the synthesis gel (x = 0.014) with the in-
tention of shifting the emission color of the gel out of the
blue region. The fluorescent light of the resulting hybrid
material in this case is not far from the desired pure white
emission and shows a relatively higher efficiency than the
previous samples (¢pg = 0.10). Regarding the CCT number
obtained, it is of 6070 K. The sample falls within the "cool
light" range (Table 8.6, Figure 8.18), indicating an improve-
ment over the previous ones, although it may still show a
bluish hue in the white light, albeit very subtle.

Considering the last results, in the next attempt for
sample M3/MgAEL-4, slight changes were made in the re-
lative proportions of the dyes. The amount of AC dye was
kept constant (x = 0.014), but a slightly lower amount of
PY (0.005 PY and 0.005 LDS 722) was used with respect to
sample 3, with a ratio of 3 AC:1 PY:1 LDS 722 in the initial
gel. In this sample, the final estimated amount of loaded
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dyes of 8.26 mmol AC, 0.06 mmol PY, and 0.55 mmol LDS
722 per 100 g of sample powder (Table 8.6), which corres-
ponds to a ratio of 138:1:9, resulted in a pure white light-
emitting material under ultraviolet excitation light (see CIE
coordinates in Table 8.6 and Figure 8.17). This ratio has
turned out to be very favorable mainly due to a much
higher ratio of the main donor (AC) to the acceptor (PY).
Moreover, it should not be forgotten that acridine could
also act as a donor to LDS 722, which has probably guaran-
teed an efficient FRET process and consequently the gener-
ation of white light.?”

This white emission is the result of the very similar
emission intensities achieved in the blue (480 nm), green
(540 nm), and red (670 nm) regions of the visible spec-
trum, which are characteristic of each encapsulated dye
(Figure 8.19). Moreover, it has proved to be the sample with
the highest fluorescence quantum yield (about 17%) among
all the samples described in this work (Table 8.6). Accord-
ing to its corresponding CCT number, it is defined as a
neutral white color, characterized by a bright white light,
appropriate for illuminating many places such as kitchens,
bathrooms, offices, classrooms, or hospitals.

To achieve a slightly warmer light without reaching
the yellowness of sample 1, and thus have a battery of ad-
equate samples with different shades of white emission, a
new sample was prepared (M3/MgAEL-5) with a higher
amount of LDS 722 with respect to sample 4 (3 AC:1 PY:2
LDS 722 in the synthesis gel, Table 8.6).

The sample showed neutral white light emission (CCT
= 4600 K), a little warmer than in the previous sample
(Figure 8.18), although with a lower fluorescence quantum
yield (Table 8.6). This decrease could be attributed to the
higher presence of LDS 722 (Table 8.6). Indeed, this dye can
also be excited under UV light (Figure 8.16), populating
its LE state. However, its emission efficiency is much lower
than when its ICT state is directly excited (Aexc = 530 nm;
Section 7.2.2), and therefore, it could contribute to decreas-
ing the overall fluorescence quantum yield.
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Figure 8.19: (a) Real images of the samples with each dye
(AC, PY, and LDS 722) separately encapsulated in MgAPO-11,
and the sample with the optimized mixture of the three dyes
(M3/MgAPO-4) under ambient light (up) and UV illumination
(down). (b) Emission spectra of sample M3/MgAEL-4 powder
recorded upon UV excitation (325-375 nm).

All in all, the best white light-emitting hybrid mater-
ial under UV illumination was obtained from an initial gel
composition of 0.9 AL,O, : 1.0 P,O; : 0.2 MgO : 0.75 EBA :
0.0144 AC : 0.0048 PY : 0.0048 LDS 722 : 300 H,O, with a rel-
ative dye ratio in the initial gel of 3 AC: 1 PY: 1 LDS 722. The
results presented above indicate that, although it is very dif-
ficult to predict the best synthesis conditions in terms of the
ratio of dye added to the initial gel, a solid-state white light-
emitting material with relatively high fluorescence capabil-
ity can be achieved by applying slight changes in the syn-
thesis gel. Thus, by the rational study of the proportions of
the different fluorescent agents it has been shown that with
subtle changes, one can easily modulate and obtain warm
or cool white light by increasing LDS 722 for the former
and AC for the latter.
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8.2.3 Conclusion

By the simultaneous occlusion of rationally chosen dyes,
emitting in the blue (AC), green (PY) and red region
(LDS 722) of the electromagnetic spectrum, into the one-
dimensional channels of a magnesium-aluminophosphate
with AEL-zeolitic type structure, MgAPO-11, a solid-state
system with efficient white light emission under UV excit-
ation has been achieved. The final color is a consequence
of successive partial energy transfer processes between the
dyes tightly confined in the restricted pore space of the zeo-
type. Furthermore, the color emission can be easily adjus-
ted by the relative proportions added to the initial synthesis
gel depending on the type of illumination required. Thus,
with subtle changes in the proportions of donor and ac-
ceptor dyes, one can easily modulate and obtain a warmer
or cooler white light.

In conclusion, an easy, not time-consuming, and inex-
pensive method has been presented to fabricate a hybrid
material with white light emission that could be used for
future commercial applications, in which organic moieties
are more protected from aging and degradation effects due
to the protection provided by the inorganic matrix.
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Part IV

CONCLUSIONS AND FUTURE
PERSPECTIVE

This part evaluates the results obtained through-
out the thesis and summarizes the most import-
ant conclusions reached. In addition, proposals
for future research and experiments are men-
tioned, giving alternative solutions to the lim-
itations found in the study.






CONCLUSIONS

The results presented in this thesis demonstrate the feasib-
ility of occluding dyes into restricted nanocavities of zeo-
typic materials to promote new and/or enhanced photo-
physical processes in organic fluorophores. In this way,
the one-pot incorporation of rationally selected dyes into
suitable aluminophosphates by the crystallization inclusion
method has allowed the straightforward development of
fluorescent hybrid materials with outstanding functionalit-
ies, such as an important anisotropic response to linearly
polarized light, second harmonic generation, laser gain,
tunable emission or white light emission.

The following lines summarize the main conclusions
and findings related to the hybrid systems developed
throughout this thesis based on the acquired results.

¢ The design and proper selection of the components
that make up the photoactive hybrid systems are cru-
cial to establish the perfect combination and improve
the photophysical properties, such as the fluorescence
efficiency, which will determine the final emissive
properties of the photoactive material and, there-
fore, its best field of application. The most important
factors to consider in the design are the type (chan-
nels or cages) and dimensions of the host nanochan-
nels, and the molecular size and intrinsic properties
of the guest dyes.

* Dye-loaded hybrid materials can be prepared by both
conventional and microwave heating methods. The
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The advantages of
each heating
technique.

The importance of
Bronsted acid sites
for cationic dye
incorporation.

By adjusting the
synthesis gels, high
optical density
materials are
obtained.

The occlusion
provides a constraint
environment to the
dyes.

CONCLUSIONS

use of one method over the other has a major impact
on the resulting particle size of the material; that is,
while the microwave allows fast and efficient heating
and results in smaller crystals, the conventional oven
produces large, well-formed crystals suitable for op-
tical applications.

The choice of metal dopant for isomorphic substitu-
tion in the aluminophosphate material is key to fa-
vor cationic dye incorporation. These ionic metals af-
fect the generation degree of Bronsted acid sites in
the framework and the polarity of the medium. Con-
sequently, it is possible to control the amount of en-
capsulated dye and modulate the final properties of
the material in cases where there is a strong depend-
ence on the dye concentration and/or the distance
between molecules.

In this way, by adjusting the initial synthesis gel, ma-
terials with high optical density (high loadings of pho-
toactive species) suitable for optical applications can
be produced, without observing a detriment in the
emissive characteristics of the fluorophores by mo-
lecular aggregation, due to the very restricted space
provided by the channels of the prepared inorganic
structures.

The occlusion provides a constrained environment
and drives the geometry of the guest dyes generating
interesting optical features. In particular, the occlu-
sion of dyes with high flexibility and internal conver-
sion processes (e.g. styryls such as LDS 730, LDS 722,
DMASBT, and 4-DASPI) within narrow channeled/-
porous structures (e.g. AFI, AEL and CHA) favors a
highly rigid and planar configuration of these mo-
lecules, triggering their fluorescence quantum yields.

In the search for nonlinear optical properties, dyes
with intrinsic NLO properties (push-pull character)
and structures with unidirectional channels have



CONCLUSIONS

proven to be a perfect match, inducing an aligned
arrangement of dye molecules along the channels
(demonstrated by the high values of quantified di-
chroic ratios) and leading to non-centrosymmetric
systems. As a consequence, dye-doped crystals with
second harmonic generation have been reached. The
best SHG system was found in DMASBT /AEL hybrid
material, able to double the frequency of light from
NIR to visible light.

To obtain solid-state lasers it is a prerequisite to
have relatively large and well-formed particles with
defined edges acting as resonant cavities, as well as
high dye loadings. Dilute synthesis gels specifically
promote large particle sizes since they govern nucle-
ation and crystal growth. Microlaser action has been
successfully achieved in DMASBT/AEL hybrid ma-
terial.

The presence of a photophysically active aromatic or-
ganic structure-directing agent can affect the result-
ing properties of the final material and thus confer
fluorescent properties without the addition of any
other dye. This has been the case for the IFO struc-
ture, in which the organic molecule DMAN is used
as a template, leading to an intense blue emission,
which has changed with the aging time, as a con-
sequence of a molecular redistribution and different
self-association.

The synthesis strategy employed in this work also al-
lows the simultaneous occlusion of different active
guests whose combination has given rise to artificial
antennas. In these systems, the resultant fluorescence
color emission is highly dependent on the probab-
ility of FRET processes between the simultaneously
occluded dyes in the restricted space of the zeotype
channels. Likewise, distribution, concentration and re-
lative proportions of the dyes play a key role in im-
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FRET processes.

CONCLUSIONS

proving FRET efficiency, and consequently influence
the final emissive properties of the resultant material:

— On the one hand, the bulkier laser dyes, such

as R123 (green emission) and NB (red emission),
that were occluded together with the template
DMAN (blue emission) in the large pores of the
IFO framework as FRET pairs, induced different
emissive properties (green or red fluorescence)
compared to the starting structure, allowing to
develop possible efficient lasers in different areas
of the spectrum.

On the other hand, the smaller three-ring dyes
such as acridine, pyronin Y, and the styryl dye
LDS 722 with blue, green, and red emission, re-
spectively, which were encapsulated into AEL
channels in the right proportion, resulted in ef-
ficient white light emission upon UV excitation.
This color emission can easily be adjusted to
warmer or cooler white light depending on the
type of illumination required, by playing with
the relative proportions added to the initial syn-
thesis gel.



FUTURE OUTLOOK

The dye-doped zeotypic materials presented in this work
have shown strong potential for future applications in the
field of optics and photonics. However, the interest and ap-
plicability of these versatile systems is not limited to what
has been presented so far, but they still offer a great pos-
sibility to exploit and extend the range of applications. In
the following lines, some challenges will be addressed to
improve the operability of these systems and fulfill some
of the initial perspectives pursued in this thesis that have
not been achieved to date. Many of the approaches and ex-
periments listed below are currently being undertaken and
others will be carried out in the near future:

® One of the most interesting systems obtained is the
DMASBT/AEL (Chapter 7, Section 7.3), which has
shown great dual applicability, with NLO and mi-
crolaser response in single crystal level. Other styryls
such as LDS 722 or 4-DASPI have also been tested in
the same AEL structure, although the low dye load-
ings or lack of well-formed large crystals has not al-
lowed the development of solid-state laser materials.
However, they are also expected to be good candid-
ates. Indeed, some laser signal (albeit low) has been
observed in the case of LDS 722/AEL (Section 7.2.3).
Moreover, 4-DASPI/AEL has showed high fluores-
cence properties and dye loadings, although in small
and irregular crystal particles (Section 7.4.2). There-
fore, further experiments will be performed and the
synthesis conditions will be optimized varying the gel
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composition (amount of dye, water, template, addi-
tion of isopropanol), heating temperature and time,
in order to ensure the formation of big, well-defined
crystalline particles with a suitable optical density to
trigger microlaser action.

Regarding the 4-DASPI/CHA system (Chapter 7, Sec-
tion 7.4), the exceptional incorporation of the dye in-
side chabazite cavities (lodged within two neighbour-
ing cage units) has rendered a system with high fluor-
escent quantum yield. However, the low dye/SDA
ratio (0.024 4-DASPI / 3.3 TEA) in addition to the
complex configuration adopted by the dye molecules
between two cavities of CHA framework, has prob-
ably influenced the low incorporation reached. There-
fore, as a future perspective, we intend to increase the
amount of dye in the synthesis gel by 3 to 5 times,
in order to simulate the same ratios used for other
systems (typically 0.024 dye/1 TEA). In addition, the
LDS 722 styryl dye has already been occluded into the
cages of this structure, but the photophysical study
and its potential applicability as a random laser re-
mains to be tested.

In the extra-large pore structure of IFO, it has been
demonstrated that FRET energy transfer processes
can be eventually promoted. However, although the
incorporation of DMAN acting as a donor has been
high, the amount of R123 and NB has been scarce in
comparison, hampering an efficient FRET cascade. In
this sense, several attempts are being made to favour
a higher dye loading, such as increasing the amount
of Mg and water content in the synthesis gel. In fact,
a gel composition with 0.2 MgO and 100 H,O for NB
have turned out to be favorable. On the contrary, for
R123, these conditions do not favor a higher incorpor-
ation, probably due to the large size of the molecule.
Therefore, other combinations will be tried, such as
the use of other types of dyes, i.e. flavine dyes as sub-
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stitutes for R123 and i.e. smaller oxazine dyes as sub-
stitutes for NB.

On the other hand, based on the results of the present
doctoral work, other promising research lines have been
opened in the field of dye-doped zeotypic systems. For ex-
ample, related to CHA structure, two other structures from
the same ABC-6 family, are now being studied: MAPO-
56 (AFX) and STA-20 (SWY). Both structures (Figure 10.1)
give rise to 3D connected pore systems bounded by 8R
walls with 6R aperture windows, leading to very similar
entrances to that of CHA (~ 3.8 A x 3.8 A, Section A.4, A.6
and A.7).

CHA

Figure 10.1: Three aluminophosphates of the ABC-6 family with
3D cavities: (a) CHA (studied throughout this thesis), (b) AFX,
and (c) SWY.

A brief summary of the results obtained so far are
presented below:

o AFX tridimensional channel network

AFX shows more than one type of cage, gmelinite
(gme) and AFT respectively." The largest one, AFT
(Figure 10.1b), has an open window of 3.4 A x 3.6
A and a length of 16.59 A. Note that the aperture of
the windows interconnecting the cavities is smaller
compared to the CHA structure and dye molecules
cannot be accommodated between two adjacent cavit-
ies (Figure 10.1a-b). For this reason, the main idea is
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FUTURE OUTLOOK

to exploit this structure to host the dye along a single
AFT cage. In this regard, smaller dyes have been se-
lected for the incorporation, namely acridine yellow
and acridine orange (Figure 10.3).

Acridine derivatives (Section 3.6.2.1) are well known
as dyes with a high probability of intersystem cross-
ing processes allowing phosphorescence at low tem-
perature or delayed fluorescence at room temperat-
ure (Section 3.1.4.1 and Section 3.1.4.2). The latter
phenomenon is a very interesting photophysical pro-
cess to be used in commercial OLEDs.*3 To trig-
ger delayed fluorescence, the inorganic framework
should provide a very rigid environment to the dye
and avoid molecular self aggregation.

To this end, several syntheses are currently in pro-
gress. The AFX network as SAPO-56 and MgAPO-56
have been synthesized using TMHD (N, N, N’, N’-
tetramethyl-1,6-hexanediamine) as a template (both
procedures and gel compositions are given in Sec-
tion 4.5). As observed for other structures, only the
Mg-doped systems (MgAPO-56) have given satisfact-
ory results in terms of dye loading. Interestingly, an
important contribution of a new phase, identified as
DFO, has been obtained together with AFX, regard-
less of the temperature employed for the synthesis
(170 °C or 190 °C). DFO is characterized by a per-
pendicularly cross-linked 10- and 12-membered rings,
with two types of unidirectional 12-membered chan-
nels of 6.2 A and 7.3 A diameters (Figure 10.2a).45

The two phases are easily distinguished by optical
microscopy (Figure 10.4). AFX shows plain crystals
with hexagonal morphology and very low color (Fig-
ure 10.4a), while the DFO particles are much larger
and present an intense yellow (ACY) or orange (ACO)
color by transmission (Figure 10.4b), indicating higher
dye incorporation (occlusion verified by linear polar-
ized emission measurements). Both particles exhibit
fluorescent characteristics, but it is the DFO frame-
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work that has promoted delayed fluorescence in ac-
ridine dyes. In fact, very long emission lifetimes of
about 58 ms and 46 ms, have been registered for the
samples synthesized with ACO and ACY, respectively
(Figure 10.2b).

In light of these promising results, efforts are being
made to further explore the characteristics of these
new materials (AFX and DFO) and understand the
processes involved. Therefore, new experiments are
currently being carried out to obtain acridine-doped
pure phase AFX and DFO phases, to boost (delayed)
fluorescence in each particular structure.

ACY/AFX ACO/AFX

S

ACO/DFO

Figure 10.4: Transmission and fluorescence images upon blue
excitation light (D470/40 band-pass) of (a) AFX and (b) DFO
particles with ACY (left) and ACO (right) dyes synthesized at
170 °C. Scale = 20 pm.

e Novel STA-20 (SWY) structure

The SWY structure is the most novel structure among
all presented in this thesis. It was discovered very re-
cently, in 2017.° This network also contains single 6R
units and three types of cages: gme, can, and sta-2o.
It presents the longest three-dimensional cavity (22.7
A) in an ordered ABC-6 material (Figure 10.1C), en-
abling the hosting of larger molecules. In fact, an aid-
computed study indicates that dyes from the styryl
family fit very well within these SWY cavities (Fig-
ure 10.5). Therefore, several syntheses are being per-
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Figure 10.3: (a) The
two types of 12-ring
channel views of the
DFO framework. (b)
Fluorescence decay
curve in 0.5 seconds
window of MgAFX
samples synthesized
with ACY (red) and
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a pronounced amount
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in this sample but is
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phenomenon.



280

Figure 10.5:
Molecular docking
of some styryl dyes
(LDS 722, Styryl 8
and 4-DASPI) within
the 3D cavities of
STA-20 framework.

FUTURE OUTLOOK

formed following the detailed procedure and with the
gel composition described in Section 4.6.

Among all the attempts, LDS 751/SWY system (dye
structure in Figure 10.6a) has shown interesting pre-
liminar photophysical characteristics. Although the
dye loading is low, the hybrid system shows red fluor-
escence with very long lifetimes of 20 ns, assigned to
the confinement effect in the STA-20 cages.

a) LDS 751

\ =

N Y

/L’/ l\{/
|

Figure 10.6: (a) Molecular structure of LDS 751 dye. (b) SEM
(scale = 2 um) and (c) fluorescence images upon green excitation
light (HQ530/30m band-pass, scale = 20 pm) of LDS 751/SWY
hybrid particles.

Therefore, this new structure is considered very prom-
ising, and further effort will be done to obtain an Mg-
doped framework that will enable higher incorpora-
tion of dye molecules that give rise to diverse and
brand new photoactive materials. .

All in all, the presented systems offer versatility and
a wide range of possibilities, since they allow to rationally
choose and adapt an inorganic matrix to the preferences or
requirements of the fluorescent dyes or lasers of interest,
thus achieving their maximum potential and allowing a
broader use for more advanced devices. In this sense, we in-
tend to proceed by exploiting new ideas and performing ex-
periments that will allow us to achieve objectives and new
discoveries applicable in the fields of optics and photonics.
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Part V

APPENDIX

This final part of the thesis includes all the com-
plementary material, such as a database with
structural information of all the aluminophos-
phates employed, tables with the syntheses car-
ried out and the actual compositions for each
case, and supporting documentation to verify
the results presented.






HOST SYSTEMS DATABASE

The following pages provide a database with structural information
on all the types of zeotype structures that have been selected in this

thesis.
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HOST SYSTEMS DATABASE

A.1 FRAMEWORK TYPE AFI
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Name and Code derivation:

¢ Aluminophosphate-five
* AIPO,-5 (five)
e AFI
Year reported: 1987
Idealized cell data: hexagonal, Pécc, a = 13.8 A, c=86A
Framework density: 17.3 T/1000 A3
Channels: 7.3 x 7.3 A
Biggest ringe size: 12 MR
Dimensionality: 1D

Hybrid materials with this framework type:

e LDS 730 / SAPO-5
e LDS 730 / MgAPO-5
¢ DMASBT / MgAPO-5



A.2 FRAMEWORK TYPE ATS

A.2 FRAMEWORK TYPE ATS

Name and Code derivation:

* MAPO-36 (thirty-six)
e ATS

Year reported: 1992

Ideaolized cell data: orthorhombic, Cmcm, a = 13.2 Ab=216A,c=
53 A )

Framework density: 16.4 T/1000 A3

Channels: 6.5 x 7.5 A

Bigger ringe size: 12 MR

Dimensionality: 1D

Hybrid materials with this framework type:
¢ DMASBT / MgAPO-36
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A.3 FRAMEWORK TYPE AEL
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Name and Code derivation:

¢ Aluminophosphate-eleven
e AIPO,-11 (eleven)
e AEL

Year reported: 1987

Idealized cell data: orthorhombic, Imma, a =8.3 A, b=18.7 A, c = 13.4
A

Framework density: 19.1 T/1000 A3

Channels: 4.0 x 6.5 A

Biggest ringe size: 10 MR

Dimensionality: 1D

Hybrid materials with this framework type:

e LDS 722 / MgAPO-11
¢ DMASBT / MgAPO-11
e AC + PY + LDS 722 / MgAPO-11



A4 FRAMEWORK TYPE CHA

A.4 FRAMEWORK TYPE CHA

Name and Code derivation:

e Chabazite
e CHA

Year reported: 1978

Idealized cell data: trigonal, R3m ,a= 13.7A, c= 14.8A
Framework density: 14.5 T/1000 A3

Channels: 3.8 x 3.8 A (variable due to considerable flexibility)
Bigger ringe size: 8 MR

Dimensionality: 3D

Hybrid materials with this framework type:
e 4-DASPI / MgAPO-34
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A.5 FRAMEWORK TYPE IFO
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Name and Code derivation:

* Instituto de Tecnologia Quimica Valencia - fifty-one
e ITQ-51 (fifty-one)
e [FO
Year reported: 2013
Idealized cell data: monoclinic, P12;/n1, a = 23.3 A b= 16.5 A, c=
5.0 A
Framework density: 16.7 T/1000 A3
Channels: 9.3 x 10.6 A

Bigger ringe size: 16 MR
Dimensionality: 1D

Hybrid materials with this framework type:

* Ri123 / MgITQ-51
* NB / MgITQ-51
¢ R123 + NB / MgITQ-51



A.6 FRAMEWORK TYPE AFX

A.66 FRAMEWORK TYPE AFX

Name and Code derivation:

¢ Silico-Aluminophosphate-fifty-six
* SAPO-56 (fifty-six)
e AFX
Year reported: 1994
Idealized cell data: hexagonal, P63/mmc, a = 13.7 A, c= 19.7 A
Framework density: 14.7 T/1000 A3
Channels: 3.4 x 3.6 A

Bigger ringe size: 8 MR
Dimensionality: 3D

Hybrid materials with this framework type:

e ACY / SAPO-56
e ACO / SAPO-56
* ACY / MgAPO-56
* ACO / MgAPO-56
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A.7 FRAMEWORK TYPE SWY

Name and Code derivation:

* University of Saint Andrews - twenty
¢ STA-20 (twent(y))
* SWY

Year reported: 2017

Idealized cell data: trigonal, P31c, a = 13.2 A b=1324A,c=306A
Framework density: 15.7 T/1000 A3

Channels: 4.0 x 3.9 A

Bigger ringe size: 8 MR

Dimensionality: 3D

Hybrid materials with this framework type:

e LDS 751 / STA-20



SPECIFIC GEL MOLAR COMPOSISITIONS FOR
EACH SYSTEM

The following tables show the real gel compositions for each (dye-
doped) zeotype synthesized by microwave and conventional oven.

¢ SAPO-5 (MW)

Sample | Al O; P,O; SiO, TEA H,O0

SiAFI-1 | 1.01 0.96 0.20 0.75 | 314.92
SiAFI-2 | 1.00 0.97 0.20 1.00 | 310.11
SiAFI-3 | 1.00 0.97 0.20 1.50 | 305.13
SiAFl-4 | 1.02 0.94 0.20 1.49 | 306.52
SiAFI-5 | 1.05 0.95 0.20 1.49 | 304.60

SiAFI-6 1.02 1.07 0.20 1.49 | 304.76

e LDS 730/ SAPO-5 (MW)

Sample Al O, P,O; Sio, TEA LDS 730 H,O

S1/SiAFI-3H | 1.00 0.91 0.20 1.50 0.024 | 304.95
S1/SiAFI-4H | 1.00 0.91 0.20 1.50 0.024 | 304.95
S1/SiAFIsH | 1.00 0.91 0.20 1.50 0.024 | 304.95

S1/SiAFI-6H 1.01 0.95 0.20 1.49 0.026 | 304.66
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SPECIFIC GEL MOLAR COMPOSISITIONS FOR EACH SYSTEM

¢ MgAPO-5 (MW)

Sample | ALO, | P,0; | MgO | TEA H,0

MgAFI-1 0.89 1.10 0.22 0.96 | 306.66

MgAFI-2 0.90 1.03 0.20 0.75 | 302.53

MgAFI-3 0.97 1.05 0.10 0.75 | 304.64

MgAFI-4 0.97 1.02 0.11 1.00 | 310.31
¢ LDS 730/ MgAPO-5 (MW)

Sample ALO, | P,O, | MgO | TEA | LDS730 | H,O
S1/MgAFI-1L 0.91 1.11 0.21 1.00 0.009 | 305.61
S1/MgAFI-1H 0.90 1.03 0.20 1.00 0.024 | 304.76
S1/MgAFI-2L 0.90 1.08 0.20 0.75 0.010 | 305.16
S1/MgAFI-2H 0.91 1.05 0.20 0.75 0.024 | 304.76
S1/MgAFI-3L 0.95 0.97 0.10 0.75 0.008 | 305.57
S1/MgAFI-3H 0.95 0.98 0.11 0.75 0.024 | 305.95
S1/MgAFI-4L 0.95 1.03 0.10 1.00 0.009 | 313.78
S1/MgAFI-4M 0.95 1.00 0.11 1.00 0.016 | 304.65
S1/MgAFI-4H 0.95 1.09 0.10 1.00 0.024 | 305.57
¢ LDS 730/ MgAPO-5 (CH)

Sample Al O, P,O; MgO TEA LDS 730 H,O
S1/MgAFI-2H’ | 0.91 1.00 0.21 0.74 0.024 | 304.74
S1/MgAFI-4H’ | 0.95 1.00 0.10 0.99 0.025 | 304.34




SPECIFIC GEL MOLAR COMPOSISITIONS FOR EACH SYSTEM

* MgAPO-11 (CH)

Sample AL O, P,O, MgO DPA H,O
MgAEL-1 0.97 1.08 0.28 1.86 | 498.72
¢ LDS 722/ MgAPO-11 (CH)
Sample Al,O;, | P,O;, | MgO | EBA | LDS 722 H,O 2-
propanol
S2/MgAEL-1 | 0.97 | 1.05 | 0.28 | 1.94 0.008 | 501.88 -
S2/MgAEL-2 | 0.94 | 1.00 | 0.10 | 0.98 0.008 | 300.63 -
S2/MgAEL-3 | 0.96 | 0.98 | 0.10 | 0.96 0.008 | 302.37 6.00
S2/MgAEL4 | 096 | 1.00 | 0.10 | 0.97 0.008 | 500.01 -
Sz2/MgAEL-5 | 0.96 | 1.00 | 0.10 | 1.11 0.008 | 504.03 6.14
¢ DMASBT/MgAPO-11 (CH)

Sample Al O, P,0; MgO | SDA | DMASBT H,O
S3/MgAEL-1 | 0.90 1.00 | 0.20 | 0.75 0.025 300.11
S3/MgAEL-2 | 0.90 1.02 | 0.20 | 0.97 0.024 300.42
S3/MgAEL-3 0.89 1.00 0.20 | 1.48 0.024 300.38
S3/MgAEL-4 | 0.95 1.02 | 0.10 | 0.74 0.024 300.10
S3/MgAEL-5 0.95 0.99 0.10 | 1.00 0.024 300.85
S3/MgATS-1 0.91 0.98 0.20 | 0.80 0.024 299.59
S3/MgATS-2 0.90 1.01 0.20 | 0.98 0.024 300.32
S3/MgAFI-1 0.92 0.99 0.21 | 0.76 0.024 300.57
S3/MgAFI-2 0.90 1.00 0.20 | 0.98 0.024 200.28
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« DMASBT/MgAPO-36 (CH)

Sample Al,O, P,O, MgO | SDA | DMASBT H,O

S3/MgATS-1 0.91 0.98 0.20 | 0.80 0.024 299.59

S3/MgATS-2 0.90 1.01 | 0.20 | 0.98 0.024 300.32

¢ DMASBT/MgAPO-5 (CH)

Sample Al O, P,O

5 MgO SDA | DMASBT H,O

S3/MgAFI-1 0.92 099 | 0.21 | 0.76 0.024 300.57

S3/MgAFI-2 0.90 1.00 0.20 | 0.98 0.024 200.28

e 4-DASPI/MgAPO-11 (CH)

Sample Al O, P,0; MgO EBA 4-DASPI H,O

S4/MgAEL-1 0.91 0.99 0.20 | 1.04 0.026 300.27
S4/MgAEL-2 0.91 1.01 0.20 | 0.75 0.025 299.64
S4/MgAEL-3 0.96 1.02 0.10 | 1.04 0.024 299.85

S4/MgAEL-4 0.93 1.02 | 0.10 | 0.75 0.024 298.53

¢ 4-DASPI/MgAPO-34 (CH)

Sample AL,O; | P,O, | MgO | TEA | 4-DASPI | H,O

2

MgCHA 0.77 1.00 | 0.47 | 3.30 - 47.00

S4/MgCHA 0.77 1.00 | 0.47 | 3.30 0.024 47.00




SPECIFIC GEL MOLAR COMPOSISITIONS FOR EACH SYSTEM

* Dye/MgITQ-51 (CH)

Sample AlL,O; | P,O;, | MgO | DMAN | H,O Dye
MgIFO-1 0.95 | 1.00 | 0.10 1.21 | 39.92 -
F1/MgIFO-1 0.95 | 1.00 | 0.10 1.20 | 40.19 0.008 R123
F2/MgIFO-1 0.94 | 0.99 | 0.10 1.22 | 42.59 0.008 NB
F1+F2/MgIFO-1 | 0.98 | 1.02 | 0.11 1.23 | 40.24 | 0.004 Ri23 +

0.004 NB
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SUPPORTING INFORMATION

All supporting documentation and information necessary to verify the
results and performed calculations is provided here.
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C.1 SUPPORTING FIGURES
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Figure C.1: Overall thermogravimetric decomposition (TG) process of the
LDS 730 dye and determination of the decomposition characteristic temper-
ature by the derivative thermogravimetric method (DTG).
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Figure C.2: Calibration (a) solutions and (b) curve of LDS 730 in a solution
of 20% EtOH in acid media (HCI). The concentrations given are in pM (-
10® M). It should be noted that since the quantification was performed in a
very acidic medium to ensure the degradation of the matrix, the species to
be quantified was the diprotonated molecule ph < pk,, which is blue-shifted
in comparison to the monocation due to a loss in conjugation.
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Figure C.3: X-ray powder diffractions of MgAFI samples synthesized by mi-

crowave heating: (a) 1, (b) 2, (¢) 3, and

(d) 4.
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Figure C.4: X-ray powder diffractions of MgAFI samples synthesized by con-

ventional heating.
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Figure C.5: Scanning electron microscopy images for samples S1/MgAFI-2H’
and S1/MgAFI-4H’ synthesized with different MgO compositions.
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Figure C.6: X-ray diffractions of AEL large crystals (a) without (MgAEL-X)
and (b) with LDS 722 dye (S2/MgAEL-X) at several synthesis times. A = 45
h,B=70hand C = 138 h.
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Figure C.7: X-ray diffractions of dye-doped (LDS 722) AEL large crystals
with the synthesis made at different gel compositions and at two different
temperatures (A = 180 ° C, B = 195 ° C) superposed: (a) S2/MgAEL-2 and -3,
and (b) S2/MgAEL-4 and -5.
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Figure C.8: PXRD patterns of DMASBT/AEL (S3MgAEL-X) samples pre-
pared under different synthesis conditions by CH, which are summarized in
Table 7.11 of the manuscript. Asterisks indicate diffractions of phases formed
other than the main phase.
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Figure C.9: PXRD patterns of (a) DMASBT/ATS (S3/MgATS-X) and (b)
DMASBT/AFI (S3/MgAFI-X) samples prepared under different synthesis
conditions by CH, which are summarized in Table 7.11 of the manuscript.
Asterisks indicate diffractions of phases formed other than the main phase.
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Figure C.11: Scanning-electron microscopy image of sample S3/MgAEL-4.
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Figure C.12: Calibration of 4-DASPI in deionized water in acid media (HCI).
The concentrations given are in uM (- 10~ % M). It should be noted that since
the quantification was performed in a very acidic medium to ensure the de-
gradation of the matrix, the species to be quantified was the diprotonated
molecule ph < pK,, which is blue-shifted in comparison to the monocation

due to a loss in conjugation.

F1+F2/MgIFO

3
)
2> F2/MgIFO
1]
c
2o
£
F1/MgIFO

5 10 15 20 25 30 35 40
28 (%)

Figure C.13: PXRD patterns of dye-doped MgIFO samples. F1 = R123 and F2
= NB.



C.1 SUPPORTING FIGURES 307

1,0 T T T 1,00 T T T
a) —51] D)
y = 5902x
ors| R=09992 ]
(0] [0}
(&) o
c c
(] [
o 2 0,50 g
5 G
172} [
Q Q
< <
0,251 _
: , 0,00 . . .
250 215 300 325 0 50 100 150
Wavelength (nm) Concentration (-10°M)

Figure C.14: Calibration (a) solutions and (b) curve of DMAN in a 50:50
EtOH:H,O aqueous solution in acid media (HCI). The concentrations given
are in uM (- 10~° M).
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C.2 SUPPORTING EXPLANATIONS
c.2.1  Determination of pkq

The pk, of DMASBT was determined by using the following equation:"

Amax (ADMASBT) — A ) (C.1)

H =pk, + lo (
P Pla INA = Amax (ADMASBT...H*+)

where Aax (ApmaseT) and Amax (ApmassT...H+) refer to the
maximum absorbance values of the DMASBT molecule in neutral and
protonated form when only these species are present and A refers to
the absorbance of the molecule in the respective buffer solutions.

Y= 2.020X+4.504

When the acidic and basic species are equal it is known that the
pH of the solution will be equal to the value of pk,. Therefore, the pk,

obtained was:

1 Pandey, M.; Jaipal, A; Kumar, A; Malik, R; Charde, S. Determination of pKa of
felodipine using UV-Visible spectroscopy. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy 2013, 115, 887-890



	Dedication
	Abstract
	Laburpena
	Resumen
	Publications
	Acknowledgments
	Contents
	List of Figures
	List of Tables
	Acronyms
	1 Introduction
	Bibliography
	Fundamentals
	2 Host Systems
	2.1 Zeotypes: aluminophosphates
	2.2 Isomorphic substitution
	2.3 Classification of aluminophosphates
	2.4 Selected aluminophosphates

	3 Basic principles of photophysics
	3.1 Unimolecular Processes
	3.1.1 Excitation
	3.1.2 Vibrational relaxation and internal conversion
	3.1.3 Fluorescence
	3.1.4 Intersystem crossing

	3.2 Bimolecular Processes
	3.2.1 Molecular Aggregation in the ground state
	3.2.2 Intermolecular processes in the excited state

	3.3 Polarized Light Spectroscopy: Anisotropy
	3.3.1 Polarized photoselection and dye-alignment

	3.4 Nonlinear (NLO) processes
	3.4.1 Second-harmonic Generation (SHG)

	3.5 Microlaser Action
	3.6 Photophysical features of guest dyes 
	3.6.1 Styryl dyes
	3.6.2 Three Fused aromatic ring dyes
	3.6.3 BODIPYs


	Bibliography

	Experimental details
	4 Synthesis of dye-loaded aluminophosphates
	4.1 Dye/MAPO-5 (AFI) materials
	4.2 Dye/MgAPO-11 (AEL) materials
	4.3 Dye/MgAPO -36 (ATS) materials
	4.4 Dye/MgAPO-34 (CHA) materials
	4.5 Dye/MAPO-56 (AFX) materials
	4.5.1 Synthesis of MPP(OH)2 

	4.6 Dye/STA-20 (SWY) materials
	4.6.1 Synthesis of diDABCO-C6

	4.7 Dye/MgITQ-51 (IFO) materials

	5 Structural Characterization
	5.1 X-ray powder diffraction (PXRD)
	5.2 Scanning Electron Microscopy (SEM)

	6 Photophysical properties
	6.1 Absorption spectroscopy
	6.2 Fluorescence spectroscopy
	6.3 Time-correlated spectroscopy
	6.4 Laser flash-photolysis
	6.5 Fluorescence microscopy
	6.6 Photometric quantification of the dye
	6.7 Second-harmonic generation (SHG) response
	6.8 Solid-state laser action
	6.9 Computational details

	Bibliography

	Results and discussion: Dye-doped zeotypes
	7 Styryl dyes into MAPOs
	7.1 LDS 730 dye within several MAPO-5 hosts
	7.1.1 Photophysics of LDS 730 in solution
	7.1.2 Dye-SAPO-5 by microwave heating
	7.1.3 Dye-MgAPO-5 by microwave heating
	7.1.4 Dye-MgAPO-5 in conventional oven
	7.1.5 Conclusion

	7.2 Large crystals of LDS 722/MgAPO-11
	7.2.1 Photophysics of LDS 722 in solution
	7.2.2 Photophysics of LDS 722/AEL system
	7.2.3 Synthesis optimization for microlaser response
	7.2.4 Conclusion

	7.3 DMASBT dye into various MgAPOs
	7.3.1 Photophysical properties of DMASBT in solution
	7.3.2 Synthesis of DMAST/MgAPO hybrid materials
	7.3.3 Photophysical characterization of DMASBT/MgAPO dye-doped zeotypes
	7.3.4 DMASBT-AEL Single Crystal Characterization: SHG and Laser Action
	7.3.5 Conclusion

	7.4 4-DASPI dye into AEL and CHA
	7.4.1 Photophysics of 4-DASPI dye in solution
	7.4.2 Photophysics of 4-DASPI/AEL 
	7.4.3 Photophysics of 4-DASPI/CHA
	7.4.4 Conclusion


	8 Novel systems for energy transfer
	8.1 Extra-large IFO
	8.1.1 Photophysics of DMAN template in solution
	8.1.2 Synthesis of IFO and photophysics of occluded DMAN
	8.1.3 Coencapsulation of other dyes for energy transfer (FRET)
	8.1.4 Conclusion

	8.2 White light emission in AEL
	8.2.1 AEL hybrid systems loaded with a single dye
	8.2.2 Energy transfer between simultaneously encapsulated dyes
	8.2.3 Conclusion


	Bibliography

	Conclusions and Future perspective
	9 Conclusions
	10 Future outlook
	Bibliography

	Appendix
	A Host Systems Database
	A.1 Framework Type AFI
	A.2 Framework Type ATS
	A.3 Framework Type AEL
	A.4 Framework Type CHA
	A.5 Framework Type IFO
	A.6 Framework Type AFX
	A.7 Framework Type SWY

	B Specific gel molar composisitions for each system
	C Supporting information
	C.1 Supporting figures
	C.2 Supporting explanations
	C.2.1 Determination of pka






