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Our discoveries come from the chaos.
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ABSTRACT

Fascinating dye-zeolite L composites have great relevance in developing technologica and
biotechnological devices such as light emitting devices (LED) or hybrid solar cells for
luminescent solar concentrator and can be used also in molecular imaging. The present
doctoral thesis aims to contribute to the advances in structural characterization of dye
molecules into zeolite L (ZL). Actually, a detailed structural characterization is necessary to
explain the functionality of these materials and their stability and to understand the host-guest
interactions involved in their efficiency.

Zeolite L -characterized by a one-dimensional channel system, surrounded by a ring of 12
tetrahedra (12MR), running along the ¢ axis - is an idea host because its structure imposes
geometrical constraints to the guest molecules. These structural characteristics lead to ahighly
ordered and well defined arrangement of the guests inside the channels. In particular, the
incorporation of neutral species requires a previous dehydration of the zeolite. For this reason,
adetailed structural study of the dehydration process of the zeolite L was carried out through
in situ XRPD experiment and Rietveld refinement. It revealed that zeolite L has a very high
thermal stability and is essentialy inflexible.

Successively, three different dyes were encapsulated into the zeolite L: the neutral dyes
Fluorenone and tB-DXP via gas phase adsorption (ZL/FL, ZL/tB-DXP composites) and the
cationic thionine via cationic exchange (ZL/Th composites). The characterization of these
samples was carried out, at ambient conditions, combining experimental techniques (XRPD
and Rietveld refinement, TGA, Infrared spectroscopy, UV/vis and fluorescence spectroscopy)
and Molecular Dynamics simulations.

The main results can be summarized as follows: 1) ZL/FL composites. It has been determined
that the maximum possible dye loading is 1.5 molecules per unit cell. The distribution of
fluorenone molecules within the ZL channel was obtained combining the diffraction data and
the Molecular Dynamic simulations results. The stability of the ZL/FL materials was
confirmed and attributed to the strong interactions between the oxygen of FL carbonyl group
and the ZL extraframework potassium atom. The fluorescence spectroscopy indicated that the
optical properties of the composites are not influenced by the amount and organization of FL
molecules and by the presence of water molecules in ZL channels. 2) ZL/tB-DXP composites.
The comparison between the cell parameters of the zeolite L as synthetized and the composite
showed that the encapsulation of a so large dye was successful. Notwithstanding the tB-DXP



molecule length is three times the c parameter of ZL, no superstructure evidence was
observed in the XRPD pattern. The TGA analysis showed a maximum loading of 0.23
molecule per unit cell and the structural refinement located the dye paralel to the 12MR
channel axis. 3) ZL/Th composites. Also in this case the incorporation of thionine entails a
glight increase of the unit cell parameters respect to ZL. The XRPD patterns did not show
superstructure evidence even if the dye molecule length is two times the ¢ parameter of the
zeolite. The maximum Th loading is 0.27 molecules per unit cell and the structure refinement
allowed the localization of only the thiazine ring.

ZL/tB-DXP and ZL/Th composites showed interesting optical properties and high stability.
The work presented here could be helpfully for the development of functional devices with

stimulating perspectives in the optical and electronic related fields.



Riassunto

I compositi colorante-zeolite L hanno grande rila nello sviluppo di dispositivi
tecnologici e biotecnologici come: light emittingode (LED), celle solari ibride per
concentratori solari luminescenti e anche nell'imggnolecolare. Scopo di questa tesi di
dottorato e la caratterizzazione strutturale diemali ibridi ottenuti dall'incapsulamento di
molecole di colorante nella zeolite L (ZL). Un defiato studio strutturale € necessario per
spiegare la funzionalita e la stabilita di questimgpositi, al fine di comprendere a quali
interazioni host-guest e dovuta la loro efficienmaquanto il loro utilizzo € di grande
rilevanza. ZL, caratterizzata da un sistema di icananodimensionali delimitati da anelli a
12 tetraedri (12MR) che corrono lungo l'asse cunehost ideale perché la sua struttura
impone forti vincoli alle molecole ospiti che temdb ad organizzarsi in maniera ordinata e
ben definita all'interno dei canali. In particolaileconfinamento di molecole neutre richiede
una precedente disidratazione della zeolite. Pestqumotivo € stato effettuato uno studio
strutturale sul processo di disidratazione dellalie L mediante in situ-XRPD e
raffinamento Rietveld. Da questo € emerso chedéited. ha un'elevata stabilita termica ed é
essenzialmente inflessibile.

Nella ZL sono stati incapsulati tre diversi coldrafe specie neutre fluorenone e tB-DXP
tramite adsorbimento in fase gassosa (ZL/FL, ZIDBP compositi) e la thionina cationica,
mediante scambio cationico (ZL/Th composito). Laatterizzazione di questi campioni e
stata effettuata in condizioni ambiente combinandcniche sperimentali (XRPD e
raffinamento Rietveld, TGA, spettroscopia inframssUV/Vis e spettroscopia di
fluorescenza) e simulazioni di dinamica molecolare.

| principali risultati possono essere riassunti esague: 1) ZL/FL. E stato determinato che il
massimo caricamento possibile di FL e di 1,5 md&egper cella unitaria. La determinazione
della posizione delle molecole di fluorenone a¥mo dei canali della ZL é stata ottenuta
combinando i dati di diffrazione e i risultati delsimulazioni di dinamica molecolare. La
stabilita dei compositi ZL/FL é stata confermataatribuita alla forte interazione tra
l'ossigeno del gruppo carbonilico del FL e il petasextraframework della ZL. La
spettroscopia di fluorescenza ha mostrato inottine, le proprieta ottiche dei compositi non
sono influenzate né dalla quantita e l'organizzezidelle molecole di FL, né dalla presenza

di molecole d'acqua nei canali della ZL. 2) ZL/tBdB. Il confronto tra i parametri di cella



della zeolite L e quelli del materiale compogitomostrato che l'incapsulamento é avvenuto
con successo. Nonostante la lunghezza della maldctB-DXP sia tre volte il parameto
della ZL, nel pattern di diffrazione non e stasservata la presenza di una superstruttura.
L'analisi TGA ha mostrato un carico massimo pdij28 molecole per cella e il raffinamento
strutturale ha localizzato il colorante disposteafialamente all'asse del canale a 12.

3) ZL/Th. Anche in questo caso l'incorporaziongéhibnina comporta un leggero aumento dei
parametri di cella rispetto a quelli della ZL talade. Il pattern XRPD non ha evidenziato la
presenza di una superstruttura, anche se la lurgh#iZzTh € due volte il parametoodella
zeolite. I massimo di Th caricato e pari a 0,27lenole per cella unitaria e il raffinamento
strutturale ha permesso di localizzare solo I'anglazinico.

| campioni ZL/tB-DXP e ZL/Th hanno mostrato intesasti proprieta ottiche ed elevata
stabilita. Si ritiene che il presente lavoro possaere utile per lo sviluppo di nuovi devices

con ambiziose prospettive nel campo della fotoctena dell’elettronica.
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Generalities of zeolites

1. GENERALITIES OF ZEOLITES

1.1.Introduction

The discovery of natural zeolites dates back to617heir discovery is attributed to
A.F. Cronsted [1], who observed that these mingralen heated, release vapour, and
coined the term “zeolite” (from the Greek words zd&o boil and lithos= rock; that is,
boiling stones). Zeolite species are more than a#fird are natural compounds, while
the others are obtained in laboratories by symhpsicesses. Many articles, reviews
and books describe the structure of these fasegatineral [2-6]. A wider definition,
which does not put constrains on the framework ¢b&ntomposition and includes
interrupted frameworks was given by IMA CNMMN (Int@tional Mineralogical
Association, Commission on New Minerals and Minédaimes [7]. According to this
definition “Zeolite mineral is a crystalline substance withtausture characterized by a
framework of linked tetrahedra, each consistingoofr O atoms surrounding a cation.
This framework contains open cavities in the forinclwannels and cages. These are
usually occupied by # molecules and extra-framework cations that aremmnly
exchangeable. The channels are large enough tovale passage of guest species. In
the hydrated phases, dehydration occurs at tempegatmostly below about 400°C and
is largely reversible.The framework may be intetagoby (OH,F) groups; these occupy
a tetrahedron apex that is not shared with adjadetrbhedra”. This definition allows,
therefore, to consider zeolites as compounds batilral and synthetic characterized by
anionic three-dimensional scaffold, called framewarhich has as primary building
unit the tetrahedron TO(Primary Building Unit, PBU). The PBUs are conregtto
each other by sharing the vertices (oxygen atom3. (@nhyway, as foreseen by the
definition of CNMMN, O atoms can also not be sharé€dese oxygen atoms can be
saturated by H ions, thus forming OHgroups, or are replaced by, Bs occurs for
example in roggianite, maricopaite and partheite.

Depending on how the tetrahedra are organizeceisplace to form the framework, they
give rise to different structural types, callednfiework type. A code of three capital
letters (e.g., MOR, LTL, FAU, MFI, etc ...) is agsed to each structure type. The
framework type does not take into account the cbehdomposition or the presence of
structural defects, but describes simply the waywimch the tetrahedra TOare

connected to each other in the highest possiblarstny (topological symmetry). All

1



Generalities of zeolites

framework type currently recognized are listed ATLAS OF ZEOLITE
STRUCTURE TYPES " [8] available at the website: wiwa-structure.org/databases.

Each framework type can be described through the §Becondary Building Units),
consisting of a variable number of PBU, periodigcaéipeated in the space from which

the framework in question is obtained (Fig. 1.1.1).
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Figure 1.1.1.Secondary Building Unit, [9]

Zeolite framework is characterized by the presesfckarge cavities interconnected,
that can be ideally infinite (channel) (Fig. 1.RPor closed (cage) (Fig. 1.1.2 b) with

openings of less than 2 nm. For this reason zedite defined microporous materials.
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Figure 1.1.2.a) Dimensions of micropore system of four selecedlites: faujasite or zeolite X
and Y, ZSM-12, ZSM-5 or silicalite-1; theta-1 orM&22[10]; b) Examples of zeolite cages.

The zeolite structures can be classified on thasbaf their channel systems: 1-
dimensional (1D), 2-dimensional (2D) or 3-dimensib{8D), depending if they develop
in one direction, on a plane or in the three spatieections. In a 3D system the
adsorbed species can diffuse in all directionsh&2D-dimensional one the diffusion is
limited on a plane, while in the 1D-dimensionaltsyss in only one direction.

The dimensions of the channels are defined byfriw internal diameterthat is the
diameter of the rings of T{tetrahedra forming the ‘walls' of the channelsp&wling
on the size of the channels, zeolites can be digshed in small, medium, large and
extra-large pores (Table 1.1.1):
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Table 1.1.1.Zeolite classification based on the size of thantiels and defined by the

number of tetrahedra [6].

Zeolites Tetrahedra Free examples
number diameter
(nm)
Small pores 8 0,35-0,45 A, natrolite,
phillipsite
Medium pores 10 0,45 - 0,60 ZSM-5, ferrierite,
Large pores 12 0,6-0,8 X, Y, mordenite,
faujasite, zeolite L
Extra-large pores 14 0,7-1,0 UTD-1

Cations, as Ca, Mg, Sr, Ba,®eMn, Li, Na, K, etc. - consistent with their chargnd

radius- water molecules and more complex mole@pacies as organic molecules can

be sited inside the structural voids. These spéeddsaframework species) can be easily

removed through exchange processes or dehydraiiencan define the framework as

host and extraframework species as guests.

1.2. CRYSTAL-CHEMISTRY OF ZEOLITES

Zeolite general formula, based on Smith’s defimitjp1], can be written as:

With:

Mx Dy [T (x +2y)Siz - (x+2y)O24 NH20

framework composition inside the parenthesis

M= monovalent cations (Na, K, Li)

D= divalent cations such as Mg, Ca, Sr, Ba (Fe, Mn)

T= tetracoordinated cations

and

0<x<05z
O0<y<0.25z
0<x+2y<0.5z

0.3zsn<1.2z
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According to the CNMMN (natural or synthetic) defion, the general formula for

zeolites can be written as follow:

My Ny [T’ pT” g....O02 (prg+..)—e (OH)2: ] .NQ
With:
M= alkali cations more or less exchangeable (N4d,iK,
N= non-metallic ions or organic molecules
T= tetrahedric coordinated cations
Q= adsorbed molecules (not only water)
Many authors, however, tend to prefer the otheremestrictive definition.
The variations in chemical composition of zeolitkspend on the type, charge and
dimension of extraframework cations and on the IS##io.
The Si/Al ratio is a very important factor amongodk determining the physical
properties of zeolites, because influences thegehéocalization and, therefore, the
localization of extraframework cations or of possilcid sites. On the basis of the
Lowenstein rule, this ratio has a lower limit ofsince it is unlikely that an Al
tetrahedron could be bonded to another Arahedron by sharing their oxygen atoms.
The Si/Al ratio can vary from 1 (eg. gismondina)A®& (mutinaite) in natural zeolites
and from 1 to infinitive in the synthetic phasesTdxtraframework cations balance the
negative charge due to Si/Al substitutiombey can be bonded to framework oxygens
or to water molecules. In the latter case, wateteowes build up a “moisturizing
sphere” around the extraframework cations, pointhrggr negative dipole towards the
cation. It is important to note that the numbemaiter molecules inside the channels
depends on the crystallization conditions and by tiature of bonded cations, for
example divalent cations tend to have a bigger tmazsng sphere than monovalent

ones.



Generalities of zeolites

1.3. GENESIS OF ZEOLITES

Natural zeolites may have hydrothermal or sedimrgrganesis.

a) Hydrothermal. Crystals are formed in cavitied &actures of igneous rocks (mostly
basalts, but also plutonic and metamorphic rockehjch are deposited by the
precipitation of hot aqueous solutions of magmatigin. The interaction between the
magmatic fluid and the rocks in decreasing presallog/s the crystals nucleation inside
the cavities. This results in macroscopic sizetatgsn the hosting rock. The Si/Al ratio
Is affected by the chemical composition of the pkaiing fluid.

b) Sedimentary. The zeolites are formed from sediarg piroclastites coming in
contact with aqueous solutions (meteoric waterrougd water, in conditions of low
pressure and low temperature) and dissolving thesgl component. This leads to the
precipitation of a large quantities of submicroscopeolite crystals [12]. When the

content of zeolites exceed 50% these rocks areccadolitites.

1.4. SYNTHESIS OF ZEOLITES

Barrer was the first to synthetize zeolites in 1988ially the interest for this study was
quite scarce, because of the difficulties in obtanpure crystalline phases. Then,
during the 50s, when easier synthesis conditione Wiscovered, the interest increased
and a great number of zeolites was synthesized.

Further progress occurred when the possibility sing organic molecules, called
templates, was discovered: thanks to this methedsymthesis of Si-rich zeolites was
made possible.

In a typical synthesis a source of silica, alumorganic templating agent and a base are
mixed with distilled water. The synthesis experitseare conducted at alkaline pH in
autoclaves at a suitable temperature (generallgniid hydrothermal condition) in a
oven and for a period of time necessary to obthm desired product. Then the
autoclaves are removed from the oven and cooledlyapelow 50 ° C to prevent the
recrystallization of more stable phases.

Two mechanisms can lead to the formation of crijggaberms:

1) the solution transport, the reagents are in saludind the diffusion of ions in the

liquid is therefore favored especially if the sadatis brought up to temperature.
The crystalline germs appear within the liquid ghasy condensation reactions,
growing for steps or in spiral form. A solid pha&@morphous gel) can also be
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present which, dissolving itself continuously, yades the reagents to the solution.
The dissolved species then reach the crystallizatielei in the solution.

2) transformation into the solid phase mechanism, ahbe crystallization occurs

directly from amorphous gel without the addition afliquid phase. The reaction
starts from the reactants in the solid state (®igéich, placed in contact between
them and increasing the temperature, give risentaraorphous phase (amorphous
gel) from which the first crystalline germs arerfed.
Therefore the system proceeds from an initial disged state (mixing step
reagents used in the synthesis), with a very higinopy through a state with a
microscopic order (nuclei formation), reaching tmal state, with a macroscopic
order (crystal formation).
The formation of zeolites takes place following @i¢hese two mechanisms, or both of
them. Depending on which zeolite is desired othestysynthesis treatments can be
applied. For example, in order to obtain catalytycactive zeolites, cations must be
removed from channel and exchanged with ammonium (MH,). Then, after the

calcination and the consequent release of, MHH -zeolite is obtained

1.5. PROPERTIES OF ZEOLITES
The characteristic properties of zeolitic materes related to the presence of cavities
(cages and channels) and negative charges onaimewirork due to the substitution of
Si** by A *in tetrahedral sites. These charges are localizepecific sites that may be
inside the cages or on the walls of the channe®. [The most exploited zeolites
properties are:

High adsorption capacity;

Molecular sieving;

High cation exchange;

Reversible dehydration;

ok~ 0N R

Catalytic properties.

1) High adsorption capacity. The word “to adsorb” needme ability of a material to

accommodate gas or liquid molecules on its surfacéhe case of zeolites, even the

walls of cavities act as the external surfaces.ofusd molecules are captured by

superficial charges not bonded. The adsorptiontplof a zeolite depends by its Si/Al

ratio, in fact, a higher Si/Al value implies a lowsurface charge density and leads to
7
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2)

3)

4)

5)

lower adsorption capacity and, in general, to mbydrophobic behavior of the
zeolite. On the contrary a low Si/Al ratio, leadsathigh residual charge density, to an

excellent adsorption ability and to a hydrophili@acacter of the zeolite.

Molecular sieving. Dehydrated zeolites have in gahempty channels, so can adsorb
various molecules (not only water). In this way ldes can be used to purify or
segregate molecules from a solution or from a §hs.selective capacity of zeolites is
not only affected by their Si/Al ratio, but also the dimension of pores and channels.
In this way zeolites can act as “molecular sievies’a mixture of two components,
different in shape and dimension, which are in ditathrough zeolite channels.
According to [14] the minimum diameter requiredaltow the transit of molecules is

that of a ring of six tetrahedra.

High cation exchange. Cation exchange is the rintergnterchange of two cations

between two compounds. The exchanger should besaiable in the material in
which this exchange takes place. Schematically theaction can be
represented as follow:

M A"+B =M B "+A"
If the exchanged zeolite is monocationic, in a fotiene it will be completely
exchanged. If the solution instead is polycatipthe zeolite will exchange only those
cations with low solvation energies such as K,;NBs, Pb e Sr. The exchange

property is affected also by the Si/Al ratio.

Reversible dehydration. At ambient conditions (T,aRd humidity), the zeolites

(framework, exchangeable cations and water molsgwdees in equilibrium with the
external environment. If the environmental condia@hange (increase of temperature
or decompression), the zeolites will tend to redethe water molecules and to achieve
new equilibrium conditions. A dehydrated zeolitegported in environmental
conditions, will therefore be "metastable”, tendiiogreversibly absorb water from

ambient humidity.

Catalytic properties. Zeolites are also used aalysit for the presence of catalytic

sites (acid sites), active within their channelswbich molecules reagents with

determined shape and size can easily access.
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These sites are:

- Bronsted acid site@=ig. 1.5.1), due to the presence of a structwdtdxyl: a proton

H * binds an oxygen of the framework to balance thergd after replacing Si with
Al;

- Lewis acid sitgFig. 1.5.), due to the presence of tricoordinate Al atom taaties
an excess of charge.

In the first case, a structural hydroxyl, placed¢anrespondence of a bridge Si - O - Al
would transfer its proton during reactions involyiorganic molecules; in the second
case, the excess of charge is able to polarize dafmm) the molecules and their
bonds, allowing the adsorption also of electricaliytral or non-polarizing species.

Na* Na~
O 0

(0] Q O 8] y
- o e T e i
Zeolite as synthesized Si Al Si Si Al Si

£ N il T T o /A
o 00 00O OC OO0 O OC O

{or ammonium ion exchange

Hydrogen ion exchange
followed by heating)

H” H*
| I
L8
P 3 b R T - "\.__f "\_J T - \._f’
Bronsted acd form of zeolite St K Si 51 Al 5
Y iy P ¥ k) £ ok Ay
0 00 OO0 CO OO O d Q
+HO {heating above 500°C)
(o] O Q 8] L& O
\.S - ‘-s.,—l.d \S -~ \q_-f \-M ;_“
i : i 1 1 Si I
Lewis acid form of zealite e A S y l\
00 00 OO0 OO OO0 O

Figure 1.5.1 Schemes for generation of Brgnsted and Lewissitdd in zeolites

To obtain catalytically active zeolites it is nes@y to exchange the zeolite with
ammonium ion Nif" and then to calcine it at about 550°C for somerdidn this way

it is possible to remove N-and leave only protons inside the structure.

The catalytic active zeolites are mostly used i® throcess of cracking of
hydrocarbons [15], which consists in convertinghhigolecular weight hydrocarbons

in lighter alkanes and alkenes.
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1.6. APPLICATIONS OF NATURAL AND SYNTHETIC ZEOLITES

Zeolites, as a consequence of their properties, bmarused for a great number of
industrial processes and many new applications Hasen discovered thanks to
continuous studies in this field (Table 1.6.1).

It is possible make an initial distinction betwedbe applications of the natural [16] and
the synthetic zeolites. The first have a massive, uslated to their ion exchange
capacity, which make them suitable, such as thasg¢aming Na®, as additives to
sweeten the waters since Nins can be released and replaced by Qans from hard
water. Zeolites can be regenerated by passingatvary pure saline solution of NacCl.
Currently, the N& zeolites are added to washing machine detergersieaith of
polyphosphates.

Some zeolites have affinity for a cation in paacult is the case of clinoptilolite, a
natural zeolite that is easily exchanged with @sidt can then be used to separate the
137Cs, from radioactive waste, exchangingNans with Cs' ions.

Natural zeolites are also used as dehydrating agsimice, once dehydrated, they can
host in their cavities water molecules coordinatedthe cations. For this type of
application the zeolites have to be previously deated by heating under vacuum,
becoming good drying agents and are used in paadiraymultitude of items (tennis
shoes, electronic devices, etc.). Moreover, dehgdraeolites, are also able to adsorb
large quantities of various substances and carsbd as molecular sieves to purify or
separate different molecules. For example, theatitdbzeolite is well known to adsorb
small molecules such as formic acid, methanol a@d ffom polluted emissions in
industrial furnaces.

Natural zeolites are mainly used as purifiers faliyting solutions and as amendants for
soils. The latter case foresees the temporary mamiuNH, and K ions that will be
slowly released after an exchange with the Na aag@sent in the soil. This process
allows a more extensive use and a lesser extetwoskning and leaching and a P
transfer and solubilisation of insoluble phosphatases.

Moreover it is possible capture polluting (Cu, o) and radiogenic (Cs, Sr) metals

and therefore a decrease of their assimilatiorhbysbil.

10
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Table 1.6.1.Application fields of natural and synthetic zesdit

Characteristics Application fields
Natural Zeolites - Limited availability Zootechnical, air and water
(sedimentary) - Limited number of treatment and purification,
structural types agriculture, construction

- Limited level of purity
- Less expensive

Synthetic Zeolites - Unlimited availability =~ Petrochemical industry and
- Large number of Detergent, removal of CO
structural types from natural gas and

- High level of purity hydrocarbons from the air.

- More expensive

The high absorption capacity of zeolites makes thamgue materials to be used as catalyst,
due to their high surface area and the simultan@oesence of acid sites. The amount of

absorbed molecules depends from:

» the total surface and the residual charge densityeozeolite;
» the volume, configuration and polarity of the guastiecules;

» state of unsaturation if the adsorbed molecules@ayanic

Using synthetic zeolites as catalysts it is possibltreat 100 times the amount of molecules
which would be treatable with other catalysts. kemnore, thanks to their ability to act as
molecular sieves and their good thermal stabilityf purity, synthetic zeolites are mostly used
in the process of "cracking" of hydrocarbons. Tahk&2 provides a brief review of how and

where synthetic zeolites are actually used in itrgtus
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Table 1.6.2.Industrial applications of synthetic zeolites ghtiwww.eltrex.pl)[17]

Application

Role of zeolite molecular sieves

Air dryers

« Dehydration of plastic pellets before they are molded
+ Dehydration for instrument air
+ Dehydration of reom air with molecular sieve impregnated dessicant wheels

Oryzen concentrators for respiratory patents

* Adsorption of nitrogen from compressed sir using a pressure or vacuum swing system Lo
obtain oxygen purity up to 05%

Mir brakes

» Dehydration of compressed air on brake systems of heavy- and medium-duty
trocks, buses and trains

» Pressure swing dryers are used to reduce the dew point of air in the brake reservoir
below umbient lemperatuee 1o prevent freeze-up and corrosion

Insulaied glass (doal-pane windows)

= Removal of initial d moisture inside the dual-pane window and the moisture that will
permeate during the Ife of the unit to prevent fopging

*» Removal of vapors from organic sealing materials, paind and cleaning solvents introduced
during window manufacture

Polymer formulations = Delydration of moisture-sensitive formulations — added to poly coatings, epoxies
and urethanes to control the curing process and coatings, adhesives, sealants, elastomers,
metal-rich paints and vinyl foams to eliminate unwanled water reactions
Radioactive cleanup + Removal of radipactive nudleotides by ion exchange — cesium and strontinm are exchanged

preferentially into the zeolile molecular sieves (o greatly reduce the volume of liquid waste

Refrigeration and air-condifioning (A/C) systems

» Dehydration of automotive AXC, transport refriperation, home refrigerators, freezers, residential
AAC, heat pumps and commercial refrigerants to prevent freeze-up and corrosion
+ Dehydration to protect system mm from adverse chemical reactions

Deodorization

* Removal of odor or taste from personal-care produocis and plastics with high silica
(hydrophobic) zeolite molecular sieves. Odors are adsorbed, not masked

Package dehydration

+ Diehydration with zeclite molecular sieves when very low humidity conditions are required.
Small desiceant packets or tablels protect products such as pharmaceuticals, medical
diapnostic reagent kits, vitamins, food, candy, batteries, dry fuel propellants, machine parts,
film and instruments

Air separation

+ Removal of water and carbon dioxide from air before liquefaction and cryopenic separation
of nitrogen, oxygen and other atmospheric gases
« Separation of oxypen and nitropen with pressure swing or vacunm swing adsorplion sysiems

Natural pas

* Dehydration before cryosenic recovery of hydrocarbon prodocts and helinm

* Dehydration of high acid gas contenl (00 and Hy$) natural gas and natral gas
condensate streams n

+ Removal of sulfur compeunds from ethane, propane and butane

* Removal of water and 005 before methane liquefaction

» Removal of water and sulfur compounds to protect gas transmission pipelines

+ Delpdration of natural gas liquids

» Desulfurization of feed streams for smmonia and other chemical plants

+ Removal of mercury, preventing damage o aluminum heat exchangers

Petrolewm refining

+ Delydration of alkylation feed, refinery gas streams prior to cryogenic separation, naphtha
and diesel oil

+ Purification of feedstocks fo protect isomerization catahysts

+ Removal of water, HC and H,$ from reformer streams

+ Removal of oxygenates from ethenfication raffinate sireams and alkylation feed

+ Removal of nitriles from etherification feed

= Delypdration of ethunol

+ Dehydration and desulfurization of LPG streams

» Separation of normal paraffins from branched chain and cyclic compounds

+ Purification by pressure swing adsorpion for upgrading hydrocarbon streams

Petrochemicals

= Dehydration and purification of NGL/ethane/propane feed

* Dehydration of cracked gas, Cy and Cy splitier feed and hydrogen

» Dehydration and purification of sali-dome-stored ethylene, propylene and various
olher feedstocks

* Removal of water, carbon dicvdde, methyd alchohol and other oxygenates, iydrogen sulfide and
sulfur compounds, ammonia and mercury from ethylene, propylene, butlenes, amylenes and
various sofvents and co-monomers

Volatile organic compound removal

+ Removal of trace volatile organic tauiounr.ls from air streams
* Removal of volatile organic compounds from moisture-laden process streams
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2. NEW APPLICATION FIELDSOF ZEOLITES
2.1. Use of zeolitesin advanced technological and biological fields

A new possible application of zeolites which hagaated increasing attention in recent,
years, is that in photochemistry. In fact, the pryp of zeolites to host a great variety of
organic molecules in their voids, especially dyelenoles, has considerable interest in the
preparation for optical and biological applicatiémparticular, organization of dye molecules
in zeolite channels has been successfully carnigdising one dimensional channel systems
zeolite (examples are ALRE, zeolite L). In such systems, called artifi@attenna systems,
electronic excitation energy is efficiently trandjeal along the channels by Forster resonance
energy transfer (FRET) (Figure. 2.1.1 A).

The theory at the base of FRET process is repantégpendix .

The interplay of confinement and stability of theegt (protected by the zeolite framework)
designs a potential use of the dye-zeolite come®sit quantum solar energy conversion
devices i.e. dye sensitized solar cells, luminessatar concentrators or color changing
media. The employment of the stopcock molecules (&xt chapter) located at the interface
between the interior of a zeolite crystal and therainding environment, allows the
communication between dye molecules inside the cfamels and objects outside the
crystals. Fluorescent stopcocks can be used taatxbr inject electronic excitation energy
into or from the zeolite crystals. In Fig. 2.1.lotatrategies that can be followed are shown: B
refers to thin layer silicon cells and C to orgasiadar cells where the design must match the

short free path lengths of the charge carriersiah slevices [1-3].
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Figure 2.1.1. New building blocks for solar energy conversiavides. A: principle of these new
building blocks, consisting of nanochannels cortgiriwo types of dye molecules (blue and green)
and stopcocks (red). Light absorbed by the blue greén molecules travels to the stopcock heads
radiationless by near field interaction (FRET). BdaC: principle of dye sensitized solar cells.
Arranging crystals, of a length of 50 nm up towa feundred nm, with their ¢ axes perpendicular & th
surface of a semiconductor allows the transportthaf excitation energy towards the zeolite-
semiconductor interface by FRET. Stopcock molecales placed only at one channel end. The
semiconductor layer can be very thin, because kbetren-hole pairs form near the surface. The
transfer of electrons from the antenna to the semdactor is prevented by introducing a thin
insulating layer, preferably directly into the stopk. Scheme B shows a principle related e.g.ito th
layer silicon devices. Scheme C is related to aoganplastic solar cells. The white area on tophef
head is an insulating level directly integrateaitiie stopcock. The zeolite material is enlargeith wi
respect to the rest of the device. D: Small fluoees concentrator (2cm x 1cm) with the dye DXP as
donor and the dye ATTO 565 as acceptor which acesratter dye [4].

Energy can also be transferred from an appropyiatebsen semiconductor to the antenna
composites by reversing the current and puttingléage over the semiconductor. The dye-
zeolite composites on the semiconductor surfaceegpently lose their energy by emitting
light. The color of the emission can be tuned bgpdichg the ratio of blue, yellow, and red
fluorescent dyes, which means that white light smois is possible. High energy efficiency
and easily adaptable emission spectra are exptnt¢@)LEDs made by using this principle.
[1,5].

A luminescent solar concentrator (LSC) (Figure..2)lis a transparent plate containing
luminescent chromophores [6]. Light enters the fafethe plate and is absorbed and

reemitted by these centers.
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Figure 2.1.2. (a) Schematic representation of linearly polarizedinescent solar concentrators (LSC)
for energy-harvesting. (b) Chemical structurestwf materials used for the linearly polarized LSC

studies littp://mtlsites.mit.edu/energy/agenda/poster-muolpgr

A fraction of the luminescent light is trapped lgall internal reflection and guided to the
edges of the plate where it can be converted tctredgy by a photovoltaic device. As the
edge area of the plate is much smaller than the daea, the LSC operates as a concentrator
of light. Many disadvantages kept the LCS from bewidely used: limited stability of the
luminescent organic species, high self-absorptiweh oor understanding of the parameters
governing device efficiency [8].

A solution for this problem is the use of antennatenal as explained in Figure 2.1.1.
Absorption and emission spectra are separated Ipjoging an absorbing dye present in
large amount and a monolayer of an emitting dy&1pFigure 2.1.1 D shows an experiment
where the dyes DXP and ATTO 565 were used as aibgodlye and as emitter respectively.
Thanks to their properties and biocompatibilitysbelye-zeolite composites can also be used
in biological field as therapeutic, sensing, andaging agents to target, label and photo
inactivate pathogenic and antibiotic resistant é&a&t[12]. Phototherapeutic agents constitute
a powerful armory for treating cancers and infagtidiseases [13-15].

Recent challenges of modern pharmacology includastemce of bacteria to multiple
antibiotics and of neoplastic cells to chemotheu#ips, which on the other hand cause
undesired side effects. Photodynamic therapy (PBTgn established cancer and macular
degeneration treatment [14-15] and constitutes légrnative against antibiotic-resistant
bacteria [15] In PDT (see Figure. 2.1.3.) a phaisiizer generates cytotoxitO, upon
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irradiation with light. The ultimate goal is to d#agp one single structure possessing targeted
therapeutic agents, efficiet®, photoproduction, and imaging capacities [13-1%céhtly it
has been also reported, that pyronine-dye aminofraddzeolite L microcrystals are able to

bind to the surface of Escherichia coli cells, walltg its tracking [16].

hv ) labeling
\ 4 Ve =

photodynamic
inactivation

antibiotic-resistant bacterium

Figure 2.1.3. Scheme of the multifunctional nanomaterial usedatget, label, and photoinactivate
antibiotic-resistant bacteria. ZL is loaded witte tbXP dye (green ellipsoid), and its surface is
functionalized with a phthalocyanine derivatived(rdlipsoid) and with amino groups (blue circles),

where the latter provide non-covalent binding &f tlybrid nanomaterial to the bacterial surface
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2.2. MIMICKING THE GREEN PLANTS - ARTIFICIAL ANTENNA
SYSTEMS

The pioneering work of Theodor Forster allowed molerstand the basic principles that
govern the transport of electronic excitation egethat is at the base of the natural and
sophisticated process of photosynthesis. Greensplanmfact, can be thought as natural
antenna systems (Figure. 2.2.1).

The light absorbed by the chlorophyll moleculegjutarly arranged and hold at fixed
positions by means of proteins, is transportedh® reaction center, providing the
energy necessary for chemical processes to batatti A green leaf consists of millions

of such well organized antenna devices.

Photosystem STROMA

\

Light-harvesting Reaction- Primary

complexes center comple electron
acceptor

Transfer Special pair of Pigment
of energy  chlorophyll a molecules
molecules

Figure2.2.1. Scheme of the photosynthesis process.

Is it possible to recreate systems with similahtiparvesting properties in laboratory?
This question inspired the work of the group of Za&trri and other authors [9,17] in
designing a model to mimic the key functionalitytieé green plants antenna system and
to realize devices with various fields of applioati as photochemistry, technology and
biology. By their experience with zeolite materi&slzaferri et al. [9,17] developed
systems built by the arrangements of different dgethe zeolite microporosity, called
artificial antenna systems. In their studies thasthors explained as a 1-dimensional
channel system has the advantage of being the estnpbssible system. In Figure 2.2.2
an artificial antenna is represented where the domolecules are in green and the
acceptors in red. A donor, being excited by phabgorption, transfers its electronic

excitation (via FRET) to an unexcited neighbor. eAfta series of such steps, the
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electronic excitation reaches a luminescence temgeeptor molecule) and is then
released, for example, as fluorescence. The aasegte thought to mimic the “entrance
to the reaction center ” of the natural antennal[aB
According to the Fdrster theory [20], the largeseigy Transfer rate constant (EnT) is
observed if the electronic transition dipole momsgETDMSs) of the donor and acceptor
molecules are oriented parallel to the channel.akigctronic excitation energy
transport can be extremely fast in such systemausecof its low dimensionality.
Different zeolites with suitable channahdnsions, such as AIRG [21, 22], zeolite Y,
[23], zeolite L, [24,25] and mesoporous materialshsas MCM-41 [26], have been
successfully envisaged for realizing the supramoségcassembly of dye molecules. In
particular, the Calzaferri group [18,19] found tkablite L is an excellent host because
its structure allows, through geometrical constgsithe realization of extremely high
concentrations of well - oriented molecules thdtdwe essentially as monomers.

The structure of zeolite L will be describadietail, in chapter 4.

Figure 2.2.2. Schematic overview of an artificial photonic amta.
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2.3. SUPRAMOLECULAR ORGANIZATION OF ORGANIC DYES INSIDE
THE ZEOLITE L CHANNELS

Organic dye molecules tend to form aggregates, lware known to cause fast thermal
relaxation of the electronically excited statesvéltheless, they are usually unstable
under irradiation, especially when present as mawsnProtection against bimolecular
reactions, but also unwanted isomerization reasfimpossible by encapsulating them
in an appropriate host such as zeolite L. Furtheemsuch encapsulation provides a
protection from the environment and avoids for eplm quenching of the
photoluminescence due to photo oxidation.

Zeolite L (ZL) allows to design and prepare a lavgeiety of highly organized host —
guest systems; some relevant types are illustiatégyure 2.3.1. Important steps in the
development of these composite materials are tepapation of materials containing
two or more different guests (single and mixed dyaterials), the sequential filling
with different dyes, that leads to sandwich streegu(antenna materials), and the

invention of the stopcock principle (stopcock plagg@ntenna materials).

A Single and mixed dye B Antenna material C Stopcock plugged
material antenna material

- . e N . .

Figure 2.3.1. Representations of supramolecular organized Zl--dypenposites. (A) Single and
mixed dye materials are obtained by either loadimglite crystals with one kind of dye (top)
or by simultaneous insertion of different dye males (bottom). (B) Antenna materials can
be prepared by the sequential insertion of differdyes. (C) Stopcock-plugged antenna
materials are obtained by modifying either bidi@tal (top) or unidirectional (bottom)

antenna materials with stopcocks.
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Single and mixed dye materials: consist of ZL aigstthat contain only one dye. In few

cases, it was possible to prepare mixed dye mbteAacondition for the preparation of such
materials is that both dyes enter the channelb@itahe same rate [5].

Antenna materials: obtained by consecutive incafpon of dyes with appropriate size and

shape so that can enter the channels, withounglidast each other. The resulting dye-loaded
materials can be divided into compartments wheeedtimsity of one dye is dominant. If first
a donor and then an acceptor are incorporatedy@béc excitation energy is transported from
the center to the channel entrances after seleetieéation of the donor (vice versa if an
acceptor is incorporated first). Domains of twagthor even more different dyes are feasible.
Stopcock-plugged antenna materials: obtained miogdjfthe channel ends of dye-loaded ZL

by specific closure molecules, which can only adisti enter the channels. The stopcock
principle is based on a dye that consists typicaltyan head and a tail. Due to size
restrictions, only the tail can enter the chanigl 45, 27-32]. Depending on their nature,
stopcocks can be bound either by physisorptioneédecdtrostatic interaction, or by covalent
bonding. Examples of stopcocks are given in Tal8el2 Since these molecules are located at
the interface between the interior of a ZL crystadl the surrounding, they can be considered
as mediators for communication between moleculsgdénthe nanochannels and objects
outside the crystals. Stopcock molecules can atsaded to prevent penetration of small

molecules such as oxygen and water or to hindaapsutated dye molecules from leaving the
channels [33].
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Table 2.3.1. Examples of stopcock molecules that can beeninséiddye composites.
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The orientation and the packing of the dyes in ¢hannels has a large influences on the

optical properties of the host-guest materialsfgég2.3.2).
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Figure 2.3.2. Influence of size on the position of the dye male respect the channel axis of ZL [34].

Guests can be chosen in such a way that: i) thaystack inside, forming, e.g. H-type
aggregates (i.e. molecules in which the transitimoments of individual monomers are
aligned parallel to each other but perpendiculath&line joining their center$ace-to-face
arrangement [35]; ii) they can touch each other at van deraWalistance, leading to J-
aggregate coupling (i.e. a one-dimensional molecateangement in which the transition
moments of individual monomers are aligned paratighe line joining their centersnd-to-
end arrangemeit [36] or iii) they can arrange in a such a wagttimtermolecular interaction
becomes negligibly small.

In particular: J-aggregate exhibit a narrow pealbgdd) red-shifted in the absorption
spectrum with respect to the monomer absorptiore &hsorption spectrum of the H-
aggregate consists of a blue-shifted band (geyearatlas narrow as the J-band) respect to the
monomer absorption.

The energy shift of the absorption bands of thereggies has been explained by exciton
theory. When two identical molecules come to clpseimity to each other, their transition
dipole moments will start interacting and lead tsaacalled “ excitonic coupling” (Figure.
2.3.3)
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Figure 2.3.3. Schematic representation of the relationship eetwchromophore arrangement and

spectral shift based on the molecular exciton theor

When two dipoles are brought to close proximitgesby side, their relative orientation
(parallelvs.antiparallel) will cause two things to happen:

a) the energy of individual moleculds,will split into two new statewith the energieg"
andE', parallel dipoles repel each other and get thedrignergy state, while the antiparallel
dipoles attract each other and lower the enerdhaifstate;

b) parallel dipoles make up an overall higher dépolomentj.e. stronger absorption, while
antiparallel dipoles cancel each other to make akvadsorption, resulting in a blue shift of

absorption (H-aggregates).

Similarly for head-to-tail arrangement, the lowaeggy state has larger transition dipole
moment and the effect is a red shift in the absamgtl-aggregates). The intermediate,

oblique orientation, results in band splitting othvands appearing at lower and higher energy.

In the dipole-dipole approximation, the interactemergy (M») between two dipolesiq and

U 2, separated by distan&is given by the formula:

B oAl

which tells us that the shift in the absorption dmndeclines dramatically with increasing
distance between the dipoles. Obviously, intermediablique) orientations have two bands
with the splitting between them depending on bdth $eparation distance and the angles

between dipoles and the vector connecting themh 8xciton coupling between more than
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two molecules allows substantially to extend abSonpspectrum, that can result into an
increase of the efficiency of light collection.

Calzaferri and co-workers [18, 29, 37-40] classifiee guest dye molecules in three
categories on the basis of the size with respettd@hannel dimensions (Figure 2.3.2)

(i) molecules which are small enough to fit into a Engit cell. Examples are biphenyl,
4-hydroxy-TEMPO, 9-fluorenone, and methyl viologéf/ 2" [41];

(i) molecules with a size which makes it difficgitedict whether they align along the c-
axis or if they find a different orientation to fitito a single unit cell (i.e oxonine,
pyronine, and thionine);

(iif) molecules which are longer than the channahtkter and that have no other choice

but to align along the zeolite channels (es. Digtirexatriene (DPH)).

24.INSERTION OF THEDYEINTO ZL

Three different methods for dye incorporation hbgen established in [34]:

(1) ion _exchange: possible only for cationic dyelenales which can be encapsulated into
zeolites replacing the charge compensating capogsent in the channels;

(2) gas-phase adsorption: used for neutral chrowm@sh which are inserted into the zeolite

porosities via sublimation. Incorporation by gasagd requires a preceding zeolite
dehydration since ¥ molecules hinder the guests loading;

(3) in-situ encapsulation: the molecules are endaped directly during the zeolite synthesis.

The same authors introduced a parameter, bearmgnformation on dye concentration,
based on purely geometrical (space - filling) prtps of ZL , that shows how much the
channels are filled with dye molecules.

They also define thimading, or occupation probability, of a ZL/dye material as follows:
p = Number of occupied sites/Total amount of sites
where the Number of occupied sitess() represents the number of unit cells occupied by a

dye molecule. It can, for example, be equal t0,19r23 but itmust not necessarily be an

integer number. The loading ranges from 0O for aptgiEL to 1 for a fully loaded one.

25



New application field of zeolites

The dye concentration of a dye — ZL mate§l) can be expressed as a function of the
occupation probability as follows:

c(p)=0. 752 p/ns (mol/L)

A wide variety of molecules has been successfulborporated into ZL or used as
stopcocks (Table 2.3.1). Tables 2.4.1 and 2.4.2 gome examples of cationic or neutral dyes

inserted in ZL channels.

Table 2.4.1. Examples of cationic and zwitterionic dyes insgitéo the channels of ZL.
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Table 2.4.2. Examples of neutral dyes inserted into the chanoieZL.
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3.ZEOLITE THERMAL BEHAVIOUR

3.1. Thermal behavior of zeolites

The study of the thermal behavior of zeolites iduwfdamental importance since the most
relevant properties of zeolites, such as catabitvity, adsorption capacity, and molecular
sieving can be exploited when zeolites are in theirydrous form. Moreover zeolites, and in
particular zeolites in their acid form, are widelsed in catalysis and these kind of processes,
such as hydrocarbon cracking, require quite higiperatures.

The most common method used to study zeolite delipdr processes is thermogravimetric
analysis (TG, DTG) and differential thermal anay§DTA). The structural studies began
during the 70s, with the first experiment baseddata collected by single crystal “ex-situ”
XRD.

In recent years the develop of CCD or Image Plateaor systems and/or synchrotron
radiation sources allowed faster data collectiothwtine possibility to obtain a continuous
picture of the dehydration process. In this way ithsitu time resolved dehydration can be
followed. For this PhD thesis the knowledge of tegponse of ZL to the thermal treatment is
essential as the insertion of neutral dyes (sudflemenone and tB-DXP) requires a previous
dehydration of the zeolite to facilitate the peattm of the molecules. The thermal properties
of the zeolite L will be shown in detail in the gher 5. In the following paragraphs the
classification of zeolites based on their thermahdvior, the parameters that affect their
thermal response and the changes induced by higperature treatment in their structure

will be quickly summarized.

3.2. CLASSIFICATION OF ZEOLITESBASED ON THEIR THERMAL BEHAVIOR

Alberti and Vezzalini [1] divided zeolites in 3 thfent categories based on the framework
response to the heating treatment, a classificatioagreement with that proposed more
recently by Bish & Carey [2]:

- Group |: dehydration is completely reversible déinel rearrangement of the extraframework
cations and water molecules occurs without subislanbdifications of the framework and of

the cell volume (e.g. mordenite);
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- Group lI: dehydration is reversible or almost @betely reversible, but the framework is
subjected to important distortions with significadecrease of the cell volume (e.g.
clinoptilolite);

- Group llI: dehydration is accompanied by chanigethe framework due to the breaking of
some T - O - T bridges (e.g. barrerite, stilbite atellerite).

Baur [3] classified zeolites on the basis of fraradwflexibility as follows:

1) inflexible frameworks, which are quite rigid add not show important structural
modifications when heated, whatever is their chalrdtomposition;

2) flexible frameworks, which in turn are divideto the following groups:

2.1) collapsible frameworks, in which hinges (oxygatoms connecting two adjacent
tetrahedra) co-rotate and the distortion of theneavork is enhanced;

2.2) non-collapsible frameworks, in which T-O-T ¢&s antirotate, so compression at one
hinge needs tension at another hinge and vice Marsacell variations in this case are
modest (e.qg. zeolite A).

It is interesting to note that some zeolites cawstifferent thermal behavior

depending on the thermal conditions (temperaturbeaiting, time of heating, time elapsed
after heating, X-ray diffraction data collected nea far from equilibrium conditions). For
example, brewsterite, when heated under vacuumaaatized by ex-situ XRD on single
crystal, shows almost complete dehydration, T-Oehd breaking inside the 4-rings and
tetrahedral (T) cation migration towards a new wiithh the formation of statistically occupied
face-sharing tetrahedra. If the same sample iseteahd the powder diffraction data are
collected in-situ, no T-O-T breaking is observeslaaconsequence of different kinetics.
Cruciani [4] defined the empirical Stability Ind€$l), a parameter aimed to quantify the
zeolite thermal stability, which considers the ap#ie/breakdown temperature (determined by
X-ray diffraction measurements), the maximum voluwuoatraction and the presence of phase
transformations. The correlation between SI andSHal ratio confirmed the relevance of
this parameter in controlling the thermal stabibfyzeolites.

The same author observed that: (i) zeolites witAIS3.80 are very stable; (ii) zeolites with
Si/Al 1.28 are fairly unstable; and (iii) zeoliteability in the intermediate Si/Al range cannot

be directly predicted from the Si/Al ratio.
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3.3. STRUCTURAL CHANGESINDUCED BY THERMAL TREATMENT

During dehydration —by heating or under vacuumiiteoare subjected to different types of
structural changes:

1) Contraction of the unit cell volume, due to tekease of water molecules and/or

of the organic molecules used as template;

2) Migration of extraframework cations, which, logicoordinating water molecules, tend to
change coordination site; in general, weakly pmlag cations migrate towards the
framework oxygen atoms causing deformations ofthgles T-O-T,;

3) Displacive or reconstructive phase transitioalso associated with the formation of
transient and metastable phases;

4) Breaking of T-O-T bonds and formation of newdges with consequent structural
collapse;

5) Structural breakdown, complete amorphizatioreorystallization.

3.4. FACTORS GOVERNING THE ZEOLITE THERMAL BEHAVIOUR OF
ZEOLITES

Dehydration is a complex process and there areemergl rules that allow to predict the
thermal behaviour of a zeolite. In general, asufised in the review paper of Cruciani [4],
several factors may control zeolite thermal behavio

a. Si/Al ratio - Thermal stability increases witketSi/Al ratio. This depends on the fact that
the energy for Si-O bond breaking is greater tlmeneinergy required to break an Al-O bond.
This is not a general rule, in fact some zeolitéh & low Si/Al ratio (merlinoite, laumontite,
bikitaite, analcime and chabazite) show more stéiemal behaviour than zeolites with
higher Si/Al ratio (tschernichite, heulandite, legite and brewsterite).

b. size and ionic potential (Z/r) of the exchandeatations - Zeolites with monovalent

cations (e.g. Kand N4&) are generally more stable than those containingleht ones (e.g.
cad*, Mg™.

Furthermore, cations with a great ionic radius.(&Kgin clinoptilolite) prevent the collapse of
the structure for a packing effect, while thosehvgitaller ionic radius (e.g. KleC&™) are too
small to keep the channels expanded [5].

c. coordination of bare cations after dehydratiorhe extraframework cations, after zeolite

dehydration, lose their coordination with water emlles and are forced to move to find a
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new low-energy configuration, and a new coordimatidonsequently, they come closer to the
oxygens of the framework by creating new links wiiem and causing distortions in the T-
O-T bonds. Such distortions may also lead to brgakd these bridges.

d. topology of the framework - Zeolites with a hiffamework density (FD) have thicker

walls between pores and channels, so they are stalée [6,7]. Furthermore regular shaped
tetrahedral n-rings (and T-O-T angles) are morbélstthan zeolites with distorted T-O-T.

Also the presence of specific unit or sub-strudtunaits -such as rings or columns of 5
tetrahedra, 4 or 6 rings that surround the chantedsl to more rigid structure, and often no
contraction of the channels during the heatindnasas.

e. other factors (pressure of water, amount andtidur of treatment, or conditions close/far

from equilibrium, crystal size, heating rate).
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AIMSOF THE THESIS

This PhD thesis focuses on host-guest dye-zeolitsystems, where the photoactive
molecules are organized in the one-dimensional relarof the zeolite. The excellent optical
properties, chemical stability and biocompatibility these composites make them key
components of artificial antenna systems, senddief)s and bio-nano devices such as
markers of tumor cells in-vivo.

The artificial antenna systems [1-3] have been Iyposialized using the zeolite L as host
because of its high versatility. In fact, theesand shape of its crystallites can be tuned over
a wide range; a nanometer sized crystal consistsanfy thousand one-dimensional channels
oriented parallel to the zeoliteaxis and, as a consequence, strong geometricsiraoris are
imposed to the encapsulated dye molecules. This lema supramolecular organization of a
very high concentration of the guests non- or weegkly- interacting in the channels.

Owing to the relevance of dye-zeolite L hybrids émvironmental sustainability and human
health, in this work they will be studied at molruevel detail, to unravel and understand
the host—guest interactions that govern the funatity and the optical efficiency of these
composites.

In order to achieve this aim, three dye- ZL comi@sshave been prepared and investigated
with an integrated experimental-theoretical stratégsed on the use of in-situ and ex-situ X-
ray diffraction, with both conventional and non-gentional sources, thermal gravimetric
analysis, infrared spectroscopy, UV-Vis and lumieexe experiments, and molecular
dynamics simulations.

The guest molecules studied belong to two diffet3m species: neutral, Fluorenone and tB-
DXP and cationic, thionine.

In the chapter 4.1.2. the structure, chemical gotecal properties of the pure dye molecules
will be reported in detail. The neutral moleculeidtenone has been chosen because is an
excellent probe molecule for studying the inte@cttf the carbonyl functional group (C=0)
inside the channels of ZL. In fact, theoreticaldsts showed its high stability inside ZL due
to the strong interaction of the C=0 group with #L extraframework potassium [4].

Dye molecule tB-DXP, belonging to the perylene figmwas recently synthetized [5] and
inserted into ZL because shows high quantum yiettilstrong absorption in visible light and
hence a new promising composite. Its fascinatingp@ries are due to the presence of a

different end-substituent, respect to the normaylpae core, that can act as a spacer between
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neighbor molecules. This feature leads to an irsered the minimum contact distance and
hence to a decrease of the interaction with thghter molecule, that would entail to the
formation of J- aggregate, well known to causeumriscence quenching effect. For this
reason it would be of extremely interest to in\get its orientation in the zeolite channels
and its interactions with the channel walls thabfaso surprising properties.

The cationic thionine was chosen since ZL framewsamknot accommodate thionine dimers,
such as H-aggregates due to the size of the melesal the composites show intense
fluorescence within the zeolite channels [6]. Maothionine contains a sulfur atom, a
relatively heavy atom that can be easily locatedXbsay diffraction respect to other dye
molecule consisting of only C, N and O atoms, mdifécult to localize in the relatively
heavy matrix of a zeolite.

A recurring question that arises in the study cfagsulated molecules regards the location
and the number of guests trapped in the zeolitdsvd detailed structural characterization of
the alignment/orientation of the dye into the zeotihannels is still lacking. This aspect has a
great importance because the organization of thdegules can affect the optical
performances of the composites. For this reasarctsiial investigation can provide useful
information for understanding the mechanisms whoatm explain the observed optical

phenomena.
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4. MATERIALS AND METHODS

4.1. Materials
In this section a detailed crystallographic andnaical characterization of zeolite L and dye
molecules used in this study will be provide.

4.1.1. Zeolite L structural and chemical features

The most attractive antenna systems are basecegoothssium zeolite L [1-7]. Synthetic ZL
(ideal formula KNasAlgSib7O072-21H,0O, framework type LTL [8], (s.g.P6/mmm) (Figure
4.1.1.1 a,b), configures itself as an ideal hostrimmdecause its arrays of parallel channels

imposes severe space restrictions and geometdnatraints to any inserted guest species.

Figure 4.1.1.1 Projection along [001] (a); side view (b) of th2MR channel running along the

axis.

As a result, very high concentrations of well oteghdye molecules can be obtained [1,9,10].
In the 1950s, the scientists of the Linde Compangivision of Union Carbide Corporations,
were the first to synthesize zeolite Linde typelll,[L2]. Since its first synthesis, zeolites with
LTL framework type have been reported in varioudraxamework cationic forms,
tetrahedral ion and hydration status, such as:atgdr(Na, K)-L [13], hydrated (K,Ba)-L
[14], K-GaSi-L [15], Rb-GaSi-L [16], AIPO-LTL [17]LZ-212 [18]. The natural counterpart
of zeolite L is perlialite [19].
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The LTL framework [13, 20] is built from columns o&ncrinite cages stacked with double
six membered rings (D6R) along tleeaxis. These columns are connected to form larger
circular 12-ring (12MR) channels and smaller eitigk 8-ring (8MR) channels, all running
along thec axis ( Figure 4.1.1.1 a and b). The main chanaeisconnected to the parallel 8-
ring channels by a non-planar boat-shaped 8MR.

Barrer and Villiger [13] (here after named BV) weéie first to investigate the structure of the
synthetic zeolite L. These authors localized fouraframework cationic sites [13]:

(i) site KA — in the center of the D6R — is partially occupigg both K and Na and is
coordinated to six framework oxygen atoms;

(i) site KB — in the center of the cancrinite cage — is foltgupied by K and is coordinated
to six framework oxygen atoms;

(iii) site KC — located in the center of the 8MR channel, midwatween the centers of two
adjacent cancrinite cages — is occupied by K (véith occupancy factor of 0.9) and is
coordinated by four framework oxygen atoms;

(iv) site KD — the only cation site found in the main 12MR aten- is partially occupied by
Na and is coordinated to six framework oxygen atamd two water molecules.

The BV sample contains 21 water molecules, distedbiover eight extraframework sites in
the main channel. These sites are partially occugne weakly bonded to the framework.

Lee et al [16] determined that in the rubidium gsilicate form, water molecules constitute a
sequence of hydrogen bonded water clusters andneamter layers running along.
Newsam [22] reports the results of a neutron powlifénaction study — performed at 298 and
78° K — of an in-vacuum-dehydrated potassium zedliand of the same zeolite containing
perdeuterio-benzene molecules. The average frarkewyeometry exhibits only small
changes as a consequence of dehydration or bersogpgon, suggesting that the LTL
framework is rather inflexible. The same authorined the structure of the dehydrated
gallium zeolite L [15] and underlined that the noamework cation configuration is similar
to that described for the aluminum ZL [13], sugoestthat little change in cations
distribution accompanies dehydration.

For this PhD thesis two different synthetic potassiZL samples have been studied. One,
named som27, has been synthetized, in the laboratory of theitiisCharles Gerhardt,
Montpellier, with the following method: a templagelution A was prepared by dissolving 6 g
KOH (SdS) and 3.15 g Al(OH) (Merck) in 10 mL of de-ionized water. The solutivas
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boiled until clear, cooled to RT and restored torD volume by addition of water. A
solution B was prepared by diluting 30 g Ludox HB{®upont) with 20 g of KD. Then 3
mL of 0.01 M Mg(NQ); solution, corresponding to a Mg/silica molar r&@®00, were added
to solution B in order to improve the selectivitiytbe synthesis [22]. Solutions A and B and a
further 4 mL of water were poured into a 130 mlird&ss steel autoclave while stirring. The
autoclave was sealed and heated at 150 °C forv@iéhbut stirring. After cooling to RT, the
suspension was filtered, washed with water untilpldnd dried at 80°C.

Its chemical composition was determined using a €&an5X 50 Electron microprobe on a
pellet (experimental conditions: 20 kV, beam cutr2mA, the standards used were natural
minerals) and thermogramivimetric analysis. Theailtesy chemical formula was ds[Al .35

Si 27540 7217.91 (BHO), with an Si/Al ratio equal to 3.29. The cell pareters determined at
room temperature (RT) are: a= 18.3367(1) and c£7868l) A

The other ZL sample, named hereaifesoh, has been purchased by Tosoh corporation, and
has Si/Al ratio equal to 2.9. The chemical composibtf the zeolite was determined by X-ray
fluorescence and thermogravimetric analysis. Thalti@g chemical formula is I§76 [Al 921

Si 26.80 O 72]*17.91 (H20). The cell parameters determined ataR® a= 18.3795(4) and c=
7.5281(2)A larger than those obtained $om27 and in agreement with the larger amount of
Al.

In Figure 4.1.1.2 the comparison among the SyrnrimeXRPD patterns collected som27
and Tosoh ZL samples is shown. The patterns confirm the gogdtallinity of both zeolite
samples and the absence of impurities. Moreoveriwlo samples show also no substantial

differences in intensity and peak position.
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Figure 4.1.1.2.Comparison between the powder patterns of ZL (sQra@7ZL (Tosoh) in the 2theta
range: 2—18.

Structural refinements on both ZL samples wereqoeréd in the s.g P6/mmm with two

independent tetrahedral sites: T1, in the canericéige and T2, shared between the cancrinite
cage and the D6R (Figure 4.1.1.3. a, b).
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Figure 4.1.1.3.Projection along the axis (a) and view from the inside of the 12MR af&ln
(b) of somZL at room temperature. Light grey: water sitegtkdgrey: K sites. The D6R is

reported in the inset.

The framework structure determined at RT fully agrevith that reported by BV [13].
However, the preference of Al atoms for the T1 silggested by Newsam [21], on the basis
of the bond lengths determined by neutron powd#&adtion, was not observed in our study.
Concerning the extraframework sites the followipga@es distribution has been found in both
ZL samples (Figure 4.1.1.3 a, b):

site KB — in the center of the cancrinite cage — is foltgupied by K and coordinated to six
framework oxygen atoms;

site KC — located in the center of the 8MR channel, midwayween the centers of two
adjacent cancrinite cages, is fully occupied byn€ aoordinated to four framework oxygen
atoms;

site KD —found in the main 12MR channel — is partially wged and is coordinated to six
framework oxygen atoms and two water molecules.

No extraframework species are found at the ceritdieoD6R, in contrast with that reported
in [13].

The water content, is almost similar in the two Zmples and corresponds to about 18

molecules, distributed over five extraframeworlesiiocated in the main channel, labeled
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WF, WH, WI, WJ and WK (Figure 4.1.1.3 a). All ararpally occupied and weakly bonded
to the framework.

As already mentioned in the chapter 1, the knowdeafgthe thermal stability of the ZL is of
fundamental importance for the guest encapsulatimecorporation by gas phase requires a
preceding zeolite dehydration becaus®Hnolecules can hinder the molecules loading. For
this reason in this thesis the dehydration mecharsitidy on the synthetic zeolite L, by in

situ synchrotron XRPD experiment, has been perfdr(eee chapter 5).
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4.1.2. GUEST SPECIES - DYES

An important and recurring question that arisethenstudy of encapsulated molecules regards
the location and the number of guests trappeddrzdolite voids. In fact, a detailed structural
characterization of the alignment/orientation oé ttiye into the zeolite channels and the
guantification of the dye maximum loading are daitking. This represent a fundamental
issue, since the organization of the molecules affect the optical performances of the
composites. For this reason structural investigatican provide useful information for
understanding the mechanisms responsible of theredxd optical phenomena.

In the following a detailed characterization of teelected dyes, two neutral dyes (9-
fluorenone and tB-DXP) and a cationic dye (thiohwel be reported.

The choice of the guests molecules to be encapsuiat the zeolite L was based on the

chemical, structural and optical properties.

4.1.2.1. 9-fluorenone.
a

5.6 A

Figure 4.1.2.1 a) Molecular structure (in light grey, C atoms; black O atom and in white

H atoms, dimensions, bonds lengths and angledlabg&none, b) 9-fluorenone powder

9-fluorenone [1] (GHsO) belongs to a group of molecules possessinggintrg
spectroscopic and photophysical properties [2-5]cblororiginates from the low-lying
electronic states, influenced by the bridge jointhg carbonyl group ( --C=0), which

introduces a certain compactness of a closed steutd the molecule skeleton.
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From figure 4.1.2.1 it is clear that the fluorenanelecular length, 8.9 A along its longest
axis, is greater than the ZL cell dimension alohg thannel (7.52 A) and is however
noticeably shorter than the maximum channel ope@iig A), indicating that this dye could
have orientation freedom inside the zeolite. Experntal and theoretical studies showed the
ability of FL in forming stable composites with zié® L and demonstrated the influence of its
orientation and of the water molecules presenthi@ thannels on the light harvesting
properties. A first model of the host—guest inteaas in the system ZL/FL obtained by
experimental data is reported in [6]. On the badishe results obtained by FTIR, Raman
spectroscopy, thermal analyses and fluorescenasrepeopy, the authors suggested that a
maximum of 1.1 FL molecules can be hosted in ZLndeds. They located the dye close to
the channel walls and justified the high stabilityair conditions of ZL/FL composite on the
basis of two molecule-framework interactions: 1) &rbonyl group with an Al of the
zeolite framework and 2) FL aromatic ring witf.kOn the contrary, a further paper based on
first principle molecular dynamics simulations Btablished, that the stability of the ZL/FL
material, both in dehydrated and hydrated formsluis to the strong interaction between the
oxygen of the carbonyl group with the extraframewpotassium cation.

Recently Zhou et all [8] reported the comparisotwieen the simulated and measured UV-
Vis absorption spectra of fluorenone both in hyeblzand dehydrated zeolite L. The authors
confirmed the K---O=C motif and stated that thepghaf the absorption spectra is affected by
the fluorenone’s orientation, which is in turn sigby affected by the presence of water,
although the interactions between the fluorenormkveater molecules are negligible.

For this thesis the dye - purchased as analyttealdards by Sigma-Aldrich with a purity of
98.0% - was used without further purification.

In Figure 4.1.2.2 is reported the TGA of crystadlifiuorenone. The dye exhibits only one
sharp weight loss at 220°C and the mass spectrprid@EGA) reveals that FL does not

decompose in sub-moieties, but is released inaigcalar form.
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Figure 4.1.2.2 TG (continuous line) and DTG (dashed line) curviesrystalline 9-fluorenone.

An XRPD pattern (Figure 4.1.2.3) of the 9-fluoreaomas collected to verify the purity and
the crystallinity of the compound

a.u.

20 40 60 75
26 (%)

Figure 4.1.2.3 XRPD pattern of crystalline 9-fluorenone collette a quartz capillary
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Figure 4.1.2.4 A and B display a comparable peakillution of the UV —vis absorption and
fluorescence spectra collected for this study &atlrieported in [6].

B) Lo

A)
——FL in PTFE g
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Figure 4.1.2.4 A) UV-vis absorption spectra of FL in cyclohexasmution (18 M, magenta line)
and diluted in teflon (1:60 weight ratio, greemelj. The emission spectrum of FL in cyclohexane
solution is also reported (orange curve); B) ahbsmmpand emission spectra (inset) of FL in

cyclohexane solution as reported in [6].

4.1.2.2.tB-DXP
a b

7.6 A

v

A

22 A

Figure 4.1.2.2.1a) Molecular Structure dimensions of tB-DXP; b) DB+ powder

N,N'-bis(4-tert-butyl-2,6-dimethylphenyl)-3,4,9,10-pknyetetracarboxylicdiimide
(CasHa2N204), named tB-DX, is a neutral dye molecule, beloggia the perylene family
(Fig. 4.1.2.2.1).

Perylene dyes and their derivatives are promismmpounds for their intense visible light
absorption, high stability, electron accepting i&piland unity quantum yields [9]. Due to
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these properties, these are actually studied fdoebgctronic and photovoltaic devices,
energy-transfer cascades, light-emitting dioded,rear-infrared-absorbing systems
tB-DXP, in particular, was recently synthesized ][1&ccording to newly developed
procedures based on previously published works hlthe laboratory of the Department of
Chemistry at the University of Fribourg.

Given its large size tB-DXP belongs to the thirdugy of guest molecules as described in
chapter 2.3. For this reason it is expected thaighs parallel to the axis of ZL and that the
formation of aggregates is avoided for the geometability of the molecules to slide over
each other.[12].

Moreover, the presence of substituents in the pas#éions, acting as spacers, leads to an
increase of the minimum contact distances and henaelecrease of the interaction with the
neighbor molecule, that would entail to J-couphvigen the dyes are densely packed inside

the ZL channels.

-85

Weight loss ()

-75

93

U o R TR f-.wflr'l ar—nane
-115 + t + —+ t =
100 200 300 400 500 600 700
Temperature (°C)

Figure 4.1.2.2.2 TG (continuous line) and DTG (dashed line) curvksrystalline tB-DXP.
In figure 4.1.2.2 is reported the TGA of crystadlitB-DXP. The dye exhibits four

degradation steps at 170, 410, 480 and 570 °Chenohass spectrometry (MSEGA) reveals
that tB-DXP decomposes in sub-moieties, such agCEkland CQ( m/z 44-45).
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A XRPD pattern (Fig. 4.1.2.2.3) of the tB-DXP wanlected to verify the purity and the
crystallinity of the compound.

a.u.

Wb

\ \u }

20 (%)

Figure 4.1.2.23 XRPD pattern of crystalline tB-DXP
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Figure 4.1.2.2.4Superimposition of the absorption (red line) alodelscence spectra (blue line) of the

dye tB-DXP in dichloromethane solution

The absorption and fluorescence spectra of tB-OKiBtiated in figure 4.1.2.2.4 are identical
to those of other studied in ref [10] and thisas surprising because all the dyes belonging to
the perylene family are characterized by the samencophoric core. Devaux at al. [10]
reported also that the value of the luminescenhtyuma yield of the tB-DXP is close to one,

making this dye a good candidate to be used asraoalecule in the antenna systems.
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4.1.2.3. Thionine acetate salt
Thionine (3,7-Diamino-5-phenothiazinium acetate)HgN3S - GH40,) is a cationic and
plane dye molecule, named Th hereatfter.

a Ili H b

¢
M P i N

~1
(%]
I=o

“5A

Figure 4.1.2.3.1a) Molecular structure dimensions of thioninethipnine powder.

For this thesis the dye was purchased by Sigmaigkldvith a purity of 98.0% and was used
without further purification.

In figure 4.1.2.3.2. is reported the TGA of crybite thionine acetate salt. The curve exhibits
three steps at 65, 225 and a broad peak in theerah820-575°C. The mass spectrometry
(MSEGA) reveals that Th decomposes in sub-moietieparticular CQ(m/z=45) at 225°C
and CQ(m/z=44), NQ, CsH4, N2O3, SG and CQ(m/z=45) as third step (320-575°C).

The cationic thionine was chosen because ZL caaocdmmodate thionine dimers
such as H-aggregates due to space filling effecthe composites show intense fluorescence
within the zeolite channels [13]. Moreover Th camsaa sulfur atom, a relatively heavy atom,
that can be more easily located by X-ray diffract&iudy respect to other dye molecules
consisting of only light atoms (C, N and O), mor#ficult to localize in the zeolite
framework.

A single crystal X-ray study of Th incorporatedara mordenite —Na [14] reported strong
host-guest interactions through short C-O, N-O 8r0 distances favored by a slight tilted
arrangement of the molecule inside the 12 memhbgraf the mordenite.

53



Materials and methods

Weight loss (%)

25 125 225 325 425 525 625 725 825
Temperature (°C)

Figure 4.1.2.3.2 TG (continuous line) and DTG (dashed line) curgésrystalline thionine acetate
salt.

Also for the pure Th compound was collected an XRiitern to verify the purity
and the crystallinity of the compound (Figure 4.3.2).

a.u.

i

5 2C 30
26 (°)
Figure 4.1.2.33 XRPD pattern of crystalline thionine collectedquartz capillary

54



Absorbance (a.u)

Materials and methods

0.6

I
>

e
N

Absorbance (arb. scale)

400 500 600 700 25000 20000 15000

wavelenght(nm) A fem™

Figure 4.1.2.3.4A) UV-vis absorption spectra of Th in ethanol $iwio and B) absorption spectra of
Th in ethanol as reported in [15].

The absorption spectra of Th in ethanol solutiorfggmed for this study as illustrated in
figure 4.1.2.3.4 a, is identical to that of ref[15
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4.2 METHODS

A short overview of the experimental techniquesr@f-powder diffraction, thermal analyses,
ATR-IR spectroscopy, computational modeling and W&/ photoluminescence
spectroscopy) is presented in the Appendix Il,IUl,V and VI, respectively. In the following
the experimental conditions of each technique astbfur this work are reported.

4.2.1. X-RAY POWDER DIFFRACTION

For this PhD thesis, both conventional and syncbnosources have been used. In particular
two different beamlines at the European SynchroRadiation Facilities (ESRF) (Grenoble,
France) have been employed.

The temperature-resolved XRPD experiment on thepa#@l som27 was performed at the
GILDA beam line (BM08). The powder sample was lahdad packed in a 0.3 mm quartz
capillary and heated in situ from RT up to 814°Crbgans of a gas blowing system. The
heating rate was 5 °C/min. The capillary was madirde a standard goniometric head and
spun during data collection in parallel beam Del$aherrer geometry and a monochromatic
wavelength of 0.6530 A was used. The powder diffoacpatterns were collected every 25
°C, on an image plate detector MAR345 positione@% mm from the sample. LaBvas
used as a standard to calibrate wavelength, sampletector distance, and tilting angle of the
detector. AJO3 thermal expansion was used for temperature céora

To study the re-hydration process, an XRPD patteas collected on a small quantity of
zeolite L previously heated at 250 °C and left infar about two months. This last pattern
was collected at the Centro Interdipartimentalen@r&trumenti (CIGS) of the University of
Modena and Reggio Emilia, using a Panalytical XtHERO diffractometer®(6 geometry,
CuKa radiation) equipped with an X-celerator detectar.parabolic X-ray mirror was
mounted on the incident beam to focus the beanhesample. The powder was loaded in a
glass capillary and spun under the X-ray beam. ate collected in the62range 3—-120°,
with steps of 0.02° and at 900 s per step speeel fllibrenone dye was also collected at the
Centro Interdipartimentale Grandi Strumenti (CI@E}he University of Modena and Reggio
Emilia, in the D range 3-80°, with steps of 0.03° and at 10 s tegr $peed.

The patterns of the dye tB-DXP was collected at department of Chemistry at the
University of Fribourg, using a STOE STADI P diiftameter (transmission geometry, CuK
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alpha 1 radiation) equipped with an image platedet. Data were collected in thé éange
3-80°, with steps of 0.03° and at 10 s per stepdpe

All the composites (ZL/FL, ZL/tB-DXP and ZL/Th) drthe thionine dye were collected at
the SNBL1 (BMO1la) beamline equipped with a PILATURISSerieshybrid pixel detector
(pixel dimension 172um). The powder was loaded and packed in a 0.3 nmonbcapillary
mounted on a standard goniometric head and spungddata collection in parallel beam
Debye—Scherrer geometry with a monochromatic wanggheof 0.6825

In each experiment the one-dimensional diffractpatterns were obtained integrating the
two-dimensional images with the program FIT2D [1].

4.2.2. THERMAL ANALY SIS/ TGA-MSEGA

In this work a Seiko SSC 5200 thermal analyzer mopd with a quadrupole mass
spectrometer (ESS, Genesys Quadstar 422), waswisledhe following experimental
conditions: heating rate 10°C/min, temperature eaRg - 900°C, 10@QL/min of air flux. The
gas evolved analysis during the thermal reactioas earried out in Multiple lon Detection
mode (MID).

4.2.3. ATR-IR SPECTROSCOPY

The ATR-IR spectra on the powder samples were aeldeon a Bruker Vertex70
spectrophotometer, equipped with a diamond dete&tarospheric carbon dioxide and
moisture signals were subtracted to all the spdxstrapplying the atmospheric correction
tools, as implemented in the Opus 6.5 software.

4.2.4. TRANSMISSION FT-IR

In this work, tansmission FT-IR spectra were collected (at Z cesolution) on a Vertex70
Bruker instrument. The self-supported sample wafas placed inside a home-made quartz
cell that allowed thermal activation, in-situ gassdge and thermal treatments in a controlled

atmosphere.
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4.25. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations werrformed on the ZL/1.0FL and ZL/1.5FL
ZL/FL composites. The PBE approximation [2] withripdic boundary conditions and
Grimme corrections [3] for the FL-FL interactiongsvapplied throughout. For both systems
the simulation cell was twice the experimental well of the ZL host along. Calculations
on the ZL/0.5FL composite (simulation cell stoiahigtry: Kig[Al 18Sis40144)- FL;with the PBE
functional and periodic boundary conditions, werevpusly performed and thoroughly
described irj4,5].

Electronic wavefunctions were expanded in planewan®eto a kinetic energy cutoff of 25 Ry
(200 Ry for the density). Electron-ionic cores ratgions were computed with ultrasoft
Vanderbilt pseudopotentials for H, C, O, norm cowsg pseudopotentials for Si, Al, K
(semi-core in the case of K) [6-9]. All calculatowere performed with the CPMD code [10],
a particularly valuable approach in the study ofasjuone-dimensional supramolecular
systems inside zeolite nanochannels [11-14].

In order to establish which arrangements of FL mukes could be possible inside ZL
channels, dry ZL/FL models were first considereacdl energy minima for the dry ZL/1.0FL
and ZL/1.5FL models, characterized by simulatioh s@ichiometry Kg[Al 16Sis40144-2FL
and K g[Al 18Sis40144]-3FL, respectively, were obtained by geometryrojation of different
guess configurations. In all cases, the stabibragnergy of the composites with respect to

the isolated ZL and FL components was calculatel thie formula:

AE(ZL-nFL)=E(ZL-nFL) - E(ZL) - nxE(FL)

whereE(ZL-nFL) is the energy of the optimized dry ZL/nirwodel (n=2,3 for ZL/1.0FL
and ZL/1.5FL, respectivelyE(ZL) is the energy of the empty ZL, whilgFL) is the energy
of an isolated FL molecule calculated in the saimailstion cell.
In the case of the low FL-content system,, the ZL/0.5FL composite, an atomistic-level
structural description is discussed in [4]. Stahtiion energies of the hydrated ZL/1.5FL

models with respect to the isolated components waiilated with the formula:

A E(ZL-3FL-xH0)= E(ZL-3FL-xH0) - E(ZL) - 3XE(FL) -xx E (H,0)

where E(ZL-3FL-xH0) is the energy of the optimized hydrated ZL/1.5khodel
(x=12,13,14),E(ZL) is the energies of the empty ZL, whilg(FL) and E (H,O) are
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respectively the energies of an isolated FL mokeanid an isolated water molecule calculated
with the same simulation cell parameters. The ikadadtabilities of the systems with 12 and
14 water molecules with respect to that containidy HO’s, were calculated with the

formulas:

A E(14/13) =E(ZL-3FL-14H0)- [E(ZL-3FL-13H0) +E (H20)]

A E(12/13) =E(ZL-3FL-12H0)- [E(ZL-3FL-13H0) - E (H,0)]).

4.2.6. OPTICAL SPECTROSCOPY: UV/VisAND FLUORESCENCE

The ZL/FL composites absorption spectra were ctdtkat the Nanostructured interfaces and
surfaces laboratory of the University of Turin (NIi@ Diffuse Reflectance on a Cary5000
Varian spectrophotometer in the 2500-200 nm spe@rge. All the samples were measured
in the powder form inside a suprasil quartz cuveteing a width of 2 mm. The Fluorescence
emission spectra were recorded also on the povedeplss placed in a suprasil quartz cuvette
(width of 2 mm) in reflection mode on a Horiba Jobvon Fluorolog3 TCSPC spectro-
fluorimeter equipped with a 450 W xenon lamp ahtbanamatsu R928 photomultiplier.

The spectra of the other dye-ZL samples (ZL/tB-Dx®d ZL/Th) were collected using a
different method experienced by the chemistry depamt of the University of Fribourg. This
method consists in the preparation of the so cdtbddylass sandwiches” (OGS) [15-17] All
absorption spectra were recorded with a Lambdg2btsophotometer (Perkin-Elmer) with a
slit width of 1 nm and a scan speed of 120 nm/roiminescence spectra were obtained on
an LS50B (Perkin-Elmer) by using a slit width o6 Aim for oil-glass sandwiches. The scan
speed in both cases was 120 nm/min. Both spectessnefere equipped with a custom-built
sample holder for the solid-state samples (Fig6412
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Figure 4.2.6.1. Working principle of custom-built sample holdergeddor the quantum yield
determination of composite OGS. (a) Anodized blalkckninum plate used as beam limiters.
The OGS is placed between two such plates. (b) Rantwlder used in the
spectrophotometer. The gray disc represents tlieehdhe white bar is the slit into which

the OGS-aluminum plate assembly is slid (held iacelby Teflon screws), and the solid
arrow indicates the incident light beam. (c) Sampldder used in the luminescence

spectrometer (same legend as used for the prekiadsr [17].

The OGS was placed between two black anodized alumiplates with the sample spot
centered in the 6 mm hole. The whole assemblyes thserted into the sample holder slit and
fixed by tightening two Teflon screws. The samptdder design ensures that the incident
light beam hits the OGS at the same angle of 43350t the absorption and luminescence
spectrometer, thus ensuring a similar geometryath measurements, which is crucial for
relative quantum yield determinations. The anodibktk aluminum plates serve as beam

limiters and help in avoiding reflection effectsrin the glass plates.

61



Materials and methods

References

[1] Hammersley A.P., Svensson S.O., Hanfland M., Fitd., Hausermann D., (1996)igh
Pressure Res. 14 235-248

[2] Perdew, J. P., Burke, K., Ernzerhof, M. (1998ys. Rev. Lett., 77, 3865-3868

[3] Grimme, S. (2006). Comput. Chem., 27, 1787-1799

[4] Fois, E., Tabacchi, G., Calzaferri, G. (2010Phys. Chem. C, 114, 10572 — 10579

[5] Zhou, X., Wesolowski, T. A., Tabacchi, G., Fois, Ealzaferri,G., Devaux, A. (2013)
Phys. Chem. Chem. Phys., 15, 159-167

[6] Vanderbilt, D. (1990Phys. Rev. B, 41, 7892-7895.

[7] Kleinman, L., Bylander, D.M. (198Bhys. Rev. Lett., 48, 1425-1428

[8] Hamman, D. R., Schluter, M., Chiang, C. (19/P8Yys. Rev. Lett., 43, 1494-1497

[9] Troullier N., Martins, J. L. (19919hys. Rev. B, 43, 1993-2006

[10] CPMD code, MPI fur Festkérperforschung: Stuttg&#rmany; IBM Zirich Research
Laboratory: Zurich, Switzerland, 1990-2012, www.acborg

[11] Fois, E., Tabacchi, G.; Quartieri, S.; Vezzalini,(99)J. Chem. Phys., 111, 355-359

[12] Fois, E.; Gamba, A., Tabacchi, G., Quartieri, Sezzalini, G. (2001). Phys. Chem. B,
105, 3012-3016

[13] Fois, E., Gamba, A., Tabacchi, G., Quartieri, Sezxalini, G. (200Bhys. Chem.
Chem. Phys,, 3, 4158-4163

[14] Fois, E., Gamba, A., Medici, C., Tabacchi, G. (200BemPhysChem, 6, 1917-1922

[15] Calzaferri, G. Méallet-Renault, R.Brulhwiler, D., Pansu, R., Dolamic, I., Dienel, T.,
Adler, P., Li, H., Kunzmann, A. (2010hemPhysChem, 12, 580-594

[16] Fois, E., Tabacchi, G., Devaux, A., Belser, Byl hwiler, D., Calzaferri, G. (2013)
Langmuir, 29, 9188- 9198

[17] Devax A., Calzaferri G., Miletto 1., Cao P., Belser P., Brullhwiler D., Khorev O.,
Hallner R., and Kunzmann A. (2013)Phys. Chem. C 117, 23034-23047

62



Thermal behaviour of zeolite L

5. THERMAL BEHAVIOUR OF ZEOLITE L

The neutral chromophores, as above reported, camsbged into the zeolite channels
in gas phase and this procedure requires a prerddimydration of the zeolite because
the HO molecules block the molecule pathway. This ingptleat the thermal behavior
of ZL has to be preliminary investigated. The stuafythe dehydration and re-
hydration processes were carried out and the caeségtructural modifications were

studied by temperature resolved synchrotron X-@yder diffraction

5.1. STRUCTURAL REFINEMENT

Structural refinements were performed by full geoRietveld analysis in the P6/mmm space
group, starting from atomic coordinates reported gerlialite [1]. Since no evidence of
symmetry change was found from the analysis ofpibwder patterns, the P6/mmm space
group was used in all the structure refinementstal of 20 patterns were fitted out of the 45
available, selected between RT and 707 °C. Notwatitsng the zeolite maintains a good
crystallinity up to 814 °C (Fig. 5.1.1a, b) thefditction data quality did not allow satisfactory
structure refinement above 707 °C and only unit gatameters were refined. The extracted
Bragg peak profiles were modeled by a pseudo-Vdigittion with two refined coefficients
(one Gaussian and one Lorentian term, Gw and L@3AS terminology) and a 0.01% cut-
off of the peak intensity. Due to high diffuse arattering, the background was partially
subtracted and then empirically fitted using a Gisehev polynomial with 12 variable

coefficients.
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Intensity [ a.u.}

Intensity [ a.u.)

Figure 5.1.1Selected powder patterns of zeolite L as a funaifctemperature reported
in the 2theta ranges: (a) 2.5-10.5°; (b) 19-33°.

The D-zero shift was preliminarily refined for all thelected patterns and then fixed at the
mean value of the data set, since the variatioms wery low. The scale factor was allowed to
vary for all histograms. In the final cycles, thefined structural parameters for each data
histogram were the following: fractional coordirater all atoms, occupancy factors for extra
framework cations and water oxygen atoms, and thkersotropic displacement factors. H-
atoms were not considered during the structur@eefent, due to their low scattering factors.
Soft constraints were applied to the T-O bond dista and were gradually released after the
initial stages of refinement. The thermal displaeamparameters were constrained in the
following way: the same value for all the tetratedatoms, a second value for all the
framework oxygen atoms, and a third value for tla#ewmolecules. The thermal parameters
of K sites were free of constraints. Occupancydiaciand isotropic thermal displacement
factors were varied in alternate refinement cyclé® Rietveld refinements of the powder
patterns converged successfully up to 707 °C. Tagem of the re-hydrated phase was
refined starting from the structural model obtaifiesn the data collected at RT, by adopting
the above described refinement strategy, excepthtomumber of instrumental background
coefficients (25 instead of 12). Table 5.1.1. (Apgig A) summarizes the refinement details
of four selected patterns, collected at RT, 101 2&4 °C, and 707 °C. The refined cell
parameters are reported in Table 5.1.2. (AppendifoAeach temperature value. The refined

atomic coordinates, occupancy factors and thernm@rpeters for the corresponding
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distances in Table 5.1.4. (Appendix A).

structures at the four temperatures are reportetiable 5.1.3 (Appendix A) and the bond
Figure.®.1shows the observed and calculated

profiles and the difference curves for the seleptiterns.
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Figure 5.1.2.0bserved (crossed line) and calculated (contindioe$ diffraction patterns and final
difference curve from Rietveld refinements of zeoli at RT, 101°, 244° and 707 °C.

5.2. RESULTS

In the investigated temperature range, the celipater variations — although very small —

are rather discontinuous (Table 5.1.2., Appendix IA)the initial heating stage (below 101

°C) zeolite L is essentially rigid, the a parametecreasing and theeparameter increasing by
less than 0.1% (Figure. 5.2.1). Between 101° ardl°@4 a increases by 0.33%, decreases

by 0.2% and the cell volume undergoes the largestement observed in the whole

investigated T range, i.e. 0.44%. Above 244 °C,\heation trend of a and c parameters

inverts and the V-T curve flattens, though dispigya further slight cell volume increase.
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The total variations of tha, ¢, andV parameters are 0.2%, 0.3% and 0.7%, respectigely.
is stable up to 814 °C and no structural breakdsvabserved.
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Figure 5.2.1.Normalized unit cell parameters vs. temperatuhe grating symbols

correspond to the rehydrated phase.

5.2.1. Framework

During dehydration we observed the following magtions in the zeolite L framework:

(i) the main 12MR channel, parallel to thexis, becomes more circular upon heating, as a
consequence of the increase and decrease in O1-4C#eD02—-01-02 angles, respectively
(Figs. 5.2.1.1. a). The free diameters [2] of tB&R (O1-O1 and O2—-02) change from 7.2
Aand 7.6 A at RT, to 7.5 and 7.7 A at 707 °C, eesipely (Figure 5.2.1.1. b); (ii) the 8MR
channel, parallel to the ¢ axis, becomes more laeiras a consequence of the decrease and
increase of free diameters O1-O1 and O5-05, ragpbciFigures. 5.2.1.2); (iii) during
water release, between 101° and 244 °C, the 8MRups surrounding the main 12MR
channel become more circular, with a decreasedrirde diameter O1-0O1 (corresponding to
the ¢ axis trend) and an increase in the O6—06 loneontrast, after complete dehydration,
above 244 °C, the trend inverts and the rings becorare elliptic (Fig. 5.2.1.3); (iv) the T2-
06-T2 angle of the D6R decreases constantly upatirfie(Figures. 5.2.1.4) via tetrahedral
rotation. Also the O4-04 distance (Figure 5.2.1\8hich can be assumed as the D6R
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thickness, tends to decrease (even if not in a toomoway). Moreover, the O3—-05-03 and
O5-03-05 angles (Figure 5.2.1.6) increase and deererespectively, becoming more

similar to each other and hence reducing the getral distortion of the 6-membered ring.
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Figure 5.2.1.1.Temperature-induced shape change of thel2MR d#lgrihe main channel parallel
to c axis: (a) 02-01-02 and 0O1-02-01 angles; (k)d1land 02-02 free diameters (calculated
assuming an oxygen radius of 1.35 A). The gratimgels correspond to the rehydrated phase.
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Figure 5.2.1.2. Temperature-induced shape change of the 8MR dglgthe corresponding
channel parallel to ¢ axis: 01-0O1 and O5-05 fraendiers (calculated assuming an oxygen radius of

1.35 A). The grating symbols correspond to the defied phase.
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Figure 5.2.1.6 Variation of the O3—05-03 and O5-03-05 angles®fbtrings of the D6R

vs. temperature. The grating symbols correspoiidgoehydrated phase.

5.2.2. Extraframework sites

The occupancy factors (Table 5.1.3. Appendix A) tdcoordination distances (Table 5.1.4
in Appendix A) of the potassium sitesE, KC andKD) at RT well agree with the results of
the original structural resolution. The slight deszancies can be explained by the different
cation content in BV (6 K and 3 Na a.f.u) and ia firesent sample (8.46 K a.f.u).

Upon heating, KD slightly shifts from its originpbsition (Table 5.1.3. in Appendix A) and
the potassium distribution on KC and KD sites ugdes a slight reassessment (Fig. 5.2.2.1).
The KB site maintains the same occupancy factoalinthe studied T range, while the
occupancy of KD and KC sites decreases and ingeaespectively, indicating a partial
migration of potassium from the main channel toitiveer KC site. This migration — induced
by the necessity of KD to restore its coordinatieguirements after the loss of the previously
coordinated water molecules — ends when the KCisitell. The further decrease in the
occupancy of KD — between 244° and 707 °C — caaslebed to the presence of some water
in KD, which is lost above 244 °C. The main T-inddcvariations in the bond distances
between extraframework cations and framework oxygems (Table 5.1.4. Appendix A) are
summarized as follows:

- KB-O3 distance increases as a consequence 6fting deformation;

- KC-O5 distance increases, related to the incredsthe O5-05 diameter of the 8MR

perpendicular to the c axis;
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- KD-O4 and KD-O6 bonds shorten during water 1d830244 °C). This induces a shift of
O6 inside the main 12MR channel and a decreasédnTR-O6-T2 angle (Fig. 5.2.1.4).

Moreover the O4—-04 distance decreases (Fig. 5)2determining a decrease in the D6R

thickness.
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Figure 5.2.2.1 Plot of K sites occupancy factors vs. temperafline grating symbols
correspond to the rehydrated phase.

As already said theom27 contains at RT 18 water molecules, distributed dve partially
occupied sitesWF, WH, WI, WJ, WK ). They were located in the main channel, but with
slightly different coordinates relative to BV. Frgu5.2.2.2. shows the clusters of water
molecules and cation-water layers, which develgn@lthec axis. This hydrogen-bonds
system is similar to that observed by Lee et ather Rb-GaSi L sample [3].

Figure 5.2.2.2.Sequence of water clusters and cation-water layarsing along the axis
inside the 12MR channel. The distances W-W bete@h and 2.89 (A) are drawn.
Light grey: water sitésirk grey: KD site.
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In Figures 5.2.2.3 a and b the variations of théewaite occupancy factors and the total
number of water molecules in the unit cell are sh@s a function of temperature. Most of
the water molecules are released above 101 °C,aaritfi4 °C the zeolite is completely
dehydrated.

In particular:

- waterWI — the most occupied site and the only water mddelbbanded to potassium KD —
is the last to be completely removed;

- waterWF — initially not bonded either to the frameworktorthe cations — upon heating
moves closer t&D and, as a consequence, it is one of the last wadkacules to be released,;
- waterWH — initially coordinated to the oxygen atom O1 Htdraway during dehydration
(Table 5.1.4. in Appendix A), hence allowing théaration of the 12MR aperture along the
01-01 direction (Fig. 5.2.1.1. b);

- water WJ, on the contrary, moves closer to the frameworlgen O2 (Table 5.1.3,
Appendix A) and its release is slower compared tBl.\Whis could explain the almost
constant value of the O2—-02 diameter of the 12M&tape (Fig. 5.2.1.1. b);

- waterWK — bonded only to other water sites — is the freeder molecule and its release

begins already at 65 °C.
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Figure 5.2.2.3.0ccupancy factors of water sites in ZL (a) andltatater content per

unit cell (b)vs. temperature. The grating symbols correspondeaehydrated phase.

The total number of water molecules — as calculétaah the refined occupancies of all W
sites (Table 5.1.3 in Appendix A and Fig. 5.2.2.3bagrees well with the results of the
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thermal analyses (Figure. 5.2.2.4). On the contrding temperature corresponding to
complete water loss shown by the DTG curve (ab80t°Z) is slightly lower than that of the

in situ XRPD experiment (244 °C). This effect danreasonably explained by the different
experimental set up adopted in the two measurengfpatgdered sample in a small platinum

boat in the TG analysis and in a glass capillathenXRPD experiment).
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Figure 5.2.2.4 TG (continuous line) and DTG (dashed line) cuvegL som27.

5.2.3. Re-hydration process

To study the re-hydration process, an XRPD patteas collected on a small quantity of
som27 previously heated at 250 °C and left in air fooatbtwo months. The structural
features of the rehydrated phase can be summarsztallows:

— the cell parameters are almost perfectly recavef€able 5.1.2. in Appendix A and Fig.
5.2.1);

— the original framework structure of the hydrapdhse is almost completely regained (Figs.
5.2.1.1-5.2.1.6 and 5.2.3.1) although a slightdresis is observed;

— potassium cations regain the original distributtm KC and KD (Fig. 5.2.2.1.);

— WF and WJ sites do not return exactly to theioailgpositions and, more importantly, the
original water content is not completely regainagadn rehydration only 16.7 water
molecules are found instead of the original 18)pdnticular, compared to the original zeolite
L, the WK site is empty, WF and WI and WJ showado occupancy, while WH is slightly
more occupied (Figs. 5.2.2.3 a and b).
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5.3. DISCUSSION AND CONCLUSIONS

On the basis of the results reported above, themtlebehavior of zeolite L can be

summarized using three different steps, correspgnidi the following temperature ranges:

1)

2)

3)

Below 100 °C: the structure is essentially unmedifi The cell parameters do not
change, dehydration is very limited and involvetyadhe WK and WI site (whose
occupancy factors start to decrease), and potasstans to move from the KD to KC
site. This last structural change could be indunethe initial removal and successive
complete loss of the WI water molecule, initialyocdinated to the KD site;

Between 101 and 244 °C: complete dehydration ef gample occurs, although
without inducing notable structural deformationbeT6-membered rings become less
di-trigonal and the 12MR apertures become moreuldrc These last deformations
allow easier water diffusion and release and inducancrease of the a cell parameter.
Moreover, the 8MR channel aperture perpendiculahéoc axis also becomes more
circular. The a axis increase is accompanied byarameter decrease, related to the
more circular shape assumed by the 8MR windows lwlsiarround the 12MR
channel. The driving force of this contraction darecognized in the attraction of
KD to O4. Overall, a small, even if rapid, cell uole increase is observed. The shift
of potassium from KD toward KC continues up to 200

Above 244 °C: zeolite L is completely dehydratafter complete water release, the a
and c cell parameters invert their trends and gwardecrease and increase of about
0.03 A, respectively. As a whole a steady volunedase is observed (Table 5.1.2. in
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Appendix A and Fig. 5.2.1). The relaxation of th@niework along c could be favored
by the loss of the WH and WJ water molecules, pally bonded to O1 and O2, and
reflected in an increase in the cancrinite cagektiess (see T2-T2 distances in Fig.
5.2.3.1).
As reported above, the structure of potassium teetlidehydrated in vacuum at 400 °C
was studied by neutron powder diffraction [4], abitag results rather different from
those obtained in the present study. In particulpon dehydration, the following unit cell
parameter variations were observed: +0.4%, -0.8%d &h03% fora, ¢ and V,
respectively. If these data are compared with tloddained for the present sample heated
at 422 °C (+0.3%, -0.1% and +0.5%) it is noted ttiegt limited ¢ contraction in the
present sample is reflected in an overall voluncegase.
This different behavior can be explained by théofeing factors which differentiate the
two dehydration experiments:
— Newsam’s sample @AlgSi;7 O72:17 H0) is richer in Al and K and poorer in water
compared to the present sample. Moreover, the tatmucrefinement showed that
potassium is distributed over a different numbegxdfaframework sites;
— The experiment performed by Newsam [4] was cotedlevith a different kinetics,
heating the sample in vacuum very slowly (in selvboairs) compared to the conditions
of our experiment (5 °/min) and maintaining it iacuum at 400 °C for 16 h.
The second factor seems to be the crucial oneadt &s already observed in literature
[25], the kinetic conditions play a primary roletime dehydration process of zeolites. In
particular, the different kinetics induces a diffier evolution of the extraframework
system (both water molecules and extraframeworiorms)t with a consequent influence
on the deformation of the framework.
In general, after Cruciani [5], most zeolites exébso called negative thermal expansion,
while a positive one is observed in a number oftra¢isiliceous zeolites, like CIT-5,
AIPO4-31 and the one-dimensional 12MR system IT[8}4n these materials expansion
is mainly realized along the direction of the mdémge 12- or 14-ring channel, as
observed in the Zkom27.
The Sl index [5] ofsom27 is equal to 5. This result is particular notewgrthue to the
rather low Si/Al ratio (3.3) of this zeolite, whietould suggest a lower thermal stability.
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Finally, the inverse relationship between therm@biity and ionic potential of the
extraframework ions — potassium in the present gampvas confirmed by the results of
this study. Usually, in zeolites, most of the efxaranework cations are coordinated by
water molecules. Upon dehydration these cationsenobeser to the framework to form
new bonds. This can induce strains on the framewedulting in a structural deformation
or even bond breaking. The Zom27 represents an exception, because only one of the
three cation sites (KD) is bonded to a water mdéecwhile the coordination spheres of
the other cations are formed only by framework @ygtoms. Moreover, among the five
water molecules, only two are at coordination diséafrom the framework oxygen atoms,
while the others are only involved in water—watediogen bonds. These structural
features explain why the dehydration process damsimduce substantial structural
modifications in the host framework and why zeoliteven undergoes a small unit cell
volume increase upon heating.

The results show that ZL has a very high therntabikty and maintains a good
crystallinity up to 814 °C. Following Baur [7], thiframework can be classified as
inflexible upon changes in both physical and chamiconditions. In particular,
concerning the response to heating under the ewpatal conditions adopted in the
present study, it is noteworthy that zeolite L wigdes a slight thermal expansion, which

is a very unusual behavior for an alumino-siliaateroporous material.
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APPENDIX A

Table 5.1.1 Experimental and refinement parameters for zeblae RT, 101 °C, 244 °C, and 707
°C.

T (°C) RT 101 244 707
Space Group P6/m m m P6/m m m P6/m m m P6/m m m
a (A) 18.3367(2) 18.3320(1) 18.3968(2) 18.3769(1)
c (A) 7.5176(1)  7.5205(1) 7.5019(1) 7.5317(1)
V (A3 2189.06(5) 2188.66(4) 2198.72(4) 2202.79(4)
Rp (%) 1.4 1.3 1.1 1.1

Rw (%) 1.9 1.9 1.6 1.6

R F**2 (%) 8 7.46 6.75 9.7

X? 10.5 10.3 0.80 0.78

No. of variables 55 55 42 42

No. of observations 2889 2889 2889 2889

No. of reflections 673 673 673 673
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Table 5.1.2.Unit cell parameters of zeolite L as a functioneshperature

T(°C)
RT
65

101
137
172
208
244
280
315
351
385
422
458
492
528
565
600
635
671
707
742
778
814
RT(REV)

a (A
18.3367(1)
18.3338(2)
18.3320(1)
18.3504(2)
18.3741(2)
18.3889(2)
18.3968(2)
18.3964(1)
18.3994(2)
18.3978(2)
18.3962(2)
18.3950(2)
18.3929(2)
18.3909(2)
18.3883(2)
18.3864(2)
18.3833(2)
18.3810(2)
18.3796(2)
18.3769(1)
18.3757(1)
18.3747(1)
18.3745(1)
18.3445(2)

c (A)
7.5176(1)
7.5194(1)
7.5206(1)
7.5166(1)
7.5095(1)
7.5045(1)
7.5023(1)
7.5019(1)
7.5042(1)
7.5062(1)
7.5085(1)
7.5111(1)
7.5136(1)
7.5162(1)
7.5188(1)
7.5215(1)
7.5241(1)
7.5267(1)
7.5295(1)
7.5317(1)
7.5344(1)
7.5368(1)
7.5391(1)
7.5174(1)

V(A3
2189.06(4)
2188.78(5)
2188.66(4)
2192.04(5)
2195.62(5)
2197.71(5)
2198.72(4)
2199.53(5)
2200.11(7)
2200.35(5)
2200.62(5)
2201.10(5)
2201.30(5)
2201.58(5)
2201.76(5)
2202.06(5)
2202.11(5)
2202.31(5)
2202.79(5)
2202.79(4)
2203.29(4)
2203.75(4)
2204.36(4)
2190.85(5)
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Table 5.13.Atomic coordinates, occupancy factors and thenpaabmeters for the structures at
RT, 101°, 244°, and 707 °C.

Atom MED y/b zlc Occ. Uiso
RT
Tl 0.0939(1) 0.3566(2) 0.5 1 0.0136(5)
T2 0.1646(2) 0.4978(1) 0.2093(2) 1 0.0136(5)
o1 0 0.2694(6) 0.5 1 0.0159(9)
02 0.1616(2) 0.3233(5) 0.5 1 0.0159(9)
03 0.2671(2) 0.5342(4) 0.2534(8) 1 0.0159(9)
04 0.1019(3) 0.4127(3) 0.3241(5) 1 0.0159(9)
05 0.4245(2) 0.8490(4) 0.2645(9) 1 0.0159(9)
06 0.1452(4) 0.4762(4) 0 1 0.0159(9)
KB 0.3333 0.6666 0.5 1 0.022(7)
KC 0.5 0 0.5 0.850(5) 0.018(2)
KD 0.2989(3) 0 0 0.753(4) 0.084(2)
WF 0.111(1) 0 0 0.434(7) 0.138(8)
WH 0.1186(7) 0 0.384(1) 0.465(5) 0.138(8)
wi 0.2576(9) 0.1288(5) 0 0.70(1) 0.138(8)
wWJ 0.165(1) 0.0830(7) 0.281(2) 0.399(5) 0.138(8)
WK 0 0 0.142(7) 0.35(1) 0.138(8)
101°C
T1 0.0949(2) 0.3575(2) 0.5 1 0.015(6)
T2 0.1646(2) 0.4974(1) 0.2110(2) 1 0.015(6)
o1 0 0.2732(6 0.5 1 0.016(1)
02 0.1630(2) 0.3261(5) 0.5 1 0.016(1)
03 0.2655(2) 0.531114) 0.2586(9) 1 0.016(1)
04 0.1026(3) 0.4145(3) 0.3233(5) 1 0.016(1)
05 0.4241(2) 0.8483(4) 0.268(1) 1 0.016(1)
06 0.1432(4) 0.4747(4) 0 1 0.016(1)
KB 0.3333 0.6666 0.5 1 0.039(2)
KC 0.5 0 0.5 0.916(6) 0.030(2)
KD 0.3002(4) 0 0 0.699(4) 0.094(4)
WF 0.118(1) 0 0 0.345(7) 0.141(1)
WH 0.1139(7) 0 0.357(1) 0.409(4) 0.141(1)
Wi 0.255(1) 0.1276(6) 0 0.52(1) 0.141(1)
wWJ 0.210(1) 0.1095(7) 0.204(4) 0.323(6) 0.141(1)
WK 0 0 0.094(1)
244 °C
T1 0.0942(1) 0.3575(1) 0.5 1 0.021(5)
T2 0.1659(2) 0.4981(1) 0.2105(2) 1 0.021(5)
o1 0 0.2740(5) 0.5 1 0.027(1)
02 0.1633(2) 0.3266(5) 0.5 1 0.027(1)
03 0.2646(2) 0.5293(4) 0.2542(8) 1 0.027(1)
04 0.1022(2) 0.4140(2) 0.3253(5) 1 0.027(1)
05 0.4241(1) 0.8483(3) 0.2648(9) 1 0.027(1)
06 0.1434(3) 0.4746(3) 0 1 0.027(1)
KB 0.3333 0.6666 0.5 1 0.035(2)
KC 0.5 0 0.5 1 0.050(2)
KD 0.3129(3) 0 0 0.644(3) 0.065(2)
707 °C
Tl 0.0951(2) 0.3591(2) 0.5 1 0.035(5)
T2 0.1652(2) 0.4983(2) 0.2078(2) 1 0.035(5)
o1 0 0.2775(6) 0.5 1 0.044(1)
02 0.1628(3) 0.3256(5) 0.5 1 0.044(1)
03 0.2646(2) 0.5292(4) 0.2516(8) 1 0.044(1)
04 0.1026(3) 0.4139(3) 0.3240(4) 1 0.044(1)
05 0.4237(2) 0.8475(4) 0.2620(9) 1 0.044(1)
06 0.1408(4) 0.4707(4) 0 1 0.044(1)
KB 0.3333 0.6666 0.5 1 0.085(3)
KC 0.5 0 0.5 1 0.094(2)
KD 0.3095(4) 0 0 0.573(3) 0.093(4)
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Table 5.1.4.Framework and extraframework bond distances lems 8.2 A for the structures at RT,
101°, 244°, and 707 °C. The too short distanceshegustified by the not simultaneously presence of
the involved atoms, due to their partial occupdfiacyors.

RT 101 °C 244 °C 707 °C
T1-01 1.654(5) 1.655(5) 1.648(5) 1.641(4)
02 1.627(4) 1.616(4) 1.634(4) 1.636(3)
04 [X2] 1.636(4) 1.639(4) 1.633(3) 1.629(3)
average 1.638 1.637 1.637 1.634
T2-03 1.681(4) 1.669(4) 1.645(4) 1.653(4)
04 1.647(5) 1.624(5) 1.636(5) 1.645(5)
05 1.617(3) 1.624(3) 1.628(2) 1.616(3)
06 1.616(2) 1.634(2) 1.633(2) 1.636(2)
average 1.640 1.638 1.636 1.638
KB-03 [x6] 2.809(6) 2.830(6) 2.859(6) 2.879(6)
KC-05 [x4] 2.985(6) 2.976(6) 2.994(6) 3.013(6)
KD-04 [x4] 3.145(2) 3.151(2) 3.078(5) 3.094(4)
06 [x2] 3.005(6) 2.948(6) 2.822(7) 2.800(5)
WI [x2] 2.819(4) 2.842(4)
WF-WF[x2] 2.06(2) 2.19(2)
WH [x2] 2.891(1) 2.688(1)
WI [x2] 2.53(1) 2.53(1)
WJ[x4] 2.502(2) 2.42(1)
WK [x2] 2.32(2) 2.30(2)
WH-01 2.93(1) 3.08(1)
WF[x2] 2.891(1) 2.688 (1)
WH[x2] 2.16(1) 2.08(1)
WH 1.71(2) 2.10(3)
WHI[x2] 2.75(2) 2.96 (2)

WJx2]  1.540(6) 1.540(6)
WJx2]  2.83(1) 2.201(8)

WK 2.83(1) 2.89(1)

WI-KD [x2]  2.819(4) 2.842(4)
WF[x2]  2.53(1) 2.53(1)
WIx2]  2.562(7) 1.693(7)

WJ-02 2.98(1) 2.87(2)
WF[x2]  2.51(2) 2.38(2)
WH[x2]  1.56(1) 2.18(2)
WH[x2]  2.84(2)

Wi 2.562(7) 1.693(7)
WJix2]  2.66(1) 3.12(4)
WK 2.86(1)

WK-WF[x6]  2.31(2) 2.29(2)
WHIx6]  2.84(2) 2.91(6)
WJ[x6]  2.86(1)

WK 2.10(9) 1.37(2)
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6.1. ZL/FL COMPOSITES

6.1.1 Synthesis of ZL/FL composites

FL was inserted into the channels of ZL by using-phase adsorption. Four ZL/FL samples
(hereafter reported as ZL/0.5FL, ZL/1.0FL, ZL/1.5&hd ZL/2.25FL) were synthesized with
nominal loadings of 0.5, 1.0, 1.5 and 2.25 molexylel.c, following the experimental set up
reported in [1].

Zeolite L was preliminary dehydrated at 200°C fdr dnder vacuum (Ibmbar) on the basis
of the results of the dehydration and rehydratitudys reported in [2]. Dehydrated ZL was
mixed, in inert atmosphere, with FL powder - inaatcorresponding to the desired loadings -
and placed in a rotating oven. The mixture was kedti20 °C for 24 h in order to assure the

encapsulation of the dye and its homogenous digioib in the zeolite channels.

6.1.2. TGA-MSEGA

Water and fluorenone contents in the ZL/FL comgasiwere determined by TGA-MSEGA.
During the thermal analysis coupled with MSEGA ihiensity changes of 8 species (m/z =
16 (CHy), 18 (HO), 28 (CO), 30 (CkCHs), 44 and 45 (Cg) 78 (GHs) and 180 (GHs0))
were followed as a function of temperature.

Figure 6.1.2.1 shows the TG (a) and DTG curvesagba function of temperature for the as-

synthesized ZL, pure crystalline FL and ZL/FL corsipes.
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Figure 6.1.2.1.TGA (a) and DTG curves (b) ZL (black solid curveystalline dye FL (grey solid
curve) and the ZL/0.5FL(dashed black line), ZL/1.@8ashed-double dot black line), ZL/1.5FL
(dotted black line) and ZL/2.25FL (dashed-dot blke&) composites.

As shown in Figure 6.1.2.1 and Talfld..2.1, in the four composites the water releasers

at about 100°C and the weight losses are 8.7%,,%.83%6 and 5.4% in ZL/0.5FL, ZL/1.0FL,
ZL/1.5FL and ZL/2.25FL, respectively. The waterddemperature slightly decreases when
the water amount in the composite decreases asisegoence of the FL penetration. The
fluorenone release in the composites occurs asystatline FL in one step, but at higher
temperature in the range (250 - 550°C). This indgdhat FL is not simply physisorbed on
the zeolite surface, but is encapsulated into #wite channels. It is worth noting that the
release temperature decreases with increasingltheading thus indicating an influence of

loading on the host-guest FL-ZL interactions.
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Table 6.1.2.1 Temperature of water and fluorenone release, wéags and number of molecules
(water and fluorenone) determined by TGA-MSEGA, pamed with those obtained by the structure

refinement for the ZL/FL composites.

Water Water FL FL
Sample Water loss Water molecules molecules loss FL FL molecules
T (°C) wt. % (structure o wt.%  molecules (structure
(TGA) . T(°C) .
refinement) refinement)
ZL 110 11.9 18 18 - - -
ZL/0.5FL 106 8.7 13.6 14.7 500 2.8 0.43 0.49
ZL/1.0FL 104 7.3 11.5 9.7 440 5.6 0.88 0.98
ZL/1.5FL 101 5.5 8.8 7.0 403 8.7 1.43 15
ZL/2.25FL 102 5.4 8.8 - 400 9.5 1.5 -

The sample ZL/2.25FL shows a further weight loss7&t°C, absent in the TG curve of all the
other composites. This can be interpreted as thdtref the removal of a portion of FL not
confined in zeolite porosities but present as atiigse phase. This fact is confirmed by the

XRPD pattern collected on this sample, showingeribns pertaining to the fluorenone

phase (Figure 6.1.2.2.).

z |
=
2 L |
=
— L | *
Rk R
S 12 16 20 24 28 32 36 40 44
200

Figure 6.1.2.2 Portion of the XRPD pattern of ZL/2.25FL compesithe asterisks indicate the peaks
of crystalline FL not adsorbed in ZL.

On the basis of the mass spectrometry results, eterrdined that, when confined in the
zeolite L, FL is released as ¢Gand GHs. The weight losses at high temperature
corresponding to the encapsulated FL are, 2.8 €0%5.8.7 % and 9.5 % (corresponding to
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0.44, 0.9, 1.43 and 1.5 FL molecules) in ZL/0.5AL/1.0FL, ZL/1.5FL and ZL/2.25FL

composites, respectively (Table 6.1.2.1, Append)x Bhese results, and in particular the
presence of only 1.5 molecules in the sample ZBRL2 indicate that the maximum possible
loading of the dye in zeolite L is 1.5 molecules.p. Crystalline fluorenone detected in
ZL/2.25FL composite corresponds to the exceeding dsystallites external to the ZL
channels; consequently, this sample was not furimegstigated. In all the investigated
composites the amounts of water and FL are, asceeghenversely correlated, indicating that

FL, entering the channels, replaces the water mtdec

6.1.3. ATR-IR ANALYSIS

In Figure 6.1.3.]ATR-IR spectra (a: 3800-3000 &mb: 1750-1550 cff) of the four ZL/FL
composites (labeled “aftey are compared with those collected on the mixtofedl and FL
powders that did not undergo the gas phase adsor@déibeled “before”). The spectra of the
pure phases (ZL, solid FL and FL solution in cyerane) are also reported for comparison.
Among the IR signals, the vibration of carboxyliogp of FL (at 1711 cthin solid and 1716
cm? in cyclohexane solution) is expected to be paldity informative on the nature of the
chemical environment around FL molecule, beinglgasd shifted if directly involved in
interactions with positive charges (as in the cabé-L grafting on K ions). For what
concerns the 3800 - 3000 ¢rmegion, it is apparent that the broad band cedtateabout
3400 cnt, essentially related to the water present in thalie channels [3] has a lower
intensity after the formation of the ZL/FL compesit This feature is particularly evident for
the ZL/1.5FL material. The decrease in intensityhid band is accompanied, as expected, by
the decrease of the band at 1640*c@ssociated to the H-O-H bending vibrations inewat
molecules. Interestingly, the lowering of the Igmals related to water is accompanied by the
simultaneous decrease of the relative intensitihefpeak at 1714 cfand increase of that
centered at 1693 chwith respect to what observed in the spectra kefire FL
encapsulation. Such bands are associated to the gfa@® in FL physisorbed outside the
zeolite pores and to the C=0O group interacting wthsitive charges, respectively [4]
Moreover, the presence of an isosbestic point bexiviee 1640 and the 1695 ¢rpeaks is a
clear indication that the FL grafting in the po(&. molecules coordinating K limits the
rehydration of the zeolite once the composite tsioled. It is also interesting to observe that,

by simply mixing the two powders, only a small fian of FL is in interaction with K

84



Hybrid materials

cations (likely present on the external surfaceedflite crystals) (Fig. 6, before), whereas the
most part of the molecules is physisorbed or latatean almost apolar environment.

All IR features of FL result to be strongly incredsn intensity after the grafting, as expected
for the introduction of the molecule in a strondgpizing environment as the ZL pores. From
these findings, it is evident that most of FL maoles enter into the zeolite channels forming
the ZL/FL composites. It is important to stress htve ATR-IR technique reveals its

suitability to quickly verify the grafting of dye atecules, bearing a functional group, as C=0,

spectroscopically highly sensitive to the cheméaralironment.

@ I (B)

Absorbance

3750 3500 3250 3000 1700 1600
Wavenumbers (cm™) Wavenumbers (cm™)

Figure 6.1.3.1. ATR-IR spectra as obtained in air for the sampé&#0.5FL (solid light grey),
ZL/1.0FL (solid grey) and ZL/1.5FL (solid black &h “before” FL adsorption (i.e. on the powder
mixtures) and “after” FL adsorption (i.e. on thenqmosites). ZL (dotted black line) and FL (dotted
light grey line: solid fluorenone; dotted grey lirgyclohexane solution) spectra are also repoided f
comparison. (a) 3800-3000 €mO-H stretching region. (b) 1750-1550 ¢nC=0 and C-H stretching

and O-H bending region

6.1.4. TRANSMISSION FT-IR

Transmission FT-IR spectra was carried out dehydyad ZL/FL composite to verify if the
water molecules play a role on the organizatiothef FL molecules and on the guest-guest
and host guest interactions.

The Figure 6.1.4.1 shows as only the C-H stretclagds of FL are perturbed during the
water removal, whereas all the other FL bands (280 cnt range, right part of Figure
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6.1.4.1) are not shifted during the dehydrationcpss. This result highlights as the water
molecules do not strongly perturbate the fluorenmaéecules in the ZL channels and that it

is not involved in any host-guest interaction.

ZL/1.5FL 4 W
.RT Unenght :

—120°C 2 h

Abscrbancs (all.i

500 3000 Z2oJ0 2000 1500 10001800 1200

-1.
Wavesnumber (oo

Figure 6.1.4.1 FT-IR spectra as obtained in air (orange line), @fitel treatment in vacuum at 120°C
for 2 h (green line) for the samples ZL/1.5FL. L&B00-1800 crirange; right: 1300-1800 ¢

region.

6.1.5. STRUCTURE REFINEMENT

The comparison among the XRPD patterns collectedhenas-synthesized ZL and on the
ZL/FL composites shows differences in the intensifysome diffraction peaks, the most
significant being related to lowE& angle region (Fig. 6.1.5.1). It is well known that
zeolites, the intensity of the low angle peaks lué diffraction pattern is related to the

extraframework distribution. Thus, these changescansistent with the FL penetration.
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Figure 6.1.5.1.Comparison of the intensity of the patterns ofdbesynthesized ZL (fuxia line) and
the ZL/0.5FL(blue line), ZL/1.0FL (green line), ALBFL (red line) composites.

Only small changes in the cell parameters occarpatrticular a slight increase afand a
decrease of parameters are observed in the composites wigleceso the original material
(Table 6.1.5., Appendix B).

Comparing the results of the structural refinemeaftthe as-synthesized ZL with that of the
three composites, slight deformations of both thanoels running parallel to axis can be
observed, increasing the FL loading. In partictiree 12MR channel becomes more circular,
while the 8MR one assumes a more elliptical shapg. (6.1.5.2 and Tables 6.1.5.2 and
6.1.5.3 in Appendix B). The combined effect of widey/contraction of the two channels
justifies the minor variations in the unit cell pareters reported in Table 6.1.5.1 in Appendix
B.
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a

Sample 12MR 8MR //c
0101 002 a1 01 05 03
ZL 10,10 1043 8.9 4.87
GSAL/FL 10.10 [0.52 5.29 463
1.0ZL/FL 10,14 1D.46 5.26 4.50
15ZL'FL 10721 1047 8.21 4.57

Figure 6.1.5.2.Dimensions of the 12MR and 8MR channels paradlgl001] before (as-synthesized
ZL) and after the adsorption of FL.

As regards the extraframework species, in all thdisd samples we can observe a general
disordered distribution of water and FL moleculespartially occupied, highly symmetric
positions. The extraframework sites KD, WI and Widlergo small coordinates changes, as a
consequence of dye penetration, as discussed foltbeing sections.

The structural refinements of the ZL/0.5FL and ZOHAL composites gave similar results and

are hence described together in the following pauzy

ZL/0.5 and ZL/1.0FL composites
The refinements revealed the presence of 0.49 &@&IKL molecules p.u.c in the ZL/0.5FL

and ZL/1.0FL composites respectively, in good agperet with the indications of the TGA
analysis (Table 6.1.2.1). These molecules are sitethe mirror planes parallel axis,
statistically occupying one of the six equivaleasitions generated by the presence of the 6-
fold axis parallel to [001] (Tables 6.1.5.2 and.6.4 in Appendix B and Figs. 6.1.5.3 a, b).
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Figure 6.1.5.3.Projection along axis (a) and axis (b) of the ZL/0.5FL and ZL/1.0FL structure
showing the arrangement of the FL and water moéscirl the 12 MR channel. Only one of the six
equivalent FL molecules is represented for sakelafty. The grated sphere represents the water

molecule WH, present only in the ZL/0.5FL sample.

In both composites, the oxygen of the carbonyl gréOFL) is oriented towards the two
equivalent potassium atoms (KD), located along wWadls of the 12MR channel. The
distances between OFL and KD 2.81(6) and 2.86(#) Z&/0.5FL and ZL/1.0FL,
respectively) confirm that in both samples thera istrong interaction between these two
atomic species, in keeping with the data of ATRatRilysis (Fig. 6.1.3.1).

Along with the dye, water molecules were also ledain the 12MR channel; specifically,
14.7 molecules/u.c. in the ZL/0.5FL composite (thsited over the three independent,
partially occupied, sites WH, WJ and WI) and 9.6leuvaoles/u.c. in the ZL/1.0FL one
(distributed over the two independent, partiallcwmed, sites WJ and WI) (Table 6.1.2.1,
Appendix B). The OFL oxygen atom and C3 carbon pgdhe same positions occupied by
water molecules WI and WJ in the as-synthesizecemadht These sites, hereafter labeled
OFL/WI and C3/WJ (Tables 6.1.5.2. and 6.1.5.3, Aplde B), showed occupancy factors
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higher than those of the other carbon sites, heoggesting a possible sharing by water
molecules and FL atoms (Fig. 6.1.5.3). These rgsultparticular the higher amount of water
in the less loaded sample, are in good agreemettt thibse found by TGA and IR

spectroscopy.

ZL/1.5FL composite

From the refinement of the ZL/1.5FL composite altatf 1.48 FL molecules per unit cell
were located, distributed over partially occupi@éss in line with the TGA analysis (Table
6.1.2.1, Appendix B). However, the disordered thstion of water and FL molecules in the
extraframework sites greatly contributes to makee tdetermination of the FL
positioning/orientation in ZL/1.5FL from electrondensity maps a very challenging task.
Nevertheless, exploratory structure refinementngtts were performed by forcing the ZL
framework 6-fold symmetry, and two FL orientatiomsre deduced. The first — FL in Table
6.1.5.2 in Appendix B— (accounting for 0.5 molesulger unit cell) corresponds to the
orientation found for the FL molecule in the ZL/Bl5and ZL/1.0FL composites. The second
— FL’ in Table 6.1.5.2 in Appendix B —features e molecular long axis parallel axis,
but with some atoms outside the mirror plane palr&tl [001] (accounting for 1.0 molecule
per unit cell). On the basis of the size and georadtFL molecule, and considering the bond
distances among the dye molecules obtained byefirement, the only possible distribution
of fluorenone compatible with these symmetry caists and orientations is that reported in
Figure 6.1.5.4 a, b. In particular, if we consideo adjacent unit cells, one should be
occupied by two equivalent nearly parallel FL' nmlees (among the 12 symmetrically
equivalent FL' molecules) while the other shoulditaan one FL molecule (corresponding to
1.5 mol/u.c.). Also in this model every oxygen atofithe guest molecules is coordinated to
two KD sites (see Table 6.1.5.4, Appendix B).

As already observed in the 0.5ZL/FL and 1.0ZL/Fimposites, the refinement located the
water molecules in the OFL/WI and C3/WJ sites (€al$.1.5.2 and 6.1.5.4, Appendix B).
The FL’-water separations well below the valuest tBhould be expected from the
corresponding van der Waals radii, e.g., the OFbaais at distances of 1.07 A and 2.89 A
from WI and WJ, while C3’ is at distances of 2.87aAd 1.31 A from WI and WJ. The
reliability of this results is due to the parti@oopancy of the dye and@ atoms and we can

assure that the position of the water will varynfranit cell to unit cell and will depend on the
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actual location of FL in a specific unit cell. Tkére, even though the R/Falue for this
refinement may be considered rather good (8.7 %)aw of the high number of variables,
the 6-fold symmetry constraint imposed in the refirent a main structural inconsistencies
related to the too short C-C distance (2.56 A) leetwthe FL and FL’ molecules placed in
two adjacent cells remain in the final structurabdael. To solve this inconsistence and
provide a realistic structural model of the FL pagkinside the composite, density functional

calculations were performed.

Figure 6.1.5.4.View of 12MR channel (a) and arrangement of theaRt water molecules along the
same channel (b) in the ZL/1.5FL composite. Onlg &h and two FL’ molecules are represented for
sake of clarity. Projection along axis (a) and axis (b) of the ZL/1.5FL structure showing the
arrangement of the FL and water molecules in th&R2channel. In (b) two cells are represented to

show the distribution of the three FL molecules.
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6.1.6. MODELS AND CALCULATIONS
Calculations on the ZL/0.5FL composite (simulationcell  stoichiometry:
Ki1gAl 18Sis40144°1FL, with the PBE functional and periodic boungaronditions, were
previously performed and thoroughly described i[5
In order to establish which arrangements of FL mdkes is possible inside ZL channels, dry
ZL/FL models were first considered. Local energynimia for the dry ZL/1.0FL and
ZL/1.5FL models, characterized by simulation cadichiometries KgAl 1sSi540144-2FL and
K1g[Al 18Si540144-3FL respectively, were obtained by geometry oation of different
guess configurations. The guess configurationshferZL/1.0FL and ZL/1.5FL systems were
built by inserting two and three FL molecules penwdation cell, respectively (convergence
criterion: 5.x10" au for forces on atoms). In the ZL/1.5FL modele @i unit cell contained
2 FL molecules and the adjacent one 1 FL molednlthe case of the ZL/1.0FL system, two
different models were considered: model (1-1), abi@rized by an occupancy of 1 FL
molecule per ZL unit cell, and model (2-0), where &L unit cell contained 2 FL molecules
and the adjacent one 0 FL molecules. The guesseaggesof both the (1-1) and (2-0) models
were built by positioning the FL molecules so ttreir C=0 groups were either in a parallel
(“sin”) or antiparallel (“anti”) configuration (seBigure 6.1.6.1., panels a-d). In all cases, the
stabilization energy of the composites with respedhe isolated ZL and FL components was
calculated with the formula:

AE(ZL-nFL)=E(ZL-nFL) - E(ZL) - nxE(FL)
whereE(ZL-nFL) is the energy of the optimized dry ZL/nkiodel (n=2,3 for ZL/1.0FL and
ZL/1.5FL, respectively)E(ZL) is the energy of the empty ZL, whil&FL) is the energy of an
isolated FL molecule calculated in the same sinanatell.
In the case of the low FL-content systerm,, the ZL/0.5FL composite, an atomistic-level
structural description was obtained from both Oni€rgy minimization and room temperature
first principles molecular dynamics (FPMD) trajem¢s, as discussed in ref. [5], to which we
refer for further details.
Once obtained the minimum energy structure of ttyeZdl/1.5FL system, corresponding to
the maximum degree of FL loading, several hydratedels characterized by stoichiometry
K1g Al 18Sis40144-3FL-13H0O were built by adding 13 water molecules in thewation cell.
Such a number of water molecules was chosen tohntlé&cexperimentally determined unit
cell water content (Table 6.1.2.1, Appendix B); ertheless, ZL/1.5FL models containing 12
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and 14 water molecules in the simulation cell was® considered. Stabilization energies of
the hydrated ZL/1.5FL models with respect to theated components were calculated with
the formula:
A E(ZL-3FL-xH0)=E(ZL-3FL-xH0) - E(ZL) - 3xE(FL) -xx E (H,0)

where E(ZL-3FL-xH0) is the energy of the optimized hydrated ZL/1.5khodel
(x=12,13,14),E(ZL) is the energies of the empty ZL, whilg(FL) and E (H,O) are
respectively the energies of an isolated FL mokeand an isolated water molecule calculated
with the same simulation cell parameters. The ikedattabilities of the systems with 12 and
14 water molecules with respect to that contaidifdg,O, were calculated with the formulas:

A E(14/13) =E(ZL-3FL-14H0)- [E(ZL-3FL-13H0) + E (H,0)]

A E(12/13) =E(ZL-3FL-12H0)- [E(ZL-3FL-13H0) - E (H,0)]).

Modeling of dry ZL/FL adducts
In order to try unraveling the structure of the éfilganization in ZL nanochannels, let us first

recall that the fluorenone molecular length, 8.8l8ng its longest axis, is greater than the ZL
cell dimension along the channel £ 7.52 A). FL is however noticeably shorter thae th
maximum channel opening (~12 A), indicating thas thye could have orientational freedom
inside the zeolite and should not necessarily aligih the ZL channel axis. Actually, by
increasing the FL content, a modest shorteninghef dell along thec axis is detected,
suggesting that, at high FL loading, an organiratibthe FL molecules in single file should
be rather improbable. As reported in [5, 6], at loading (i.e. 0.5 FL p.u.c.) the calculated
minimum energy structure for a dry ZL/0.5FL systesncharacterized by a FL molecule
coordinated, via the carbonyl oxygen, to adétion and oriented with its long molecular axis

forming an angle of about 30° with the Zlaxis.
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Figure 6.1.6.1.Graphical representation of minimum energy stmaswalculated for the ZL/1.0FL
models. a): anti-(2-0) arrangement of the FL mdleg;b): sin-(2-0) arrangement; c¢): anti-(1-1)
arrangement; c): sin-(1-1) arrangement. ZL framévedoms represented as sticks (brown: Si, green:
Al, red: 0), K as yellow spheres. FL atoms are in Wan-der-Wagisesentation (cyan: C, red: O,
white: H).

The stabilization energy of this structure withpest to the isolated ZL and FL components
amounts to -19.3 kcal mdl Even though a geometry with FL long axis aligveith the
channel direction is only 2.9 kcal nfoless stable than the minimum energy structure, at
room temperature the FL most probable orientasamat with the molecular long axis at 30°
with respect to the channel axis. Such angle dseseto 20° upon hydration, indicating that
in humid conditions not only FL keeps contact with but also its average position and
orientation inside the channel is only barely iefiged [5,6]. Also, configurations with FL
long axis perpendicular to the channel axis, whbeeFL carbonyl oxygen is far from the
extraframework potassium cations, are much higheenergy than those aligned with the
channel axis and become unstable at room temperaturditions, as evidenced by first-

principles molecular dynamics [6].

94



Hybrid materials

Based on the above results and on host-guestwtaligiroperties, in the case of 1 FL per ZL
unit cell the most probable supramolecular orgdimnashould feature the FL molecules
approximately aligned with the channel axis andhwihieir carbonyl oxygen directed towards
the channel walls, where accessiblé iBns are located. The geometry optimization of the
several ZL/1.0FL models, mentioned above, inde#tat the different optimized structures
have comparable energies, separated by less thaal Imol* (see Fig. 6.1.6.1). The most
stable structure is an anti-(2-0) configuratiorarettterized by an antiparallel arrangement of
the C=0 groups (Fig. 6.1.6.1 a) and by a stabibma¢nergy of -33.8 kcal mol-1 with respect
to the isolated components. A sin-(2-0) arrangen(ény. 6.1.6.1 b) is however nearly
isoenergetic, being less stable than the minimuenggnstructure by only 1.2 kcal nblAlso

an anti-(1-1) structure, represented in Figure66llc, is of comparable energy, being only
0.9 kcal mol-1 less stable than the anti-(2-0) dde.the other hand, the most stable among
the sin-(1-1) arrangements (Fig. 6.1.6.1 d) is & keol* higher in energy than the anti-(2-0).
Since all these structures are characterized ligiriss between the FL carbonyl oxygen and
K in line with the corresponding experimental valaad compatible with a strong potassium-
FL interaction, their different relative stabilisiemainly derive from FL-FL interactions.
Actually, the minimum energy structure for the ZIOEL system is just the one characterized
by the highest degree of FL packing, which maximizbe favorable Van der Waals
interactions between the dye molecules.

Also for the maximum loading of 1.5 FL p.u.c. wevbgerformed geometry optimization on
different guess structures, all characterized (8-4) FL arrangement (see Fi§l.6.2a) The
stabilization energy of the resulting minimum enesgructure with respect to the isolated
components amounts to -63.7 kcal thoHere the supramolecular organization consists of
two FL molecules, FL1 and FL2, (in a sin configion) located approximately inside one of
the ZL unit cells with their long axes nearly p&bio each other and to the channel direction,
while the third one, FL3, is positioned in the adjat unit cell and oriented at about 45° with
respect to the ZL channel axis. Indeed, the stnomgermolecular interactions and the severe
structural constraints implied, by confinement enachannels at high packing conditions,
force the FL molecules to organize just like a Eddith inclined rungs running along the ZL
channel, as clearly evidenced in Figét&.6.2 Indeed, the molecules are essentially planar
and show only slight distortions from the ideal ghsise FL structure, indicating that this

ladderlike supramolecular architecture is achiew&tout any significant perturbation of the
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FL molecular geometry. Moreover, the FL nanoladd#irmaintains some resemblance to the
structure of the FL crystal [7], suggesting thathigh loading regimes, also guest-guest Van-
der-Waals interactions may play a relevant rolgaxerning the supramolecular organization
of dye molecules in confined systems. As far asst-goest interactions are concerned, we
notice that, in line with the above discussed expental evidences, each FL is in close
contact with the ZL K cations via its carbonyl oxygen (see Fid..6.2a). More specifically,
the distances of the three carbonyl oxygens fraerkihcations amount to 2.539, 2.570, 2.676
A respectively, indicating that, like in the caselawer FL-loading ZL/FL systems [5, 6],

strong C=0/K interactions lie at the origin of the organizatafrthese dyes in ZL.

Figure 6.1.6.2.Graphical representation of the minimum energycsture calculated for the: a) dry
ZL/1.5FL model; b) hydrated ZL/1.5FL model (with H3O in the simulation cell) Atom color codes
as in Figure 6.1.6.1.

Hydrated system ZL/1.5FL
Several hydrated models of the ZL/1.5FL system veergsidered, characterized either by a

different number of water molecules in the simwalatcell (in the 12 — 14 range) or by a
different starting arrangement of the FL angDHmolecules. The minimum energy structure
obtained by placing 13 water molecules in the satioih cell (the water content closest to the
experimentally determined one) is shown in Figurg.62 b. In this structure, 8 water

molecules are located in the unit cell containin@ &nd the remaining 5 in that occupied by
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the FL1 and FL2 molecules. In line with the resoli$ained on other dye-ZL composites [8],
the water molecules are mainly clustered in thecBannel region characterized by a lower
local concentration of the dye and tend to adoguasi-tetrahedral organization mimicking
that of water in the condensed phases, in ordendagimize the number and strength of
hydrogen bonds. Indeed, the high value of the Ilstabon energy calculated for this
structure, -179.9 kcal mdl indicates that water actively contributes to Hizb the dye
molecules packing inside the zeolite nanochanWelclearly evidenced in Figure 6.1.6.2 b,
besides slight deformations related to the watepresence, the arrangement of the FL
molecules resembles quite closely the FL nanolafiderd in the dry ZL/1.5FL composite. It
can therefore be concluded that, at ambient teriyperaand pressure conditions, water
molecules do not significantly perturb the FL supodecular organization. This finding is
nicely in line with the fact that FL molecules irdet more strongly with the zeolite than
water, as demonstrated in [5]. Due to the domifarK” interaction, water molecules cannot
displace the dye from the zeolite, but they seerorjporate FL molecules into their hydrogen
bond network and finely tune their positioning agntation inside the ZL channel through
hydrogen bond interactions. Actually, the distanckshe three carbonyl oxygens from the
zeolite K cations, amounting to 2.524, 2.590, 2.848 A respelgt are very close to those of
the dry ZL/1.5FL system, confirming that the presenf water has only very minor effects
on FL/zeolite interactions and, as a consequenoces chot significantly influence the
supramolecular arrangement of closed-packed FL culd#de. As far as the water content is
concerned, we found that the system containing A3 id more stable of both the systems
containing 12 or 14 water molecules, by 35.7 arfl Ktal/mol respectively. The greater
energy stability of the 13 # composite, with respect to the 12(Hone, can be easily
rationalized on the basis of the higher numberyairbgen bond interactions. Nevertheless,
the minimum energy structure obtained at higherewabntent (14 kD) is less stable than
the 13 HO one because, as a result of the reduced avagphblee inside the ZL channel, the
geometry of the FL molecules exhibits larger disbms from the ideal planar FL structure. In
conclusion, computational results nicely supporé tivater content value determined
experimentally for the high FL content composit& gmmovide, for the first time, a reliable

molecular-level picture of the arrangement of dydenules in ZL nanochannels.
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6.1.7. OPTICAL SPECTROSCOPY

The experimental UV-Vis absorption spectra for ZhéFL composites are reported in Figure

6.1.7.1. The spectra obtained are in perfect aggaemith the spectra reported in literature

[1].
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Figure 6.1.7.1DR-UV-Vis absorption spectra for the ZL/FL diluted2h by mechanical mixing.

The normalization of the spectra allows to evidems¢he shape and the band positions of the
DR-UV-Vis spectra are identical and therefore iretegent on the FL loading. This result was
unexpected given by the experimental and calculaketFL structures reported above.
Moreover, the spectrum of the ZL/2.25FL compositeves the same trend of the other
composites and hence it is difficult, with thisha@ue, to distinguish the dye incorporated in
the zeolite from that only physysorbed on the s@fas have been clearly demonstrated by
TG-MSEGA and XRPD analysis.

A larger effect of the different molecular organiea is observed, on the contrary, in the

emission spectra of the ZL/FL hybrid materials,omtgd in Figures 6.1.7.2 a, b.
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All the composites were excited at 330 and 440 nm.

a

Photoemission (CPS)
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Figure 6.1.7.2a) Photoluminescence at 330 nm of the pure FL, ZL thedZL/FL composites; b)

photoluminescence at 440 nm of the pure FL, ZLthedZL/FL composites.

At 330 nm a single emission band at about 520 nobserved for FL, the increase of the
loading caused a red shift of the maximum in thenposites while the emission intensity

decrease from 0.5 to ZL/1.5FL composites. A redt sisually can be due to the interaction of

the dye molecule with a cation or to self-absorppbenomenon [4].

In the emission spectra collected at 440 nm, agaimgle band is observed with a maximum
in the composites at about 550 nm. In this casedtieshift of the maximum is not so evident.
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Otherwise from that reported for the absorptionctpe in Figure 6.1.7.2 b the ZL/2.25FL
sample shows an high intensity and a blue shithefmaximum likely due to the presence of
FL outside the ZL channels.

A very interesting result is that no intensity deage in the ZL/1.5FL is observed, as could be
expected as a consequence of the high amount @kthgaf the fluorenone molecules This
effect could be justified by the presence of only mRolecules and hence, by the energy

transfer between neighbor molecules of the sameaa

6.1.8. CONCLUSIONS

All the techniques, adopted, revealed that therpm@tion of different FL amount in ZL was
successful. The results of thermogravimetric, IR] X-ray diffraction analyses established
that the maximum loading corresponds to 1.5 FL mdés per ZL unit cell. A thorough
characterization of structural properties and estgrg of this dye-zeolite systems has been
accomplished by DFT-based modeling, which, besidapporting and strengthening
experimental evidences, has proved once again apahslity in providing information
otherwise extremely difficult to access from theustural analysis. On the whole, the results
here presented further highlight the relevancénefextraframework Kcations in stabilizing

carbonyl-functionalized species inside ZL and ingyoing their organization.
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APPENDIX B

Table 6.1.5.1. Experimental and refinement parameters for ZL atd0.5FL, ZL/1.0FL and

ZL/1.5FL composites.

Samples ZL ZL/0.5FL ZL/1.0FL ZL/1.5FL
Space Group P6/mmm P6/mmm P6/m m m P6/m m m
a(A) 18.3795(4) 18.3860(6) 18.3940(6) 18.4211(7)
c (A 7.5281(2) 7.5228(3) 7.5203(3) 7.5117(4)
V (A3 2202.4(1) 2202.4(1) 2203.5(1) 2207.5(2)
Rp (%) 2.8 3.0 2.9 3.1
Rwp (%) 3.8 4.2 4.2 4.3

R F**2 (%) 7.3 7.5 7.8 8.7

No. of variables 73 84 81 107
No.of 2211 1989 2211 1989
observations

No. of reflections 944 726 946 729
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Table 6.1.5.2 Atomic coordinates, occupancy factors and thedrggdlacement parameters for the
structures of As synthetized ZL and ZL/0.5FL, ZDAL and ZL/1.5FL composites.

Atom x/a y/b zlc Occ. Uiso
ZL
T1 0.0939(1) 0.3566(2) 0.5 1 0.0136(5)
T2 0.1646(2) 0.4978(1) 0.2093(2) 1 0.0136(5)
o1 0 0.2694(6) 0.5 1 0.0159(9)
02 0.1616(2) 0.3233(5) 0.5 1 0.0159(9)
03 0.2671(2) 0.5342(4) 0.2534(8) 1 0.0159(9)
04 0.1019(3) 0.4127(3) 0.3241(5) 1 0.0159(9)
05 0.4245(2) 0.8490(4) 0.2645(9) 1 0.0159(9)
06 0.1452(4) 0.4762(4) 0 1 0.0159(9)
KB 0.33333 0.66667 0.5 1 0.016(3)
KC 0.5 0 0.5 1 0.037(3)
KD 0.3006(5) 0 0 0.804(2) 0.057(3)
WF 0.117(2) 0 0 0.42(1)  0.149(9)
WH 0.119(1) 0 0.371(2) 0.43(1) 0.149(9)
Wi 0.257(1) 0.128(5) 0 0.88(1)  0.149(9)
wWJ 0.162(1) 0.0814(7) 0.292(3) 0.44(1) 0.149(9)
WK 0 0 0.185(1) 0.25(2)  0.149(9)
ZL/0.5FL
T1 0.0933(3) 0.3583(3) 0.5 1 0.015(6)
T2 0.1660(2) 0.4994(2) 0.2107(4) 1 0.015(6)
o1 0 0.2746(8) 0.5 1 0.017(1)
02 0.1653(4) 0.3308(9) 0.5 1 0.017(1)
03 0.2641(3) 0.5284(7) 0.250(1) 1 0.017(1)
04 0.1038(4) 0.4151(4) 0.3242(8) 1 0.017(1)
05 0.4282(1) 0.8564(4) 0.266(1) 1 0.017(1)
06 0.1457(7) 0.4777(6) 0 1 0.017(1)
KB 0.33333 0.66667 0.5 1 0.022(4)
KC 0.5 0 0.5 1 0.045(4)
KD 0.3020(6) 0 0 0.820(8) 0.067(4)
WH 0.158(3) 0 0.196(5) 0.313(7) 0.115(3)
C1 0.0251(4) 0.0125(2) 0.4060(7) 0.080(1) 0.175(5)
c2 0.1069(3) 0.0535(2) 0.4615(7) 0.080(1) 0.175(5)
C3/WJ 0.1694(3) 0.0847(1) 0.3337(1) 0.60(4) 0.175(5)
C4 0.1434(5) 0.0717(2) 0.1559(3) 0.080(1) 0.175(5)
C5 0.0594(4) 0.0297(2) 0.0957(2) 0.080(1) 0.175(5)
Cc6 0 0 0.3337(1) 0.50(3) 0.175(5)
Cc7 0.1978(4) 0.0989(2) 0 0.080(1) 0.175(5)
OFL/WI  0.2728(5) 0.1364(2) 0 0.89(1) 0.175(5)
1.0ZL/ FL
T1 0.0934(3) 0.3575(3) 0.5 1 0.012(5)
T2 0.1658(3) 0.4989(2) 0.2108(4) 1 0.012(5)
o1 0 0.2746(8) 0.5 1 0.016(1)
02 0.1640(5) 0.3280(9) 0.5 1 0.016(1)
03 0.2645(3) 0.5289(7) 0.248(2) 1 0.016(1)
o4 0.1022(5) 0.4168(4) 0.3298(8) 1 0.016(1)
05 0.4263(2) 0.8525(4) 0.268(2) 1 0.016(1)
06 0.1462(7) 0.4801(7) 0 1 0.016(1)
KB 0.33333 0.66667 0.5 1 0.016(2)
KC 0.5 0 0.5 1 0.034(2)
KD 0.3071(7) 0 0 0.871(9) 0.073(2)
C1 0.0287(3) 0.0143(2) 0.4079(6) 0.158(1) 0.197(5)
Cc2 0.1105(3) 0.0553(2) 0.4635(6) 0.158(1) 0.197(5)
C3/WwJ 0.1707(2) 0.0854(1) 0.3306(1) 0.631(1) 0.197(5)
C4 0.1415(4) 0.0708(2) 0.1556(2) 0.158(1) 0.197(5)
C5 0.0575(4) 0.0287(2) 0.0957(2) 0.158(1) 0.197(5)
C6 0 0 0.2333(6) 1.00(4) 0.197(5)
Cc7 0.1961(4) 0.0980(2) 0 0.158(1) 0.197(5)
OFL/WI  0.2712(4) 0.1356(2) 0 0.81(2) 0.197(5)
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ZL/1.5FL
T1  0.0943(4) 0.3587(3) 0.5 1 0.016(5)
T2 0.1667(3) 0.5004(3) 0.2100(4) 1 0.016(5)
o1 0 0.2770(8) 0.5 1 0.018(1)
02  0.1640(5) 0.3281(9) 0.5 1 0.018(1)
03  0.2650(4) 0.5299(7) 0.253(2) 1 0.018(1)
04  0.1031(5) 0.4185(4) 0.3303(9) 1 0.018(1)
O5  0.4283(2) 0.8567(4) 0.269(2) 1 0.018(1)
06  0.1457(8) 0.4791(7) 0 1 0.018(1)
KB 0.33333  0.66667 0.5 1 0.016(3)
KC 0.5 0 0.5 1 0.032(3)
KD  0.3127(6) 0 0 0.845(9) 0.085(3)
FL
Cl  0.0312(3) 0.0156(8) 0.4095(5) 0.080(1) 0.17(4)
C2  0.1134(4) 0.0567(2) 0.4634(5) 0.080(1) 0.17(4)
C3/WJ 0.1718(6) 0.0859(3) 0.3268(4) 0.43(4) 0.17(4)
C4  0.1409(4) 0.0704(6) 0.1550(2) 0.080(1) 0.17(4)
C5  0.0570(6) 0.0285(3) 0.0960(6) 0.080(1) 0.17(4)
C6 0 0 0.2362(2) 0.50(3)  0.17(4)
C7  0.1959(4) 0.0979(5) 0 0.08(1) 0.17(4)
OFL/WI  0.2709(3) 0.1355(4) 0 0.58 (1) 0.17(4)
FL
C1  0.0999(6) 0.0499(5) 0.3306(4) 0.164(1) 0.17(4)
C2  0.1261(9) 0.1261(9) 0.4237(7) 0.164(1) 0.17(4)
C3  0.2033(2) 0.0513(5) 0.3430(4) 0.082(1) 0.17(4)
C4  0.2085(5) 0.1460(5) 0.1615(6) 0.082(1) 0.17(4)
C5  0.1322(3) 0 0.0928(2) 0.164(1) 0.17(4)
C6  0.1130(5) 0.0565(6) 0.1471(3) 0.164(1) 0.17(4)
c7 0.258(1) 0.0978(3) 0 0.082(1) 0.17(4)
OFL  0.325(1) 0.1625(4) 0 0.164(1)  0.17(4)
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Table 6.1.5.3 Framework bond distances for ZL and ZL/0.5 FL/Z0 FL and ZL/1.5 FL
composites and extraframework bond distances A3d2 ZL.

ZL ZL/0.5FL ZL/1.0FL ZL/1.5FL
T1-01 1.635(4) 1.632(4) 1.630(3) 1.633(4)
02 1.632(4) 1.637(3) 1.638(3) 1.642(4)
04 [X2] 1.635(3) 1.634(3) 1.636(2) 1.639(3)
average 1.634 1.634 1.635 1.638
T2-03 1.643(4) 1.633(3) 1.636(3) 1.640(4)
04 1.642(4) 1.636(3) 1.640(3) 1.643(4)
05 1.624(4) 1.631(5) 1.630(6) 1.634(6)
06 1.624(3) 1.632(3) 1.624(3) 1.625(3)
average 1.633 1.633 1.633 1.640
KB-03 [x6] 2.884(9)
KC-05 [x4] 2.985(8)
KD-04 [x4] 3.146(6)
06 [x2] 3.033(5)
WI [x2] 2.848(6)
WEF-WF [x2] 2.13(3)
WH [x2] 2.81(2)
WI [x2] 2.47(2)
WJ [x4] 2.56(2)
WK [x2] 2.60(3)
WH-01 2.98(1)
WF 2.81(2)
WHI[x2] 2.20(2)
WHI[x2] 2.91(3)
WH 1.91(4)
WJ[x2] 1.425(8)
WJ[x2] 2.83(2)
WK 2.60(2)
WI-WF[x2] 2.47(2)
WJ[x2] 2.675(9)
WJ-02 3.06(1)
WF[x2] 2.56(2)
WHI[x2] 1.425(8)
WHI[x2] 2.83(2)
wi 2.675(9)
WJ [x2] 2.59(2)
WJ 3.12(5)
WK 2.69(2)
WK-WF [x6] 2.60(3)

WH [x6] 2.60(2)
WJ [x6] 2.69(2)
WK 2.85(2)
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Table 6.1.5.4 Extraframework bond distances < 3.2 A for ZL/Q.5EL/1.0FL and ZL/1.5FL

composites.
ZL/0.5FL ZL/1.0FL ZL/1.5FL
KB-O3 [x6] 2.89(1) 2.90(1) 2.86(1)
KC-05 [x4] 2.89(1) 2.93(1) 2.87(1)
KD-04 [x4] 3.158(4) 3.166(4) 3.140(4)
06 [x2] 3.012(6) 2.983(7) 2.893(7)
OFL/WI[x2] 2.809(6) 2.864(7) O'FL[x2] 2.887(5)
WH [x2] 3.008(8) - OFL/WI[x2] 2.957(8)
WH-01 2.832(4) - C7'[x2] 2.466(9)
C2[x2] 2.64(4) C4'[x2] 2.948(9)
C2[x2] 3.11(4) - OFL/WI-C6'[x2] 2.56(3)
C5 [x2] 2.29(4) - C4'[x4] 1.64(1)
C5 [x2] 3.18(4) - C4[x2] 2.20(3)
C5 [x2] 3.07(4) - C5'[x4] 2.45(3)
C4 [x2] 3.01(4) - OFL’ 1.07(4)
C4 [x2] 1.53(3) - C3'[x4] 2.87(1)
WH [x2] 2.94(4) C7'[x2] 0.78(7)
WH 2.89(8) - C3/WJ[x2] 2.81(1)
OFL[x2] 2.74(3) - C7 1.21(4)
C3/WJ[x2] 1.83(3) - c7 0.60(4)
C1[x2] 3.07(4) - C3/WJ-02 3.12(6)
C7[x2] 2.15(3) C3'[x2] 1.31(4)
OFL/WI -C4 [x2] 2.37(1) - C3[x2] 2.52(2)
C5[x2] 3.15(2) - C3'[x2] 2.82(4)
WHIx4] 2.73(1) - C1[x2] 2.95(5)
C3[x2] 3.00(1) 2.96(2) c1 2.47(6)
C7 1.19(2) 1.20(2) c2 2.02(5)
WJ/C3-02 2.85(2) 2.84(1) C2' [x2] 2.95(5)
c4 1.39(2) 1.39(3) c?2 2.83(5)
C4[x2] 2.85(2) 2.84(3) C2[x2] 3.04(5)
C2[x2] 2.58(2) 2.59(3) C2 2.02(6)
C2[x2] 2.96(2) 3.03(2) C2 2.50(6)
C2[x2] 3.19(2) 3.20(2) C1'[x2] 2.58(4)
c2 2.37(2) 2.34(3) C1[x2] 1.45(5)
C2 3.02(2) 3.00(3) C4'[x2] 2.60(1)
C5[x2] 2.96(2) 2.98(4) C4'[x2] 1.65(6)
C5 2.50(2) 2.52(3) C4[x2] 2.66(3)
OFL/WI 3.17(2) 2.95(3) c4 1.39(6)
C3/WJ[x2] 2.70(1) 2.71(3) C5'[x2] 2.83(6)
C3/WJ 2.50(2) 2.55(3) C5[x2] 2.72(5)
C5 2.50(2) 2.52(3) C5 2.19(5)
C5[x2] 2.96(2) 2.97(3) C5 3.14(6)
C1[x2] 2.55(2) 2.59(4) C5 2.84(5)
C1[x2] 2.82(2) 2.84(3) C6'[x2] 2.57(4)
c1 1.38(2) 1.39(3) C6’ 1.68(5)
c1 1.83(2) 1.82(3) C7'[x2] 2.24(5)
c7 2.55(2) 2.52(2) O'FL 2.89(5)
WH 1.82(2) -
C6 2.81(2) 2.82(3)
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6.2. ZL/TB-DXP COMPOSITES

6.2.1. Synthesis of ZL/tB-DXP composites

The loading of the neutral dye tB-DXP was perforragéthe Department of Chemistry at the
University of Fribourg, following their ratified pcedure descripted in ref [10].

In a typical experiment, 100 mg of ZL and 4.9 mgB{DXP (p = 0.7) [11] were weighed
into a 25 mL round-bottom flask. Dichloromethanesvihen added, and the mixture was
sonicated for 2 min to dissolve the dye and ensugood dispersion of the zeolite. The
solvent was then evaporated on a rotary evapofdtr’C, 600 mbar), thus leading to a
homogeneous coating of the zeolite surface witlb¥3?. The coated zeolite was removed
from the flask and transferred into an agate mpktdrere it was ground. The powder was
then put into a small glass ampule and dried oacawm line for 24 h at a pressure of 2 x
102 mbar. The ampule was then sealed off under vacanginput into a rotating oven. The
gas phase insertion process took place over 4 day?60 °C. Once this process was
completed, the ampule was removed from the heatogce and cooled to RT. The ampule
was then opened and the colored powder was wadhes ttimes with 20 mL of
dichloromethane until the supernatant was colorless

Several samples at different nominal loadings vpeepared and preliminary UV-Vis spectra
[10] indicated that the maximum loading correspoteds= 0.5 [11].

This high loaded composite was investigated asrtegpan the following sections and was the

most suitable for XRPD structure refinement.

6.2.2. TGA-MSEGA

The effective tB-DXP and water content of the ZLIDEXP composite were determined by
TGA-MSEGA. During the analysis the intensity changé 7 species (m/z = 16 (GH 18 (
H,0), 28 (CO), 30 (CkCH3z NO), 44 and 45 (C¢ 78 (GHs), 76 ( N203)) were followed as
function of temperature.

Figure 6.2.2.1 shows the TG (a) and DTG curvesagba function of temperature for the as-

synthesized ZL, pure crystalline tB-DXP and ZL/tB<P composite.
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Figure 6.2.2.1 TGA (a) and DTG curves (b) for ZL (black solidree), crystalline dye tB-DXP (grey
solid curve) and the ZL/tB-DXP (dashed black lir@®mposite.

As shown in Figure 6.2.2.1 and Table 6.2.2.1, & ¢bmposite the water loss temperature
slightly decreases respect to ZL, as a consequatbe tB-DXP penetration, the weight loss
is 5.9 % about, corresponding to 9.4 water molecydel.c. The tB-DXP release in the
composite occurs in one step in the temperaturgeré@820-570°C) similar to that of the pure
dye, corresponding to a weight loss of 5.8 % etu#l.23, molecules of tB-DXP molecules
p.u.c. tB-DXP inside the zeolite is released as;@H4, CO, as revealed by the mass

spectrometry
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Table 6.2.2.1. Temperature of water and tB-DXP weight loss anchimer of molecules, determined
by TGA-MSEGA, compared with those obtained by thetweld refinement for the ZL/tB-DXP

composites.
Water tB-DXP
Water Water Water molecules DXP 8- tB-DXP  molecules
Sample loss o molecules DXP lecul

T (°C) wt. % (TGA) (sf[ructure wtop molecules (s_tructure

refinement) T(°C) ' refinement)
ZL 110 11.9 18 18 - -

ZL/tB-DXP 105 5.9 9.4 8.5 5.8 0.23 0.25

6.2.3. TRANSMISSION FT-IR

An FT-IR in situ investigation was carried out thie dehydration process of the ZL/tB-DXP

composite to verify the role of the water molecutes the organization of the tB-DXP

molecules and on the host-guest interactions tteenstable this composite. The material

was keep at RT under vacuum one night (dashed+@oige line in Fig. 6.2.4.1) and then

further degassed at 80 (dashed orange line), I&@e(Horange line) and 200°C (solid orange

line) in order to release all the water presenhezeolite channels

r —— ZL/tB-DXP “

RT ane night
ooec 1 h
120°C 2 h

N0 2 h

Absorbancs {a.u.}

0.5

3500 3000 2500 2000 1500 1000 1800
Wavenuriber ‘om’)

1500

Figure 6.2.3.1.FT-IR spectra as obtained in air (pink line), aftératreatment in vacuum at 200°C
for 2 h (orange line) for the samples ZL/tB-DXP fiL&800-1800 cm-1range; right 1300-1800 cm-1

region.
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The comparison between tBpectrum of the composite and that obtained a&gasssing for
one night, pink and solid orange lines respectivelyrigure 6.2.3.1 suggests some kind of
interaction between the dye and the water molednkide the channel. In fact we can see
that the C-H stretching bands (at about 3000)camd all the dye vibrational signals (1800-
1200 cn) are strongly perturbed during the water removal.

6.2.4. ATR-IR ANALYSIS

/L

~ 0.01
S
8
o
|_
<
1750

3500 3150 2800 1750 1400 1050 700

Wavenumber (cm™)

Figure 6.2.4.1ATR-IR spectra collected in the 3800-650 trange for the pure dye tB-DXP (violet
line), ZL/tB-DXP (pink line) and after the treatnten vacuum at 200°C for 2 h (orange line). ZL
(black) is also reported for comparison.. The imgpbrts the zoom of the 1750-1550 region.

The ATR-IR spectra (Fig. 6.2.4.1) of the hydrated alehydrated ZL/tB-DXP composite

form are compared with that collected on the Zd #re pure dye.
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The decrease in intensity of the band centered486 m' is related to the lower water
content in the ZL/tB-DXP (pink line). For what caras the bands of the dye, all of them
results to be shifted after the formation of thenposite: in particular peaks at aroundcm
1701, 1677 and 1662 chare blue shifted whereas all other signal arestefied. This is a
strong indication that the whole molecular struetaf tB-DXP is perturbed by the interaction
with the hosting material.

The comparison of the peaks of the dye in the hgdrand dehydrated form of the composite
indicates that the removal of water causes a deeneathe shift of the vibrational models of
the dye suggesting less strong interactions betwee dye and ZL and a possible role of the
water molecules

This fact is also evidenced by a change of theraafithe composite, from magenta to orange
in the dehydrated form that causes differencesialtioe absorption properties as we will see

in the paragraph 6.2.6.

110



Hybrid materials

6.2.5.STRUCTURE REFINEMENT

In Figure 6.2.5.1 the comparison between the XRBilems collected on ZL and the ZL/tB-
DXP composite is shown. The most significant ddéfezes are in the intensity of the
diffraction peaks in the low& angle region, which is correlated to dye encapsuia
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4 6

oo
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Figure 6.2.5.1 Comparison of the intensity of the patterns ef &t (fuxia line) and the ZL/tB-DXP

composite (black line).

A further XRPD pattern (Cu), collected in a short range of low 2theta rarge2d hours of
the composite, (Fig. 6.2.5.2) did not reveal supecture reflections as could have been
expected by an ordered distribution of a molecike tB-DXP whose length is about three
times thec axis of zeolite L.
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Figure 6.2.5.2.XRPD pattern of the composite collected with cartianal diffractometer in the 2.5-

14 20 range (the arrow indicates the position of theessipucture reflection following the Bragg law).

The structure refinement of the ZL/tB-DXP composi®ealed a clear increase afand a
decrease o€ parameters with respect to the original matefab{e 6.2.5.1, Appendix C).
These minor variations in the unit cell parametens be justify by the slight deformations of
both the channels (12MR and 8MR) running paradiel axis (see Fig. 6.2.5.2).
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Qjo
‘Qoa)

Sample 1ZMR 8MR /ie
o101 02 02 0101 05 05
ZL 10.10 10.43 8.29 487
ZLAB-DXP  10.08 10.41 8.34 4.68

Figure 6.2.5.2.Dimensions of the 12MR and 8MR channels paradl¢001] of ZL and ZL/tB-DXP.

Because the width of tB-DXP molecule (7.0 - 22~ié ¢lose to the pore opening of the large
12-membered ring channel of ZL (7.4 x 7.7 A ) tsfiightly into the channel. This tight fit
along with the length of the molecule limit rotatad disorder within the channel. The tB-
DXP molecule localization was obtained by analysheydifference Fourier map focusing on
the large 12-membered ring channel. The refinementsaled the presence of 0.25 molecules
per unit cell, in good agreement with the indicasiof the TGA analysis (Table 6.2.2.1 in
Appendix C). Three symmetrically equivalent, pdigiaccupied, sites were found for the
atoms of tB-DXP. These sites are placed at theecasitthe channel and lie on the mirror

planes parallel to axis (Figs. 6.2.5.3 a, b)
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C14

Figure 6.2.5.3.Projection of the ZL/tB-DXP composite structure rajo[001] (a). three unit cells
along [100] (b). Only one dye molecule is showndake of clarity.

The distribution of water molecules differs frorhat of ZL. In particular 8.5 water
molecules/u.c. in ZL/tB-DXP composite were foundtdbuted over only two independent,
partially occupied, sites. The first, named WI, respond to that present in ZL and the
second is a new site WX (see Table 6.2.5.2 6.2&pgendix C and Fig. 6.2.5.3 a).

Observing the Table 6.2.5.4 in Appendix B, two @liéint kinds of interaction can be invoked
in the stability of the ZL/tB-DXP composite. Thesti one involve the C1—O1 distance (2.95
A) (Table6.2.4.4, Appendix C) that is in line with the ligure data, where C--O distances of
2.8-3.3 A[12, 13, 13 are reported, indicating a CH--O hydrogen bondgvbeh the dye
molecules and the ZL framework. The second inteyads represented by the carbon atom
C12 with the water molecule WI in turn bonded te KD sites Table6.2.5.4, Appendix C),
thus suggesting a weak interaction of the dye thighK™ cation.

An important point that has to be remembered i e t- butyl functional end-substituents
group of the molecule, have a greater degree efitmn than the perylene core, in fact they
can rotate respect to rigid central part of theauole contributing to increase the disorder of

this final part of the molecule. This can give risedifferent distributions of the molecule
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within the channels of the zeolite. Various mod#ighe tB-DXP distribution based on our
structural data are shown in Figure 6.2.5.4. Therimal surface of the ZL 12MR channels
exhibits preferred positions (WI—Kand O1) for bonding tB-DXP molecule. As a
consequence ZL channel cannot be filled by contisgtackings of tB-DXP along as ifthe

tB-DXP molecules separation would be dictated dmyyvan der Waals contacts. On the

contrary, at least an empty cell between two camnseemolecules is required.
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Figure 6.2.5.4.Models of the arrangement of the tB-DXP, vieweohglthe ZL 12MR channel. For
sake of clarity only one of the three symmetricgliigalent molecules is represented in each dwaw

and the water molecules are omitted.

6.2.6. OPTICAL SPECTROSCOPY
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Figure 6.2.6.1 DR-UV-Vis spectrum of ZL /tb-DXP in air (pinkrie) and after treatment in
vacuum at 200°C for 1 h (orange line). The sampiege been diluted 1:20 in weight in

teflon.
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As anticipated in the 6.2.3 paragraph, a changbeotolor of the composite, from magenta
to orange in the dehydrated form was observed. ddreesponding DR-UV-Vis spectra
reported in Figure 6.2.6.1 shows clearly that thel absorption spectrum of the composite

undergoes a blue shift as the result of the wateoral.

a.u.

300 360 420 480 540 600 6650 720 780 &40 500

Wavelength (nm)

Figure 6.2.6.1Superimposition of the absorption (red line) aradkscence spectra (blue line) of the
hydrated ZL/tB-DXP composites.

The Figure 6.2.6.1. shows the absorption and eomsspectra of the hydrated form of the
studied ZL/tB-DXP composite: as one can see thpeiof the two spectra are very different
from each other. In fact while the absorption speutof tB-DXP, in the zeolite, retains its
original form, (Fig.4.1.2.2.4), the fluorescencedpum shows important changes, form that
could hardly be identified to originate from tB-DXP

Differently from what one might think, this chanigethe emission spectrum is not caused by
interactions of the dye with the host, aggregatioeelf-quenching of the dye in the channels,
but by another mechanism, called extra-particlead@dorption [10]. At this point is important
to stress that, notwithstanding the high loadinghef tB-DXP, the formation of aggregates

inside the zeolite is still negligible.
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This is an unexpected result that confirm the gesdrof the synthesis method of an antenna
system, that have to contain a large concentratiadonors, for example tB-DXP, with only

few acceptor molecules.

6.2.7. CONCLUSIONS

Also in this case a multi-technique approach wasdu® investigate the properties of the
ZL/tB-DXP composite and revealed the successfuhpswlation of the dye, with a maximum
possible loading equal to 0.23 molecules p.u.c.

Infrared measurement has revealed that the dyatiobal signals are strongly perturbed
during the water removal suggesting the presenserok interaction between the dye and the
water molecules inside the ZL channel. In fact, gtractural refinement showed that the dye
interacts with the zeolitic framework through C-bOnd and that the carbonyl group of the
dye is not in direct interaction with the potassjuas seen for the fluorenone, but their
interaction is mediated by water.

Another important aspect that have to be highlighsethat the t-butyl end- substituents in the

molecule really act as spacers, facilitating a paghithout the formation of aggregates.
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APPENDIX C

Table 6.2.5.1Experimental and refinement parameters for ZL @hd#B-DXP composite.

Samples ZL ZL/tB-DXP
Space Group P6/m mm P6/m m m
a (A) 18.3795(4) 18.4262(5)
c (A) 7.5281(2) 7.5211(3)
V (A3 2202.4(1) 2211.4(1)
Rp (%) 2.8 3.6
Rwp (%) 3.8 5.0

R F**2 (%) 7.3 9.4

No. of variables 73 65

No. of servations 2211 2225
No. of reflections 944 948
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Table 6.2.5.2 Atomic coordinates, occupancy factors and thedrggdlacement parameters for the

structures of ZL and ZL/tB-DXP composite.

Atom x/a ylb zlc Occ. Uiso
ZL
Tl  0.0939(1) 0.3566(2) 0.5 1 0.0136(5)
T2  0.1646(2) 0.4978(1) 0.2093(2) 1 0.0136(5)
o1 0 0.2694(6) 0.5 1 0.0159(9)
02 0.1616(2) 0.3233(5) 0.5 1 0.0159(9)
03 0.2671(2) 0.5342(4) 0.2534(8) 1 0.0159(9)
04 0.1019(3) 0.4127(3) 0.3241(5) 1 0.0159(9)
05 0.4245(2) 0.8490(4) 0.2645(9) 1 0.0159(9)
06  0.1452(4) 0.4762(4) 0 1 0.0159(9)
KB 0.33333 0.66667 0.5 1 0.016(3)
KC 0.5 0 0.5 1 0.037(3)
KD  0.3006(5) 0 0 0.804(2) 0.057(3)
WF  0.117(2) 0 0 0.42(1)  0.149(9)
WH  0.119(1) 0 0.371(2) 0.43(1) 0.149(9)
Wi 0.257(1) 0.128(5) 0 0.88(1)  0.149(9)
WJ 0.162(1) 0.0814(7) 0.292(3) 0.44(1) 0.149(9)
WK 0 0 0.185(1) 0.25(2)  0.149(9)
ZL/tB-DXP
T1  0.0930(3) 0.3569(3) 0.5 1 0.0153(8)
T2 0.1666(3) 0.4993(2) 0.2115(4) 1 0.0153(8)
o1 0 0.2737(9) 0.5 1 0.016(1)
02 0.1633(4) 0.3266(9) 0.5 1 0.016(1)
03 0.2623(3) 0.5247(7) 0.261(1) 1 0.016(1)
04 0.1021(5) 0.4149(5) 0.3279(9) 1 0.016(1)
05 0.4266(2) 0.8533(6) 0.280(1) 1 0.016(1)
06  0.1433(6) 0.4769(6) 0 1 0.016(1)
KB 0.33333 0.66667 0.5 1 0.018(4)
KC 0.5 0 0.5 1 0.034(4)
KD  0.3069(6) 0 0 0.767(7) 0.044(4)
C1 0.129 0 0.38 0.0864 0.0825
C2 0 0 0.380069  0.2492 0.0825
C3 0.069586 0 0.093006  0.0863 0.0825
C4 0.1321 0 0.188 0.0864 0.0825
C5 0 0 0.188607  0.2485 0.0825
C6 0.065244 0 0.4733 0.0864 0.0825
Cc7 0.0665 0 0.66 0.0864 0.0825
N1 0 0 0.75 0.2492 0.0825
Cc8 0 0 0.93 0.2492 0.0825
C9 0.06752 0 0.99 0.0864 0.0825
C10 0.06752 0 1.198 0.0864 0.0825
C11 0 0 1.465 0.2492 0.0825
o" 0.132 0 0.73 0.0864 0.0825
C12 0.135 0 0.93 0.0863 0.0825
C13 0.074 0 1.45 0.2491 0.0825
Cil4 0 0 1.64 0.2491 0.0825
C15 0 0 0.72 0.2491 0.0825
WX  0.214(1)  0.053(1) 0  0.477(8) 0.14(4)
Wi 0.274(2) 0.137(1) 0 0.45(1) 0.08(2)
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Table 6.2.5.3 Framework bond distances for ZL and ZL/tB-DXP gasite and extraframework

distances < 3.2 A for ZL sample.

ZL  ZLItB-DXP
T1-01 1.635(4) 1.630(7)

02 1.632(4) 1.650(6)
04 [X2] 1.635(3) 1.632(6)
average 1.634 1.636
T2-O3 1.643(4) 1.627(6)
04 1.642(4)  1.659(7)
05 1.624(4) 1.661(6)
06 1.624(3) 1.646(4)
average 1.633 1.648

KB-O3[x6]  2.884(9)
KC-O5[x4]  2.985(8)
KD-O4 [x4]  3.146(6)
06 [x2]  3.033(5)
WI[x2]  2.848(6)
WF-WF [x2]  2.13(3)
WH [x2] 2.81(2)
WI[x2]  2.47(2)
WJI[x4] 2.56(2)

WK [x2]  2.60(3)
WH-01 2.98(1)
WF 2.81(2)
WH[x2]  2.20(2)
WH[x2] 2.91(3)

WH 1.91(4)
WJ[x2]  1.425(8)
WJ[x2] 2.83(2)

WK 2.60(2)
WI-WF[x2]  2.47(2)
WJ[x2]  2.675(9)
WJ-02 3.06(1)
WF[x2]  2.56(2)
WH[x2] 1.425(8)
WH[x2] 2.83(2)

W 2.675(9)
WJ[x2] 2.59(2)
WJ 3.12(5)
WK 2.69(2)

WK-WF [x6]  2.60(3)
WH [x6] 2.60(2)
WJ[x6] 2.69(2)
WK 2.85(2)
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Table 6.2.5.4 Extraframework bond distances < 3.2 A for ZL/tBd® composite.

ZL/tB-DXP
KB-O3 [x6] 2.88(1)
KC-O5 [x4] 2.88(1)
KD-O4 [x4] 3.130(9)
06 [x2] 2.89(1)
WX[x2] 2.36(9)
WI[x2] 2.895(6)
C12[x2] 3.224(9)
WX-KD 2.36
C1 [x2] 3.172
WX 1.69(13)
WX 1.99(9)
C3[x2] 2.44(5)
C3[x2] 2.91
C4[x2] 1.94(5)
C4[x2] 2.93
Wi 1.34(7)
Wi 3.01(6)
C9[x2] 2.37(5)
C9[x2] 2.85
C12[x2] 2.62(5)
C12[x2] 1.39
0"-01 3.12(1)
WX[x2] 2.42(6)
WI-KD[X2] 2.89
WX 1.34(7)
WX[x2] 3.02(6)
C4[x4] 2.89
C12x4] 2.6
C1-01 2.95(1)
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6.3. ZL/Th COMPOSITES
6.3.1. Synthesis of ZL/Th composites

Thionine incorporation was carried out at the Depant of Chemistry at the University of
Fribourg, by ion exchange [14, 15]. An amount 0fBg of ZL powder was treated in 3.3.10
* M aqueous thionine acetate solution£#&GNsS ¢ GH40,, Aldrich, 90%) at 80 °C for 3 days
in a sealed ampoule. After ion exchange, the bhlered powder was extensively washed,
three times with distilled water and three timeshwethanol, to remove possible adsorbed
molecules on the ZL surface. Following this progedtwo composites with different Th
loading were synthetized with p=0.2 and p=0H.[1

6.3.2. TGA-MSEGA

Thionine-loaded ZL and the water content were datezd by TGA. During the analysis the
intensity changes of 8 species (m/z = 18dH 44 (CQ), 45 (CQ) 45.88 (NQ), 51.87 (
C4Hy), 63.84( SQ), 75.75 (NOs), 78 (GHe)) were followed as a function of temperature.
Figure 6.3.2.1 shows the TG (a) and DTG curvesfdb)the ZL, pure Th, and the two
composites.

In both samples the Th release occurred in one stgein the 320-550°C range and,

on the basis of the mass spectrometry results,bsereed that Th is released as 0@z=44
and 45, N@Q and SQ. The weight losses corresponding to the encaguthionine are 1.5%
and 2.7 %, resulting in 0.15 and 0.27 p.u.c. Themdles in the two composites hereafter
labelled as ZL/0.15Th and ZL/0.27Th (Table 6.3.2.These results are perfectly in
agreement with the data reported in [15] wherestdime value for the maximum exchange
degree of thionine inside a potassium zeolite lefworted.

Therefore we can assume that 0.27 molecules perceliirepresent the maximum thionine
loading in the ZL channels.

In the two samples (Fig. 6.3.2.1 and Taldg.2.), as a consequence of the water
displacement due to the dye penetration, the wdagsges relative to water are 10 % and
9.5% for ZL/0.15Th and ZL/0.27Th composites respety corresponding to 15.7 an 14.9

molecules per u.c.
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Figure 6.3.2.1.TGA (a) and DTG curves (b) for ZL (black solid ey}, crystalline dye thionine
(dashed grey curve), ZL/0.15Th (dashed black léme) ZL/0.27Th (dashed-dotted black line)

composites
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Table 6.3.2.1.Temperature of water and thionine weight loss amehver of molecules (water and

Th), determined by TGA-MSEGA, compared with thos¢amed by the structure refinement for the

ZL/Th composites.

Water Water Water
Sample loss Water molecules molecules Thloss Th Th
b o wt. % (structure  T(°C) wt.% molecules
T(°C) (TGA) .
refinement)
ZL 110 11.9 18 18 - - -
ZL/0.15Th 102 10.0 15.7 15.9 320-590 15 0.15
ZL/0.27Th 100 9.5 14.9 14.8 320-590 2.7 0.27

6.3.3. ATR-IR ANALYSIS

ATE (a.u.}

1500 1200 90O

3500 2000 25001750 1400 1050 700

Wavenumber icm™)

Figure 6.3.3.1ATR-IR spectra, collected in air, in the 3800-600'crange for the pure dye thionine
(violet), ZL/0.15Th (green), ZL/0.27Th (blue), a@d (black). The inset shows the zoom of the 1750-

1550 cn region.

The ATR spectra of the two ZL/Th composites shdviug shift of all thionine peaks after the

encapsulation into the ZL channels (Fig. 6.3.3.1).
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In particular it is evident the shift of C-C strieiieg- at 1610 in the pure dye- to 1604 timn
the ZL/Th composites. The same behavior was regpdaiethe methylene blue dye (MB) on
titanates, upon drying, as a consequence of theraiction ofn- orbitals of the organic
compound with the oxide surface [16]. This reswuld hence be interpreted with the
thionine dye interaction with the zeolite framewobkit further investigation on dehydrated
ZL/Th system should be performed to confirm thipdtyesis. Another evident feature is that

the peaks intensity, increase with the thioninelilog.

6.3.4. STRUCTURE REFINEMENT

The comparison among the XRPD patterns collectethernZL and on the ZL/0.15Th and
ZL/0.27Th composites, reported in Figure 6.3.4v2]@nces the differences in the intensity of
the diffraction peaks at lowe2angle region due to the dye incorporation.
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Figure 6.3.4.2.Comparison of the patterns of the ZL (fuxia lind)g ZL/0.15Th (green line)
and the ZL/0.27Th (black line) composites.
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A further XRPD pattern (Cud), collected in a short range of low 2theta fortzfurs (Fig.
6.3.4.3) did not reveal superstructure reflectiaascould have been expected by an ordered

distribution of a molecule like Th whose lengthvisce the ZLc parameters.
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Figure 6.3.4.3. XRPD pattern collected with a conventional diftaoeter of the ZL/0.27Th

composite in the 2.5- 14Prange. The arrow indicates the position of thessstpucture reflection.

For both ZL/0.15Th and ZL/0.27Th materials the cingal refinement was performed in the
ZL P6/mmm space group. The unit cell of the conegssshow a slight increase afand a
decrease of parameters because of the incorporation of thg Bgkle 6.3.4.1, Appendix D).
These changes can be explained by slight distarilothe 12MR ring (see Figure 6.4.3.4 for
details). As can be seen, the ring shape becamgésiskelliptical in the presence of thionine
when compared with that found in ZL.

The most remarkable change appears related to th®© D distance, which decreases as a
consequence of the strain imposed by the wateraulaéN?2.

In both the composites the Fourier maps showedrakscaround the 6-fold axis. For this
reason, the complete geometry of thionine molecuigisle the zeolite channel was not fully
understood. Only the thiazine ring (containing $h#éur and nitrogen atoms) was located. Six
equivalent, partially occupied sites, of the hetgatic ring were found oriented parallel to the

12MR channel axis. In Figures 6.3.4.5 and 6.3.4l§ one of the six possible orientation of
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the thiazine ring for sake of clarity and the origation of the water molecule in both the

composites are represented

e

Sample 12MR 8MR //¢
01-01  02-02 01-01 05-05
ZL 10.10 10.43 8.29 4.87
ZL/Th20  10.08 10.41 8.38 4.96
ZL/Th50  10.00 10.44 8.42 4.98

Figure 6.3.4.4 Dimensions of the 12MR and 8MR channels parate[001] of ZL and ZL/Th

composites

The occupancy factors and the thermal displaceparameters of the thiazine ring atoms
were constrained to be the same. Hence it is inigessestimate the amount of thionine
molecule trapped in the zeolite porosities fromgtractural analysis.

Concerning the water content in the compositesy tmb partially occupied water positions

(sites WI and W2) were found in the 12 MR chanmelparticular 15.9 molecules/u.c. in

ZL/0.15Th composite and 14.8 molecules/u.c in Z270h one were found, in good

agreement with the TGA results (Tables 6.3.2.1.@B8d}.3, Appendix D). This evidence that
the extraframework distribution is highly influercby the incorporated thionine if compared

with the extraframework water sites of the as sgtitled ZL.
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Figure 6.3.4.5.View of 12MR channel (a) and arrangement of Th aater molecules viewed along
[001] (b) in ZL/0.15Th composite. Only one thiazinng is represented for sake of clarity
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Figure 6.3.4.6.View of 12MR channel (a) and arrangement of Thwaater molecules viewed along

[001] (b) in ZL/0.27Th composite. Only one thiazinng is represented for sake of clarity.

The Table 6.3.4.4 (Appendix D), reporting the eikénamework bond distances, reveals the
presence of short distances between the carbdfoy sund nitrogen atoms and the water
molecules site in W2. W2, in turn, is bonded to @fean O2 oxygen atoms belonging to the
12 MR, suggesting water-mediated thionine-ZL iattons [17].
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6.3.5 OPTICAL PROPERTIES
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Figure 6.3.5.1Left: UV-Vis absorption spectra for the ZL/0.14Thyreen) and ZL/0.27Th
(blue) composites and ZL (black). Right: absorptspectra of 10-5 M thionine solution in
different solvents and encapsulated in ZL as replart [15].

The absorption spectra of the ZL/Th composites shimnwFigure 6.3.5.1 are in line with that
reported in literature [15,18,19] and show thatythave the same shape of the spectrum of
the pure thionine dissolved in ethanol. Moreovels evident that the loading does not affect
the peak intensity revealing, in both cases thegmee of only monomeric thionine inside the
ZL channels and that the formation on the ZL swfatcthe maximum loading (ZL/0.27Th) is
negligible. In fact, as mentioned in the chaptédr2.the thionine ,once trapped in the zeolite
[20], is in a more constrictive surrounding witlt@nsequent loss of conformational freedom
inside the channel [10,19].
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6.3.6. CONCLUSIONS

Even in the case of the ZL/Th composites a multigi;ary approach was essential to verify
the insertion of the Th in the channels of zeolite.

The thermogravimetric analysis showed that the samples have different thionina contents
and that the sample ZL/0.27Th presents the maxinitamoading for ZL, equal to 0.27
molecules, confirming the data of literature.

The ATR-IR spectroscopy revealed a blue shift btred Th peaks once trapped in the zeolite,
with respect to the pure dye. This effect couldirierpreted as due to an interaction of Th
with the zeolite framework. The structure refinemawicated high disorder around the 6-
fold axis, within the 12MR channel, that led to tloealization of the thiazine ring. The
presence of short distances between the thia#igeand a water molecules site bonded to
the framework oxygen of the 12 MR suggested @&maediated thionine-ZL interaction. As
reported in literature, the absorption data coldadbn the two composites show the presence
of only monomeric thionine caged the ZL channellgdiog the formation of aggregates on

the zeolite surface.
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APPENDIX D

Table 6.3.4.1 Experimental and refinement parameters for zeblas-synthesized and

ZL/0.15Th and ZL/0.27Th composites.

Samples ZL ZL/0.15Th ZL/0.27Th
Space Group P6/m m m P6/m m m P6/m m m
a (A) 18.3795(4) 18.3807(4) 18.3833(8)
c (A) 7.5281(2) 7.5285(2) 7.5277(4)
V (A3 2202.4(1) 2202.8(1) 2203.1(1)
Rp (%) 2.8 3.4 3.2

Rwp (%) 3.8 4.8 4.6

R F**2 (%) 7.3 7.5 7.6

No. of variables 73 69 69
No.of 2211 2210 2210
observations

No. of reflections 944 944 945
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Table 6.3.4.2 Atomic coordinates, occupancy factors and thedigdlacement parameters
for the structures of as synthetized ZL, ZL/0.1%Hd ZL/0.27Th composites.

Atom x/a y/b zlc Occ. Uiso
ZL
T1 0.0939(1) 0.3566(2) 0.5 1 0.0136(5)
T2 0.1646(2) 0.4978(1) 0.2093(2) 1 0.0136(5)
o1 0 0.2694(6) 0.5 1 0.0159(9)
02 0.1616(2) 0.3233(5) 0.5 1 0.0159(9)
03 0.2671(2) 0.5342(4) 0.2534(8) 1 0.0159(9)
04 0.1019(3) 0.4127(3) 0.3241(5) 1 0.0159(9)
05 0.4245(2) 0.8490(4) 0.2645(9) 1 0.0159(9)
06 0.1452(4) 0.4762(4) 0 1 0.0159(9)
KB 0.33333 0.66667 0.5 1 0.016(3)
KC 0.5 0 0.5 1 0.037(3)
KD 0.3006(5) 0 0 0.804(2) 0.057(3)
WF 0.117(2) 0 0 0.42(1)  0.149(9)
WH 0.119(1) 0 0.371(2) 0.43(1)  0.149(9)
wi 0.257(1) 0.128(5) 0 0.88(1)  0.149(9)
WJ 0.162(1) 0.0814(7) 0.292(3) 0.44(1)  0.149(9)
WK 0 0 0.185(1) 0.25(2)  0.149(9)
ZL/0.15Th
T1 0.0928(2) 0.3560(2) 0.5 1 0.011(6)
T2 0.1651(2) 0.4968(1) 0.2111(2) 1 0.011(6)
o1 0 0.27195(58) 0.5 1 0.013(3)
02 0.1634(3) 0.3269(7) 0.5 1 0.013(3)
03 0.2638(2) 0.5277(5) 0.254(1) 1 0.013(3)
04 0.1010(3) 0.4121(3) 0.3244(6) 1 0.013(3)
05 0.4221(1) 0.8442(3) 0.272(1) 1 0.013(3)
06 0.1461(5) 0.4789(5) 0 1 0.013(3)
KB 0.33333 0.66667 0.5 1 0.017(3)
KC 0.5 0 0.5 0.92(9) 0.018(2)
KD 0.3033(8) 0 0 0.78(7)  0.064(4)
S 0.4789(5) 0.4789(5) 0 0.089(2) 0.12(1)
Cl1 0.08008(4) 0.04002(2) 0.17820(9) 0.089(2) 0.12(1)
C2 0.01093(3) 0.01093(3) 0.14781(8) 0.089(2) 0.12(1)
N1 0.05016(8) 0.02509(4) 0 0.089(2)  0.12(1)
W2 0.1123(30) 0.1498(21) 0.6721(33) 0.47(1) 0.25(2)
wi 0.128(1) 0.872(1) 0 0.74(2) 0.08(3)
ZL/0.27Th
T1 0.0924(3) 0.3556(2) 0.5 1 0.010(1)
T2 0.1647(2) 0.4964(1) 0.2116(3) 1 0.010(1)
o1 0 0.2709(6) 0.5 1 0.013(2)
02 0.1639(3) 0.3279(7) 0.5 1 0.013(2)
03 0.2634(2) 0.5269(5) 0.250(1) 1 0.013(2)
04 0.1009(3) 0.4109(3) 0.3228(6) 1 0.013(2)
05 0.4217(1) 0.8434(3) 0.271(1) 1 0.013(2)
06 0.1469(6) 0.4791(5) 0 1 0.013(2)
KB 0.33333 0.66667 0.5 1 0.012(2)
KC 0.5 0 0.5 0.92(2) 0.016(2)
KD 0.3004(7) 0 0 0.77(1)  0.053(4)
S 0.14500(8) 0.07249(4) 0 0.095(3) 0.12(3)
C1 0.08031(4) 0.04014(2) 0.17800(9) 0.095(3) 0.12(3)
C2 0.01072(2) 0.01072(2) 0.14812(7) 0.095(3) 0.12(3)
N1 0.04972(8) 0.02487(4) 0 0.095(3) 0.12(3)
w1 0.150(4) 0.8982(32) 0 0.45(1) 0.14(2)
w2  0.109(1) 0.147(1) 0.654(2) 0.38(4) 0.23(3)
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Table 6.3.4.3 Framework bond distances for ZL, ZL/0.15Th and27Th composites and

extraframework distances < 3.2 A for ZL sample.

ZL ZL/0.15Th ZL/0.27Th

T1-O1 1.635(4) 1.631(3) 1.632(7)
02 1.632(4) 1.632(3) 1.630(7)
04 [X2] 1.635(3) 1.637(2) 1.637(7)

average 1.634 1.634 1.634
1.635(7)
T2-O3  1.643(4) 1.639(3)
04 1.642(4) 1.644(3) 1.644(6)
05 1.624(4) 1.647(4) 1.649(7)
06 1.624(3) 1.625(2) 1.625(1)
average 1.633 1.639 1.638

KB-O3[x6]  2.884(9)
KC-O5[x4]  2.985(8)
KD-O4 [x4]  3.146(6)
06[x2]  3.033(5)
WI[x2]  2.848(6)
WF-WF [x2]  2.13(3)
WH [x2] 2.81(2)
WI[x2]  2.47(2)
WJ[x4]  2.56(2)

WK [x2]  2.60(3)
WH-01 2.98(1)
WF 2.81(2)
WH[x2]  2.20(2)
WH[x2] 2.91(3)

WH 1.91(4)
WJ[x2]  1.425(8)
WJ[x2]  2.83(2)

WK 2.60(2)
WI-WF[x2]  2.47(2)
WJ[x2]  2.675(9)
WJ-02 3.06(1)
WF[x2]  2.56(2)
WH[x2] 1.425(8)
WH[x2] 2.83(2)

Wi 2.675(9)
WJ[x2] 2.59(2)
WJ 3.12(5)
WK 2.69(2)

WK-WF [x6]  2.60(3)
WH [x6] 2.60(2)
WJ [x6] 2.69(2)
WK 2.85(2)
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Table 6.3.4.4 Extraframework bond distances < 3.2 A for ZL/@h%nd ZL/0.27Th composites.

ZL/0.15Th | ZL/0.27Th
KB-O3 [x6] 2.882(8) 2.91(1)
KC-O5 [x4] 3.016(8) 3.02(1)
KD-04 [x4] 3.141(6) 3.12(1)
06 [x2] 3.042(8) 3.05(1)
W1[x2] 2.45(1)
W3 2.88(2)

S- W1[x2] 1.75(3)
W2[x4] 2.97(2) 2.67(2)
W2[x4] 3.05(3) 3.16(2)
W 1.77(3)

C1-W1[x2] 3.06(2)

W 3.10(3)
W2[x2] 2.74(3) 2.75(3)
W2[x2] 2.12(3) 2.17(3)
W2[x2] 1.72(3) 1.77(4)
C2-W2[x2] 3.00 (2) 3.02(2)
W2[x2] 2.88(2) 2.92(2)
W2[x2] 2.71(2) 2.73(2)
W2 [x2] 2.78 (2) 2.69(2)
W2 [x2] 2.95(2) 2.81(2)
W2 [x2] 2.65(2) 2.97(2)
N1- W2[x4] 3.01(3) 3.09(3)
W2[x4] 3.16(5) 3.13(2)
W1-w1 0.88(4)
W2[x2] 3.08(3)
WI-KD 2.88(2)
W2[x4] 3.07(2)
W2-01 2.95(1) 2.93(2)
02 3.18(2) 3.16(2)
w1 3.06(4) 3.08(4)
W2[x2] 2.48(2) 2.43(3)
W2 1.37(2) 1.33(4)
W2 1.19(2) 1.22(4)
W2 2.59(2) 2.33(2)
W2 2.85(3) 2.63(2)
W2 2.93(3) 2.67(2)
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Conclusions

CONCLUSIONS

The work here presented corresponds to the first step towards the creation of very
innovative devices and nano devices based on hybrid materials and host/guest systems.
In particular, the aim of this thesis was to unravel and understand, at molecular level, the
guest-guest and host-guest interactions that govern their optical properties.

We adopted an systematic integrated experimental-theoretical characterization strategy,
based on the use of in-situ and ex-situ X-ray powder diffraction, with both conventional
and synchrotron source and Rietveld refinement, vibrational spectroscopies (ATR-IR,
FT-IR), UV-Vis and luminescence experiments, along with molecular dynamics
simulations.

The main results can be summarized as follows:

ZL/FL composites. The TG-MSEGA anaysis showed that the fluorenone release
occurs at higher temperature with respect to pure FL, indicating that FL is not ssimply

physisorbed on the zeolite surface, but it is encapsulated into the zeolite channels. The
weight losses of the encapsulated FL correspond to 0.44, 0.9, 1.43 and 1.5 FL molecules
per unit cell in ZL/0.5FL, ZL/1.0FL, ZL/1.5FL and ZL/2.25FL composites, respectively
so indicating that the maximum possible loading is 1.5 molecules.

The ATR-IR and FTIR results reveal and the presence of red shift of the IR signals of
the C=0 band due to its direct interaction with the potassium atoms in the ZL channels.
Another important aspect, highlighted by the FTIR transmission spectroscopy, is the
high stability of these composites in presence of water molecules, which do not affect
the organization of the fluorenone molecule. The distribution of fluorenone molecules
within the ZL channel was obtained combining the structure refinement and the
Molecular Dynamic simulations results. The results of the Rietveld refinements of all
the studied samples showed a general disordered distribution of water and FL molecules
on partialy occupied, highly symmetric positions. The K-O=C motif showed in the
ATR-IR spectroscopy has been evidences by the diffraction data , through the short
bond distances between the two atomic species.

The DFT-based modeling besides supporting and strengthening experimental evidences,
proved once again its capability in providing information otherwise extremely difficult

to access from the experiments. In fact, the high symmetry of the zeolite affects the
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experimental model obtaining an array of the FL molecules more symmetrical respect
to that found in the calculated models.
ZL/tB-DXP composite: The successful encapsulation of the tB-DXP was demonstrated

by all the techniques employed.

The TGA-MSGA reveds that the maximum loading of tB-DXP is equa to 0.23
molecules per u.c.

The ATR-IR and FT-IR measurements, evidence that all the dye vibrational signals
(1800-1200 cm™) are strongly perturbed during the water removal suggesting some kind
of interaction between the dye and the water molecules inside the ZL channel. The
diffraction localized atotal amount of 0.25 dye molecules per unit cell oriented paralel
to the 12MR channel axis.

Moreover the refinement showed that the dye interacts with the zeolitic framework
through C--O bond and that the carbonyl group of the dye is not in direct interaction
with the potassium, as seen for the fluorenone but their interaction is mediated by water.
Another important aspect highlighted by the Uv-Vis and emission measurement is that
the tB-DXP is an interesting and convenient molecule due to the tendency to not show
signs of the formation of J aggregates even at high loading because the bulky t- butyl
end- substituents groups always keep the molecules at sufficient distances from each
other inside the ZL channels.

ZL/Th composites. The thermogravimetric analysis performed on the two composites

showed that the maximum possible Th loading for the zeolite L, equa to 0.27
molecules, confirming the data of literature.

The ATR-IR spectroscopy revealed through a blue shift of al the Th peaks in the
composites with respect to the pure dye, which could suggest an interaction of Th with
the zeolite framework.

The structure refinement indicated high molecular disorder around the 6-fold axis within
the 12MR channel thus allowing the localization of only the thiazine ring. The presence
of short distances between the thiazine ring and a water molecules site, bonded to the
framework oxygen of the 12 MR, suggests awater- mediated thionine-ZL interactions
The absorption spectra collected on both the composites, confirm the presence of only
monomeric thionine caged in the ZL channel excluding the formation of aggregates on

the zeolite surface.



Conclusions

In conclusion, this work dealt, for the first time, with the organization of very
high concentrated dye molecules inside ZL channels. In a broader perspective,
the fundamental-level understanding of the interplay of host-guest/guest-guest
interactions, which underlies supramolecular organization at high packing
conditions, holds the promise to disclose alternative routes for the design of dye-

ZL composites as building blocks for innovative optical devices.

141



Appendix |

APPENDIX I. FORSTER RESONANT ENERGY TRANSFER (FRET)

w
—

Absorbtion (as)

wn
<)

Donor Acceptor
Figure Al.1 Energy diagram of the FRET process

The theory of resonance energy transfer was otlginieveloped by Theodor Forster

and, in honor of his contribution, has recentlyrbeamed after him [1].

The fundamental mechanism of FRET (Figure Al.1pimes a donor fluorophore in an

excited electronic state (D*), which may transfes excitation energy to a nearby
acceptor fluorophore (A) in a non-radiative wayrotigh long-range dipole-dipole

interactions [2-3]. The Forster mechanism involweorbital overlap between the donor
and acceptor molecules, and no electron transtairsc

(i)

i
KEnT

(D* ..A ——> (... K).

Resonance energy transfer can be considered amaldgothe behavior of coupled
oscillators.

In such a system, the “optical electrons” assodiatéth individual component
molecules (or chromophoric units) preserve esdgntieeir individual characteristic.

The donor D and the acceptor A can be the samedfimblecules or different.
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Forster observed that the rate constaptrKor the transfer from one electronic
configuration to the other can be expressed as@upt of three terms:
Kent xG-DA-S
The geometrical expression G describes the depeadsrihe rate constant on the
distance and angle between the electronic trangitipole moments (ETDMs) of the
donor and the acceptor. The term DA specifies tiernophores involved, by taking
into account the resonance condition as well aptistophysical properties of the
donor; while the factor S takes into account tharenment of the pair.
Some prerequisites have to be satisfied to IeFRET occurs:
1) dipole orientation,
2) sufficient fluorescence lifetime,
3) the donor emission spectrum has to overlap théagion spectrum of the acceptor
(Joa) (Figure Al.2),
4) the quantum yield of the donor and the extinctioefficient of the acceptor

5) the distances between the donor and the acc@pgure Al.3)

1.0
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oek Spectrum
= z =
2
a
= Excitation
i Spectrum
E —
=
804
=}
A
=

0.2

0.0

400 450 500 550 600 650
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Figure Al.2. An example of overlap between the donor's emisaimhacceptor's excitation spectra
Concerning the latter aspect, the Fdrster theoowshthat FRET efficiency (rer)
(equation 1) varies as the inverse sixth powehefdistance between the two molecules

(rDA):

1

FRET — 3
r
1 D4
[1] " [ Ry j
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Ro is the characteristic distance where the FRETIeficy is 50 percent, which can be
calculated for any pair of fluorescent moleculdss(variable is also termed the Forster
radius). The FRET efficiency of a theoretical flophore pair therefore depends on the

distance between the donor and the acceptor assindwgure Al.3.

1.0
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ED 4 E Efficiency
i 0EXR —» i
o i 15xR
0.2} Ro 1 r o
i
i
i
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1] 6 g 10

4
Distance (Nanometers)

Figure Al.3. FRET efficiencys Distance for an example whergiR considered to be 5 nm

Because of the inverse sixth power dependence efdiktance between the two
molecules, the curve has a very sharp decline.distances less thanpRthe FRET
efficiency is close to maximal, whereas for dises@reater than jRthe efficiency
rapidly approaches zero.oRan be calculated for any pair of fluorescent mulles

using the equation 2 with the well-established trgarameters:

91n(10) ¢y, &2
128 0°n* N,

Ro=28/Jpa
[2]
where 3a is the overlap integral between the emission specbf the donor and the
excitation spectrum of the acceptdy, is the fluorescence quantum vyield of the donor
and the parameter klescribes the relative orientation of the traoitilipole moments

of the donor and the acceptor (Fig. Al.4)

k? = (co®r — 3 co8p CoDp)?
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k? = ( sinBp SinBa cosp— 2 codp coHp)?

Donor
Donor
Transition

P

o
& ®a ©
' @ a8y

Acceptor :
Transition Dipole
Plane " ®9 R Avoepter

Figure Al.4. Relative orientation of the donor and the acaéptdipole moments and
calculation of the orientation factor.

The orientation angle variablé kimply indicates that the FRET coupling depends on
the angle between the two fluorophores, in the saraener as the position of a radio

antenna can affect its reception. If the donor aocckptor are aligned parallel to each

other, the FRET efficiency will be higher than liey are oriented perpendicular. This

degree of alignment define$. kAlthough ¥ can vary between zero and 4, it is usually
assumed to be 2/3, which is the average valuergtiesg) over all possible angles.
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APPENDIX Il. X-RAY POWDER DIFFRACTION USING SYNCHRO TRON
RADIATION

The diffraction techniques have been and are atipoint of reference for the structural
characterization of zeolites. Recent developmentsesed in the application of X-ray
powder diffraction (XRPD) - using areal detectors ynchrotron radiation- and the
development of efficient data analysis methodshsas Rietveld refinements have had a
strong impact in the structural studies. One of ghablems of the diffraction techniques is
that, for many crystalline solids it is difficuld tgrow a single crystal of sufficient size and
quality to allow analysis by this method,. Howewggh-quality polycrystalline samples are
often easier to obtain, leading to the choice oivgber diffraction to determine crystal
structures.

For a typical X-ray powder diffraction experimettig scattering intensity, is obtained by
integrating the diffraction profile of every reflgan. Integrated intensities give important
information about the crystal structure becausyg #re proportional to structure factO(th,
which is directly related to the arrangement ohaowithin the unit cell and proportional to
the amount of diffracting material in the powdemgée.

The measurements made with synchrotron light aobaily the best method to study
complex structures such as dye-zeolite systems. $\echrotron radiation is the
electromagnetic field emitted when relativistic elecated charged particles (electrons or
positrons), which are moving close to the speeligbt, are forced to move along a circular
path with the application of a static magneticdiglerpendicular to the horizontal orbital
plane (Fig. All.1). The radiation is emitted in tl@ection of motion in a narrow cone
tangential to the orbit of the electrons. The syattbn radiation is therefore a very intense
electromagnetic radiation with a broad emissiondbrat can go from infrared to "hard" X-

ray .

Vi
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Figure All.1. Radiation emission pattern of relativistic elent(@c=1) in circular motion.

Synchrotron light produced in this manner posseasesnber of unique properties:

I.  high brightness

II.  small radiation axial divergence
lll.  variability in a continuous mode over a wide ranfjenergy
IV.  polarization of the outgoing beam.
The high intensity and the low divergence of thdgoing beam allow to obtain high
resolution in powder diffraction experiments, irasag the amount of information derivable
from a powders diffraction profile. The advantagéfered by the use of synchrotron radiation
are: a) the ability to monitor the occurrence ofgh transitions even if there are small
variations in dimensions and shape of the unit tglthe possibility to perform time resolved
experiments in milliseconds, c) the diffracted ndities can be detected in a relatively short
time with good signal/noise ratio.
The use of this technique to study systems suayaseolite systems, object of this thesis,
is of fundamental importance as the dye molecutassist often of light atoms such as
carbon, nitrogen and oxygen; for this reason higbkolution data can facilitate their
localization inside the zeolite.
The combined use of high-intensity X-rays from gymtron radiation and areal detector as
the imaging-plate (IP) has made feasible the cilie®f data in very short time.
The IP detectors allow to simultaneously recordrthyes diffracted by a whole lattice plane,
eliminating the problem of dead time counting af tas detectors. Furthermore, the use of IP

reduces the effect of peak broadening caused bwititeintensity and the electronic noise.

VI
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The disadvantages are: the inability to directhsee the diffraction profile during the
collection, the dead time for scanning and cleamihthe IP, the lower resolution respect to
the experiments performed with single detectors lined with analyzers crystals or
collimators.
For this thesis in particular, part of the datarevcollected using a ultimate large-area silicon
pixel detector, named PILATUS3 M-Seriegbrid pixeldetector (Figure All.2). It has many
advantageous features such us:

» Direct detection of X-rays in single-photon-cougtimode

* No read out noise

* No dark current

» Excellent point-spread function,
All these characteristics allow to improve the sigio-noise ratio, reduce the overlap with
scattering or other background intrinsic to the exxpent. Moreover even after a long
acquisition time, most pixels still have zero causince no dark current accumulates and no

noise is added during readout.

IF DETECTOR

DOUBLE CRYSTAL \

A OCHRREATOR

Figure All.2 the instrumental set-up installed in the experit@ehutch of the SNBL1 (BMOla)
beamline at the ESRF laboratories.

Vil
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All-l RIETVELD METHOD

Through the Rietveld method is possible to perfdaha analysis of the measured profile
trying to model and optimize simultaneously boté thformation relating to the sample (type
and relative abundance of crystalline phases, tsiraic models of all the phases,

microstructural and textural parameters) and thelsged to the instrument used (wavelength,
optical components, background instrumental, et¢1-4]. This method is generally based on
a nonlinear least squares minimization. It wasoohiiced in the second half of the '60s by H.
M. Rietveld and entered in the current terminolsggh as Rietveld method.

Specifically, the information that can be extradien a profile are (Figure All-1.1):

‘!.'—-_h__
Helatrs,l-e peak intensities = lypes of atoms and thair pasitions
1 I'.

v Peskwidth (FWHM) = crystaliite size

_
"
R

n Background
Feak positions = amerpfious phase

= unit cell dimensions
| U‘ J ,\J

|11 LD e o e |.||.
I ¥ ¥ T T T T T ¥ T T T T T T T T T
15 20 25 30 3]5'2{:1

Figure All-1.1. Main characteristics of a diffraction profile amformation that can be derived from

it [5].

1. The positions of the peaks in the reciprocatspthese depend only on the geometry of the

unit cell, and then information on the cell paraangtand space group are obtained.
This is because the value ob Bragg is related to the interplanar distance dtred
corresponding reflection from the Bragg equaftion 2d,xsemnq, wherek is the wavelength

of the incident radiation and hkl are the Milledices of the reflection.

2 . The relative intensities of the peaks. Thegedatermined by the type and position of the

atoms within the unit cell, thermal displacementl astcupancy factors. Indeegy, the
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intensity of each reflection, is proportional t@ tbquare of the structure factoyexpressed
by the summation extended to all the n atoms ofithiecell:

Fog = 3 Xif; @2 (H+ki+1ZD] - Mi
where:

fi = scattering factor, which identifies the typieatom ,

Xi, yi and zi = atomic coordinates of each atom ,

Mi = parameter related to the thermal displacenfetor,

Xi = site occupancy factor.

The intensities are also proportional to the amairthe diffracting material in the sample ,
allowing analysis not only qualitative but also gtitative of mixtures.

In fact, the diffractogram of a polyphasic mixtwan be viewed as the superposition of the
diffraction patterns of the individual phases tbampose the mixture, collected in the same
experimental conditions. The intensity of each phasweighted on the modal fraction of

each one.

3. The intensity distribution respect to the thé&oed position of Bragg (profile shape of the
peak). In particular, the peak width (full widthlhemaximum- FWHM) depends from both
instrumental effects and the intrinsic charactessof the sample (size of the crystallites and
lattice strain).

The extraction of these information allows to:dgmtify and quantify the crystalline
phases; ii) extract or refine the crystallograpkteuctural model of the phases, iii) to
determine microstructural and textural featurethefcrystalline phases.

This type of analysis, defined in general a fulbfpe analysis, allows to simulate the
observed profile describing and parameterizingtadl experimental aspects and the sample
features. The model parameters are then optimigechihimizing the differences between
observed and calculated profile.
The refining variables are the following:
1) scale factor (for each phase and for each im&nsal profile)
2) instrumental parameters

- Wavelengthi();

- The coefficient of polarization (P)

- Angular calibration coefficient (zero shift)
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- Coefficient function of the bottom instrumaht
-Coefficient depending on the profile of treafs
- Truncation factor (cut-off)
3) lattice parameters
4 ) structural parameters :
- Atomic coordinates (x,Y, z2),
- site occupancy factor (fractional occuparqi
- Atomic displacement parameters (U, B, and 3
- Factor of anomalous diffusion
5) correction factors :
- Primary extinction
- Absorption or surface microabsorption
- Preferential orientation / texture
- Movement of the sample
In the Rietveld refinement all the measured pooftshe experimental profile are used as
observed parameters.

The function actually minimized during the refinemhes:

S, =" ia Wi(Yoi — Yei)]

where:

S, = residual function

Y oi = observed intensity for the i-th step

Y .i = calculated intensity for the i-th step

w; = weight of each individual observation accordind?oisson statistics.

The sum is extended to all the points of the ditin pattern.

The intensity ¥ diffracted at each angular step is calculatedngakinto account the
contributions of the peak reflections overlap ahd tontribution of the background. The
function Y contains many variables and is very complex.

Each parameter that contributes tQ; ¥ dependent by 62 In the case in which two
parameters exhibit a similar dependence bya@n be useful to impose soft constraints, that

are limits on the values that they can assume lfernd distances).

XI
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APPENDIX I1l. THERMAL ANALYSIS

According to the ICTA, International Confederatitum Thermal Analysis, (ASTM 473-85),
the definition of thermal analysis is “Group of hecques based on the measurement of a
physical property of a substance in function of tdw@perature (or time) during a controlled
temperature program (heating, cooling, isothernijhe temperature program can have
heating or cooling steps, or a constant tempergisoéherm), or a combination of those. It is
very important define the temperature gradient k= @r / dt, where T = temperature in °C
and t = time in min), i.e., as the temperatureasam function of the time. The results of the
measurements produce the so-called “thermal asatysive”, and the features of this curve
(such as peaks, discontinuities, slope changesgkated to the thermal events which occur in
the sample.

The principal applications for these techniques iathe detection of chemical-physical
transformations in the material during thermal timeant, ii) the evaluation of decomposition
processes, iii) the determination of enthalpy gmetgic heat values and the study of reaction
kinetics and mechanisms.

During a specific reaction, the heat exchanged &éetwthe system and the ambient is the
variation of system enthalpy (CH). By conventiorhen CH<O, the heat moves from the
system to the ambient and the reaction can be etkfiaxothermic”, on the contrary when
CH>0 the reaction can be defined “endothermic.

The most important exo/endothermic reactions aogvehn Table Alll.1.

Table Alll.1; exo-endothermic reactions.

Endother mic reactions Exother mic reactions
Melting Adsorption
Dehydration Crystallization
Polymorphic reactions Oxidation
Sublimation

Evaporation

Structural modifications

The methods widely used for initial characterizataf the thermal behavior of zeolites are
the thermogravimetric analysis (TGA, DTG) and difetial thermal analysis (DTA). They

are very useful as provide quickly a first inforioat regarding the transformations of the

Xl
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minerals in temperature (loss of,® amount of volatiie components, reactions of
dehydroxylation, amorphization and recrystallizajio

The thermogravimetric analysis (TGA) measures Hmae weight changeA(n) during the
heating process. Through the TGA curve it is pdestb determine the quantity of the
chemical species (water, templating, organic maéscwf varied nature) lost during the
heating but also their chemical nature becauserdift chemical species are released the
structure at different temperature. The DTG is fire derivative (dm/dT) of the previous
measure that is automatically calculated duringntieasurement. Each reaction, that cause a
weight loss, is shown in the TGA as a flex. Evdppe change corresponds to a maximum in
the DTG. The temperature at which the maximum en@TG curve occurs is associated to

the maximum speed of the loss reaction (Fig Alll.2)
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Figure Alll.2. TG and DTG curves of zeolite L.

The differential thermal analysis (DTA) consists mkasuring the temperature difference
between the sample and an inert reference (usadli;nina) during heating. The inert
reference is a material that during the thermahtinent increases its temperature) (h
function of the thermal gradient set, but doesumatergo to any kind of transformations. The
temperature of the sample material{()Tis the same of the inert (T T T; = 0) until a
reaction occurs. In particular, if the temperatdifierence AT<0) an endothermic reaction is
registered by the sample. When an exothermic @aciicurs, on the contrary, the difference
of temperature between the inert material and angpge is positiveAT>0).

XV
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A DTA graph, that isAT as a function of T, can show by endothermic axwtreermic peaks
in correspondence of the reaction temperatures AHQ3 ).

aT ([*C])

exothermic {z+}

aT=0 , e

endothermic {=-)

Figure Alll.3. Example of a DTA analysis.

For a given thermal gradient, a peak will be mudrenwide as much as the reaction is slow.
On the contrary the intensity of the peak will bghter as much as the thermal gradient is
great (i.e. high heating rate).

The position of the peaks provides information loa ttype of components present in the
sample because every substance has its own chastcteaction temperatures.

The area under the peak is proportional to theggraibsorbed or developed by the reaction
and reveals basically the amount of the comporeaigents.

Through DTA analysis is possible to determine #mageratures at which some reactions
occur such as the dehydration/calcination and inerphization and/or recrystallization, and
then the thermal stability of a material.

Despite the fact that the thermal analyses arelsiam immediate, they do not allow to
obtain information about the structural changesiaed by temperature and for this reason are
often coupled to X-ray diffraction measurements.

As already mentioned in the aims, the dye molecigslved in this study are complex
organic molecules that can have different decontiposfeatures once encapsulated into the
zeolites- due to their interaction with the framekvorespect to the pure dye compounds.
Moreover, it is important to distinguish betweer tthye molecule encapsulated within the

zeolite porosities from that only physisorbed oa sirface of the zeolite. For these reasons to

XV
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not have an unambiguous identification of the sgecesponsible of the weight loss, in this
work thermal analysis(TGA) has been combine witBvalved gas mass spectrometry (MS
EGA). This technique will be explain in the follavg paragraph.

Alll-l TGA-MSEGA

Evolved gas analysis (EGA) is the real-time analgdithe gas products released during TGA
by a sample. This technique allows the passagbeokvolved gas in a mass spectrometer
(MS) through a specialized interface and heatatstea line (Fig. Alll-1.1).

When several compounds are evolved, the MS cak thagr evolution profiles and
this is possible because mass spectra are subsjpecéic. The spectra can be used to
characterize the substance or substance clasggthgpectral interpretation and comparison
with database reference spectra. Decompositiowagthcan thereby be explain.

In general MS characterizes substances by idemgifyand measuring the intensity of
molecular fragment ions of different mass-to-chasag® (m/z).

The incoming gas molecules are first ionized in ithe source. The positive molecular ion
and fragment ions formed are then separated acgptditheir m/z value by a combination of

magnetic and electrostatic fields.

Detector Mass Filter

o S [} E 2
o © o opo0 000D C®
ODO

10° mbar

Gas from Capillary

Current

Time Turbomolecular
Pump

Pump

Figure Alll-1.1. General instrument set up of a TGA-MS-EGA.
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APPENDIX IV. FT-IR SPECTROSCOPY -ATTENUATED TOTAL
REFLECTANCE (ATR)

Infrared (IR) spectroscopy is an extremely reliable and well recognized fingerprinting
method, to characterized and identified many substances.

One of the strengths of IR spectroscopy isits ability to obtain spectra from a very wide range
of solids, liquids and gases. Traditionally IR spectrometers have been used to anayze solids,
liquids and gases by means of transmitting the infrared radiation directly through the sample.
Where the sample is in a liquid or solid form the intensity of the spectral features is
determined by the thickness of the sample and typically this sample thickness cannot be more
than a few tens of microns in order to allow a significant fraction of the light to be
transmitted.

The technique of Attenuated Total Reflectance (ATR) (Figure AIV.1) has in recent years
revolutionized solid and liquid sample analyses because it combats the most challenging

aspects of infrared analyses, namely sample preparation.

Sample in contact
with evanescent wave

M To Detector

\ Infrared \ ATR

Beam Crystal
Figure AIV-1. Principles of ATR-IR.

An attenuated total reflection accessory operates by measuring the changes that occur in a
totally internally reflected infrared beam when the beam comes into contact with a sample
(Fig. AIV-1). Aninfrared beam is directed onto an optically dense crystal with ahigh
refractive index at a certain angle. Thisinternal reflectance creates an evanescent wave that
extends beyond the surface of the crystal into the sample held in contact with the crystal. This
evanescent wave protrudes only afew microns (0.5 p - 5 p) beyond the crystal surface and
into the sample. Consequently, it isimportant that thereisa good contact between the
sample and the crystal surface. In regions of the infrared spectrum where the sample absorbs
energy, the evanescent wave will be attenuated or atered. The attenuated energy from each
evanescent wave is passed back to the IR beam, which then exits the opposite end of the
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crystal and is passed to the detector in the IR spectrometer. The system then generates an
infrared spectrum. For the technique to be successful, the following two requirements must be
met:

i) the sample must be in direct contact with the ATR crystal, because of the evanescent wave;
i) the refractive index of the crystal must be significantly greater than that of the samplein
order to allow the internal reflectance to occur: if this requirement is not fulfilled the light will
be transmitted rather than internally reflected in the crystal. Typically, ATR crystals can be of

Zinc Selenide (ZnSe), Germanium or Diamond.
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APPENDIX V. COMPUTATIONAL METHOD

Chemical events occurring in zeolite frameworks srietly governed by a complex balance
of guest-guest and host-guest interactions angearerally referred to astracage chemistry.
Modeling studies have become an extremely versatitbuseful tool to study the complexity
of zeolite chemistry and understanding the corieabetween the macroscopic properties of
the system and its behavior at the atomistic leMereover computer simulations may allow
to clarify the interpretation of experimental rdasuherefore integrated theoretical-
experimental approaches are currently adoptedtimnedize the chemical-physical properties
of complex systems like zeolites.

A brief introduction of the general concepts on $imaulation methods is provided in the next

paragraph. [1]

AV-l Simulation techniques

Molecular simulation techniques adopted in the widzeolites may be broadly classified in
two main categories. The first group consists gfrapches in which the electronic structure
of the system is explicitly described in quantumchamical terms, definefirst principles
method.

In general, a first principles calculation hastasmain target, via the approximate solution of
the time independent Schrodinger equation, thetrel@ic structure that containthe
information about the state of the given systene Diensity-functional theory (DFT) based
approach, which belongs to this first group, cancbesidered as the method of choice for
studying zeolite chemical and structural propertfasch an approach is also widely adopted
in studying zeolite based catalytic processes, tduigs ability in describing breaking and
formation of chemical bonds.

The second group of computational techniques ieas classical statistical mechanics and
does not explicitly model the electronic structofehe system. Interatomic interactions are
here described by effective potentials, which mayphrameterized either from experimental
or ab initio data. Among these methods, the most used forteesjstems are the Monte
Carlo (MC) and the Molecular Dynamics (MD) approe€hj2-5]. At difference from first-
principles approaches, the use of empirical paéntprevents classical MC and MD to

simulate chemical reactions. However the lower aataonal cost of both methods, and the
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possibility to easily deal with periodic systemwal for simulations including a much larger
number of atoms than in the DFT approach. Therefbrie possible to model zeolites
characterized by large unit cells and dynamic @ses involving thousands of atoms such as
adsorption and/or diffusion of extraframework spsci

The choice of the computational technique is dettaby the specific problem under
investigation. In fact while standard first prinigpare able to describe at a very high level of
accuracy both structural and electronic propemiesmall zeolites, the classical approaches
are most suitable when the interest is on the dycarbehavior of an a extended non reacting
zeolite system. There are however cases wheremethods are needed. These requirements
can be satisfied by the first principles molecudgnamics approach introduced by Car and
Parrinello in 1985 [6].

By using the Car-Parrinello (CP) approach it issiiole to follow the time evolution of a
system with first-principles level accuracy. Theykkature of CP-MD method is the
definition of a fictitious dynamical system in whithe potential energy surface depends on
both the nuclear and the electronic degrees ofdinee Therefore in the CP-MD method
electrons are kept close to the ground state, ptenpthe need for a costly self-consistent

iterative minimization at each time step.
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APPENDIX VI. UV/VisSPECTROSCOPY: ABSORPTION AND EMISSION
(FLUORESCENCE)

Important information on the functionality of thedge-zeolite systems are given by
spectroscopic studies. In particular UV/vis absorpend emission (fluorescence)
spectroscopies are two complementary techniquesiynased for investigate the efficiency
of the energy transfer between the dye moleculsteldan the zeolite [1]. In the following the

theory of these two techniques will be briefly exiped.

AVI-l. UV/Vis Absor ption spectroscopy

In general, when a molecule absorbs an incidentophof appropriate energy, the photon
energy causes the transition from the ground $tags electronic excited state. This type of
interaction is sensitive to the internal structofethe molecule, since the laws of quantum
mechanics only allow the existence of a limited bemof electronic excited states of any
given chemical species. Each of these excitedsstate a defined energy and then molecules
can therefore be identified by their absorptioncte Their wavelength-dependent capacity
for absorbing photons depends on the separatiemeéngy of the electronic states. From the
excited states, the molecule can relax to thereleict ground state by transforming the excess
energy into vibrations of the nuclei or by transfgg it through a non radiative mechanism to
the molecule's surroundings, but it can of coulse simply re-emit a photon.

The cornerstone of the absorption spectroscopyryhiscthe Beer-Lambert law (Fig. AVI-
l.1). It states that: i) the proportion of lightsalsbed by a material is independent on the
intensity of the incident radiation [2,3] and ifat the absorption is proportional to the

concentration of the sample.
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Figure AVI-l.1. Light transmission phenomenon.

The combination of these two states gives the espre:

A=a*C* |

whereA is the absorbance,is the molar absorption coefficierd,is the concentration arld
is the path length. The absorbance is measuredimeally and is given by:

A=log l¢/ I

wherelo is the intensity of the incident light andis the intensity of the light transmitted
through the sample.

Figure AVI-1.2 shows the typical set up of a spephrotometer working in transmission. It is
composed by:

Light sources: a tungsten filament in the 320-2500 nm ranger(mdeared, NIR, and visible
light) and arc (H or vapors Hg) in the 190-340nm range (UV)

Monocromathors: Prisms (BEF2 or LiF UV quartz for the near UV s\glass.); lattices.

Detector: photocells or photomultipliers (accuracy of theensity measures + 0.2%)
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Figure AVI-1.2. General set up of a UV-Vis spectrophotometer indnaission mode.

However, the percentage of UV-Vis light transmittecough a powder is in general so low,
to not allow to use this configuration to recore #pectra. In case of solid powder samples,
the most used is the diffuse reflectance UV-visitégue. This technique is highly sensitive,
with a broad sample applicability and refers to plaet of the incident beam reflected in all
directions by the sample. In fact the reflectedibean be divided in (Fig. AVI-1.3):

i) Specular reflection: the radiation can be refleatéfdthe top surface of the particle at an

angle of reflection equal to the angle of incidemgthout penetrating into the particle.
This part of the radiation is not informative amsl contribution has to being minimize in
order that the experimental conditions fulfill thgpotheses at the basis of the Kubelka-
Munk equation (see below).

i) Diffuse reflection: the incident radiation pené&ranto one or more sample particles and

subsequent scatter from the sample matrix. Theltmeguadiation may emerge at any
angle relative to the incident radiation and siitdeas traveled through the particulates it

now contains information about the absorption attarsstics of the sample material.

\dll'*T.l::er

bl
reflect -:n/

specular
reflection

Figure AVI-1.3. Diffuse and specular reflection.
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The diffuse reflectance is described by the thémakmodel developed by Kubelka and Munk
[4] This model takes into account both the contitms of absorption and diffusion
(scattering) of the light. While the equation ofntlaert-Beer considers only the absorption,
the theory of Kubelka-Munk includes both the absorpand the diffusion contribute. The
Kubelka-Munk equation is generally expressed as:

fKM(R.,) = [(1 - R))%/2R,] = Kis

where R, is the absolute reflectance of the layeis the molar absorption coefficient, anth

the scattering coefficient.

AVI-11 Fluorescence spectroscopy

The luminescence is a physical phenomenon typicsbme materials, solid or liquid, which
have the property of emitting light in responseatisorption of energy. Molecules able to
produce luminescence are called fluorophores.

The best-known form of luminescence is the photah@scence (PL): emission of photons
resulting in the exposure of the material to radrat After the absorption of energy the
molecule passes in the excited state and its retexdeads to the photons emission, i.e
fluorescence [5].

At room temperature it is supposed, therefore, thast of all molecules are in the lower
electronic level; defined ground state.

A molecule, which is located in the ground stat@s hall the orbital occupied by
two electrons with spin paired. When the molecualani its excited state, there will be a
promotion of an electron from an occupied orbitalan unoccupied orbital with a higher
energy. In this configuration the two electrongvpously paired, are located in two different
molecular orbitals and therefore the relationshepMeen their spin is no longer governed by
the Pauli exclusion principle: the electron in thgher molecular energy can have spin + %2 or
- Y% regardless of the spin of the other electrbithé two electrons divided, in the excited
state configuration, continue to have the spinguhithe molecule will be in an excited state
called singlet (9. If, instead, an electron reverses its spin,tthe electrons have the same
spin, the molecule will be in the triplet excitadte (T,).(Figure AVI-II.1)
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Energia

Figure AVI-I11.1 Simplified representation of the electronic states

As one can see in Figure AVI-II.1, the triplet statill always have lower energies compared
to the corresponding singlet state, as in the singlate the two electrons have a finite
probability of occupying the same region of spadeie in the states of triplet this probability
is zero. This implies that the Columbian repulserergy in the triplet electronic state is
smaller.

A molecule that is located in the excited state rediarn to the ground state through radiative
processes (luminescence, or decay in quantized) forrwith non-radiative processes (heat,
i.e. decay in shape not quantized).

The radiative processes are also divided into tasses: fluorescence and phosphorescence.
This division depends on the electronic naturehaf ¢xcited state from which derive the
emission.

The radiative and non-radiative processes are showrthe Jabtaski diagram [6],
schematically shown in Figure AVI-II.2, where thaid lines indicate absorption or emission
of light, wavy lines represent the non-radiativegasses. The radiative relaxation is always in

competition with the non-radiative processes.
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Figure AVI-I1.2. Jablaiski diagram.

In the non radiative decays, the electronic enaésggonverted into other forms of internal
energy, typically vibrational energy. This partiabnversion allows to populate the
isoenergetic vibrational levels of an electroniatestof lower energy. If the decay occurs
between states with the same multiplicity it is ednmternal conversion (IC, transition from
S;to § or § to §). On the contrary if the decay leads to a switghbetween states with
different multiplicity is denoted asitersystem crossing (ISC transition from Sto Ty, but also
from T, to §). Furthermore, because of the intermolecular sioliis, the molecules may have
a vibrational relaxation (VR), which brings the ®m to lose vibrational energy, with
consequent population of the lowest vibrationaklewithin the same electronic state of the
molecule.

Not all the electronic excited states generate €ons sufficiently intense to be observed.
This happens because the emission from one elecstate (9 higher than the first excited
electronic level (9 is permitted, but to be appreciable, it shouldniech faster than it is.
Generally, a molecule which is in an excited stagher than the first, passes through the
internal conversion to a isoenergetic vibrational level of the lowdeatronic state and
subsequently by vibrational relaxation passeseddtver vibrational level. Practically, all the
excited molecules fall quickly on the lowest vilwagl level of the first electronic excited
state[ 7].

From the fundamental vibrational level of the elewcic excited state S1, the molecule can
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return to any of the vibrational levels of the fantental electronic state through fluorescence
emission. Therefore, fluorescence emission is ddfias the light that comes from the
transition of a electron from an excited level tgraund state level, maintaining the spin,
characterized by transitions from the level&S. [8]

During the study of fluorophores an important pagters that have to be evaluated is the
quantum yield ©g).

The quantum yield of fluorescence F may be written:

(I) —__ Number of photons emitted
F Mumber of photons absorbed

The fluorescence quantum yield can also be expmtessit the following equation, which
takes into account all the processes in which Kugtexl state of singlet may be involved or

rather, the ratio of the radiative rate over the & the radiative and the non-radiative rate

0 = X,

F K, +kn+ Kisc+Ke

where k is the radiative rate constant, ks the non-radiative rate constang ks the rate
constant for intersystem crossing, agdskthe rate constant for chemical reaction.

Molecules with high radiative rates will therefdesd to be better emitters. This is the case of
many laser dyes, which are also good fluoresceriigs.
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