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This thesis focuses on preparation of dye zeolite L composite with
luminescence dyes inclusion into zeolite L. The different dyes with different emission
regions such as blue, green, orange and red were used for dye_zeolite L composite. The
study of adsorption isotherms of cationic dyes shows that the isotherms are fit well to
the Langmuir model. In addition, the thermodynamic quantities indicate that the
adsorptions of the dyes on zeolite L are spontaneous, endothermic and highly
disordered. In addition, the inclusion of organic dye into zeolite L was prepared using
cation exchange and gas phase method (thermal diffusion). According to the limitation
for inclusion of dye via cation exchange, gas phase methods are used for improvement.
Cationic dyes such as acridine hydrochloride (AC), acriflavine hydrochloride (AF),
hemicyanine iodide (Hemi) and thionine acetate (Th) and a neutral dye of thioindigo
(Thio) are encapsulated onto K-LTL and H-LTL zeolite by the gas phase method in
which the amount of the dye with different occupation probabilities (p) of 0.1, 0.25, 0.5
and 1.0 were used. The successful inclusion of the dye into zeolite with the occupation
probability at 0.25 is most suitable for preparation of the dye zeolite due to the

interruption of the dye aggregation and the quenching emission of the dye in the zeolite.
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For study of the fluorescence resonance energy transfer (FRET), in the synthesis of
donor_acceptor-zeolite L two dyes were used into the channel of zeolite L, in which a
donor-acceptor such as Acridine - Hemicyanine (AC_Hemi), Acridine - Acriflavine
(AC_AF) and Acriflavine - Thioindigo (AF_Thio). The sequence of the method to
insert the dyes is cation exchange — gas phase (i -g), gas phase - cation exchange (g —
i), gas phase - gas phase (g — g) or/and cation exchange gas phase (i — g). The result
of each system has a high quenching efficiency in the K-LTL zeolite, which is
AC(g)_AF(i) KLTL (72.2%), AC(i)_Hemi(g) (65.9%) and AF(i)_Thio(g) (52.6%).
This result shows that the different methods for inclusion affect on the quenching
efficiency of FRET system which can be applied to an antenna material and improve

the optical devices.
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CHAPTER |

INTRODUCTION

1.1 Significance of study

Zeolite L with well-ordered pores and crystal can be applied in various
applications. The structural and chemical properties, size and morphology of crystal
can play the important role on their efficiencies in the applications. Unlike other
sorbents, zeolites have specific pore shape and size which can suitably be used for the
distinction and controlling the access of molecules with different sizes, shapes and
polarities. Control of the morphology and size of the zeolite crystals allowed them to
be filled with a variety of guest species such as metal complexes, organic dyes,
contaminants or clusters. The shape and the size of zeolite crystal are used for different
studies. A large crystal (1-3 um in cylindrical) is useful for studying the optical and
photophysical properties of dye-composites on single crystals. A disc-shaped
morphology and small crystals are used in photonic antenna system. Furthermore,
zeolite L can be useful for catalyst supports and host for composite material. The
supramolecular organization of the dye molecules accommodated by zeolite L channels
exhibits interesting optical properties. Only dye molecules of appropriate size are
arranged with their long molecular axis along the one-dimensional channels and they
cannot glide past each other because the channels are too narrow. This allows the filling

of specific parts of the nanocrystals. Insertion of different dye molecules can be applied



as an antenna system via fluorescence resonance energy transfer (FRET).

This work focuses on how to insert and optimize dyes molecules onto the zeolite
L and the fluorescence resonance energy transfer (FRET) of the prepared dyes-zeolite
with difference in preparations including computational study. In addition, the
adsorption study of dyes onto zeolite providing the information on the interaction of
dye and zeolite that plays a determining role on artificial photonic antenna system will

be considered.

1.2 Research objectives

1.2.1 To synthesize and characterize the physical and chemical properties of the
pure zeolites L.

1.2.2 To investigate the different methods (ion exchange and gas phase) to insert
a single dye and two dyes (acriflavine hydrochloride, acridine hydrochloride,
hemicyanine, 1,1'-diethyl-2,2'-cyanine iodide, thionine and thioindigo) on zeolite H-
LTL and K-LTL.

1.2.3 To study the adsorption of some single dye-zeolite L systems from 1.2.2

1.2.4 To characterize the photophysical properties of single dye-zeolite L and
two dyes-zeolite L systems from 1.2.2

1.2.5 To study the photonic artificial antenna systems with long wavelength (red

region).



1.3 Scope and limitations of the study

1.3.1 The products of zeolite L with cylinder and disc shape will be synthesized
and their physical and chemical properties will be characterized by XRD, SEM, and the
particle size distribution techniques.

1.3.2 A single dye or two dyes of acriflavine hydrochloride, acridine
hydrochloride, hemicyanine, 1,1'-diethyl-2,2'-cyanine iodide, thionine and thioindigo
will be inserted onto zeolites (H-LTL and K-LTL) by ion exchange and gas phase
methods.

1.3.3 The photophysical properties will be determined by UV-VIS and
fluorescence technique.

1.3.4 The adsorption isotherms of some single dye onto zeolite L by ion
exchange method will be studied and the adsorption thermodynamic parameters will be

determined.

X
® >
H,N I\T/ NH, =

| N
CH; CT

HCI HCI

Acriflavine hydrochloride Acridine hydrochloride



'- { oxC
CHj, +N/ \ / \CH3 S

trans-4-[4-(Dimethylamino)styryl]-1-methylpyridinium Thioindigo

1,1'-Diethyl-2,2'-cyanine iodide 3,7-Diamino-5-phenothiazinium acetate



CHAPTER II

LITERATURE REVIEW

2.1 Zeolite L (LTL Zeolite)

Zeolites are microporous crystalline aluminosilicates, composed of TO4
tetrahedra (T = Si, Al) with O atoms connecting neighboring tetrahedra. For a
completely siliceous structure, combination of TO4 (T = Si) units in this fashion leads
to silica (SiO2), which is an uncharged solid (Calzaferri et al., 2003; Hennessy et al.,
1999; Treacy et al., 2007). Upon incorporation of Al into the silica framework, the +3
charge on the Al makes the framework negatively charged and requires the presence of
extra framework cations (inorganic and organic cations can satisfy this requirement)
within the structure to keep the overall framework neutral. The zeolite composition can

be best described as having three components:

M [Si, ,.Al.O,] - n.H,0
Extra framework cations - framework sorbed phase

The extra framework cations are ion exchangeable and give rise to the rich ion-
exchange chemistry of these materials. The novelty of zeolites stems from their
microporosity which is a result of the topology of the framework (Thomson, 2004).
Zeolite L was first described in 1968. It is hexagonal with unit cell dimensions of a =
18.4 A and ¢ = 7.5 A and with space group P6/mmm (Insuwan et al., 2012). The

structure of zeolite L is illustrated in Figure 2.1. The primary building units of classical



zeolites are TO4 tetrahedra where T is equal to Al or Si, Figure 1(A). Connecting them
by means of oxygen bridges, one obtains a secondary building unit. In the present case,

the cancrinite cage is shown in Figure 1(B)-(D). Cancrenite cages are stacked into

columns along the c-axis as shown in Figure 1(E), and these columns are connected in
the a,b-plane, Figure 2.1(F) and Figure 2.2 resulting in the system of 1D parallel
channels characteristic for zeolite L. The units form columns in the c-direction, which
are connected by oxygen bridges and thus give rise to 12-membered rings with a free
diameter of 7.1 A (Figure 2.1). As a consequence, zeolite L consists of one dimensional
channels, running through the whole crystal, with a largest free diameter of about 12.6
A and a unit cell length of 7.5 A. The main channels are linked via non-planar 8-rings,
which form an additional two dimensional channel system with about 1.5 A ring

openings (Megelski et al., 2001).

Figure 2.1 Structure of zeolite L. (A) Primary building unit, TO4 tetrahedron. (B)—(D)
Secondary building unit, cancrinite cage. (E) Stacking the cages along the c-axis of the
crystal. (F) Top view of a 1 channel; cancrinite cages are connected in a plane

perpendicular to the c-axis (a,b-plane) (Calzaferri et al., 2003).
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Figure 2.2 Upper: structure of zeolite L and framework side view of a main channel.
Lower: the cancrinite cages highlighted as polyhedra and the different cation site
positions A to E (Zhou et al., 2013).

In zeolite L, five positions are found for the extra-frame work. Cation A is in
the center of the D6R-unit; B is in the center of the €-cage; C lies midway between the
centers of two adjacent €-cavities and D is inside the main channel near the wall of the
8-ring. Dehydrated zeolite L shows an additional cation site located midway between

two adjacent sites A and is indicated as E. Only the cations in site D are exchangeable



at room temperature (Hashimoto et al., 2001). In addition, they also calculated the
number of parallel channels in the crystal as follows (Devaux et al., 2009) :

d
Ny = _mGh? = L)(d_Z)Z 2.1)
ch T al2(sin (60) ~ 2v37 Val ’

where d; is the diameter of the crystal in nanometer and |a | is the length of the

primitive vector. Using the values of zeolite LTL the equation can be simplified to
Neh = 0.267 (d,)? (2.2)

A zeolite LTL crystal of 600 nm in diameter gives rise to about 96,000 parallel
channels. The number of unit cells (in mol) in m; grams of zeolite LTL can be

calculated as follows.

_ mg

nu.c. gh= M
z

(2.3)

where m; is the molar mass of a unit cells, M, = 2883 g/mol for pure potassium

zeolite LTL. 10 mg of pure potassium zeolite L contains 3.47x10 mol unit cells.

Synthesis of LTL Zeolite

LTL zeolite can be synthesized by hydrothermal process and Si/Al ratio of
synthetic LTL zeolite is varied from 3-6. Gels with the molar compositions 2.62K>0:
Al>;03: 10.00 SiO2:160H20 has yielded a pure phase of highly crystalline zeolite L
where the shape of the crystals can be varied from cylindrical to clam shapes. The size
of the crystals increased as a function of the H20O and SiO- contents, while it decreased

with increasing the K>O content. However, regardless of the size, altering the Al.O3



content did not change the shape of the crystals (cylindrical shape) (Insuwan et al.,
2012).

Alexandra, 1. et al. (2013) used zeolite growth modifiers (ZGMs) of zeolite L
(LTL type) crystallization method to selectively control the growth of zeolite crystals,
which used extensively in a wide range of industrial applications (Lupulescu et al.,
2013). This method cooperatively tunes crystal properties, such as morphology and
surface architecture, through the use of inexpensive, commercially available chemicals
with specificity for binding to crystallographic surfaces and mediating anisotropic

growth.

2.2 Dyes
Fluorescence dye as a guest of host zeolite L that can be corporated in their
channels are cationic and neutral molecules. Table 1 and 2 show the cationic and neutral

dye molecules which have been explored to date.



Table 2.1 Cationic and some special dyes.
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Table 2.2 Neutral dyes.
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Name/

abbreviation

Structural

formula

Name/

abbreviation

Structural

formula

HO 0 0
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0
o] 0
208 40
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L AS: (LI
s
Isoviolan- R O O O N
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2.2.1 Insertion of dyes into the channels of zeolite L

Normally, cationic dye can be incorporated within the channel of zeolite

L by means of ion exchange. Neutral dye can be inserted to the channel by mean of gas

phase (Hennessy et al., 1999; Pauchard et al., 2000). The three types of dye molecules
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that can be inserted into the channels of zeolite L are (i) molecules that are small enough
to fit into a unit cell such as methyl viologen (MV?*) (Hennessy et al., 1999),
azobenzene and stilbene, (ii) molecules with the sizes which are hard to guess their
position and orientation in the channel such as oxonine, pyronine, and thionine (Gigli
et al., 2015; Pauchard et al., 2000), (iii) Molecules which are so large, have no other
choice but to align along the c-axis such as xanthene (Fois et al., 2012). Because of
their length, the molecules can align along the cylindrical axis of the channels of zeolite
L, resulting in high stability and also high luminescence quantum yield. In this study,
Acriflavine hydrochloride, acridine hydrochloride, trans-4-[4-(Dimethyl amino)
styryl]-1-methylpyridinium iodide, thionine and thioindigo are interesting. The loading,
or occupation probability, p of a dye-zeolite LTL material is defined as follows (Devaux

et al., 2009);

number of occupied sites
= Gpcgy (2.4)

total amount of sites

From Eq. (4), one gets the following expression to calculate the loading, if the weight

m; and mp are zeolite and dye in grams;

) %) (2.5)

- Mp * mg

where Mp is the molar mass of the dye. p ranges from 0 for an empty zeolite to
1 for a full one. The dye concentration of a dye-zeolite material c(p), can be expressed

as a function of loading (Devaux et al., 2009);

c(p) =2 (2.6)

Mzng

Wwhere p; is the density of the zeolite crystal; M; is the molar mass of one unit cell; ns is

the number of unit cells that form one site, and c(p) is expressed in units of mol/L.
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Inserting the values for potassium zeolite LTL (p, = 2.17 g/cm3, M. = 2883g/mol), one

obtains

c(p) = 0.752 nﬁ (2.7)

2.2.2 Consecutive Insertion of Different Molecules
The fact that appropriately chosen dyes cannot glide past each other
because the channels are too narrow is the underlying principle for preparing photonic

antenna systems as illustrated in Figure 2.3.

('\

D

[ |
[ |
- 1
[ |
[ ]

Dyel - zeolite L Dye2,Dyel - zeolite L

Dye2 |ﬂ ;& Dye2

Figure 2.3 Insertion of two difference dyes into the zeolite framework.

The first step results in a material named dyel-zeolite L. After removing
the dyes which might eventually be adsorbed at the outer surface, a second dye, dye2
is inserted. Conditions must be chosen such that dyel has no chance to exit the channels
at the beginning of this second step. Once a dye2 molecule has entered each channel
from both sides, the dyel molecules have no chance to escape. In fact, they are pushed
deeper into the channels by the incoming dye2 species, and form the dye2, dyel-zeolite
L material. The same procedure is repeated for dye3. The resulting material is the
dye3,dye2, dyel-zeolite L material. Different insertion methods can be combined.

Dyel, for example, can be a cationic dye that is inserted by cation exchange, dye2 can
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be a neutral dye, inserted from the gas phase (Pauchard et al., 2000). Structures with

more than three different dyes can be prepared but this is still to be explored.

2.3 Dye-zeolite L material

2.3.1 Pigment
Pigments are defined as colorants that are insoluble in the application
medium, implying that they retain a particulate (or crystal) structure throughout the
coloration process. Pascal Woodtli at al (2018) intercalated indigo molecules into the
nanochannels of zeolite L. Thus indigo-ZL can be considered as a pigment, although
its light absorption properties are comparable to dissolved indigo monomers. By
preventing the formation of indigo aggregates, the absorption spectrum of indigo-ZL in
a matrix or on a substrate is highly predictable. The application of indigo-ZL on cotton
was tested by roll coating. The light absorption properties of the resulting textile prints
showed no significant alteration when compared to the pure indigo-ZL powder
(Woodtli et al., 2018).
2.3.2 Solar cells sensitized by dye loaded zeolite LTL antenna
An antenna material which absorbs all light in the right wavelength range
and transfers it by radiationless energy transfer to a device like a semiconductor offers
a unique possibility or developing dye sensitized solar cells or luminescent solar
concentrators. This kind of sensitised solar cell functions by first absorbing light over
a broad spectral range in the zeolite antenna material. The excitation energy migrates
radiationlessly among the inserted dyes towards the stopcock molecules. From there,

Forster energy transfer to the semiconductor takes place across a thin insulating layer.
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The injected energy can now be used for driving the charge separation process in the
active medium. Finally, the resulting electrical current is collected via appropriate
contacts. Figure 3 two strategies that can be followed, the one on the left applicable for
thin layer silicon cells and the right for organic solar cells where the design must match

the short free path lengths of the charge carriers in such devices (Minkowski et al.,

2006).
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Figure 2.4 Principle of dye sensitized solar cells (Calzaferri et al., 2003).

From Figure 2.4 arranging crystals with their c-axes perpendicular to the
surface of a semiconductor and a length of 50 nm up to a few hundred nm ranges allows
transport of the excitation energy towards the zeolite-semiconductor interface by
energy migration. Stopcock molecules are placed only at one channel end to allow
energy transfer. The semiconductor layer can be very thin, because the electron-hole
pairs form near the surface. The transfer of electrons from antenna to semiconductor is
prevented by introducing a thin insulating layer, preferably directly into the stopcock.
The scheme on the left shows a principle related e.g. to thin layer silicon devices. The
scheme on the right is related to organic solar or plastic solar cells. The white area on
top of the head is an insulating part directly integrated into the stopcock. The zeolite

materials are enlarged with respect to the rest of the device.
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2.3.3 Luminescent solar concentrators (LSC)

A LSC concentrates light with an inexpensive polymer-based device into
efficient photovoltaic cells (Gfeller et al., 1997; Gfeller et al., 1998). It is a transparent
plate containing luminescent chromophores (dyes or phosphores). Light enters the face
of the plate, is absorbed, and is subsequently re-emitted at longer wavelength. The
luminescent light is trapped by total internal reflection and guided to the edges of the
plate, where it can be converted to electricity by a photovoltaic cell. Because the edge
area of the plate is much smaller than the face area, the LSC operates as a concentrator
of light. Recently, some work has presented that it can be coupled to solar cell as shown
in Figure 2.5 (Brihwiler et al., 1998; Iwasaki et al., 2000). A major disadvantage in old
LSC is the reflection loss caused by the overlap between the absorption and emission
spectra of the chromophores. Self-absorption is the key problem that has to be solved
in order to develop commercially viable LSC products (El-Zaria et al., 2005). The
conception of an advanced LSC with reduced self-absorption is based on dye-zeolite
inclusion compounds (Wang et al., 2010).The channel of zeolite LTL are filled with a
large number of donor molecules, which absorb the incident light and subsequently
transport the electronic excitation energy to a comparatively small number of acceptor
dyes by means of FRET. As the donor molecules are not able to absorb the acceptor
luminescence, photons emitted by the acceptor molecules can travel through the LSC

with low self-absorption losses.
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\\\*ﬂem light
PV cell

Glass with dye-doped PMMA layer

Figure 2.5 Principle of operation of a LSC based on a thin dye-doped polymer film.
Re-emitted light is guided toward the edges by total internal reflection (yellow arrows)

(Thomas Dienel, 2010)

For optimizing the light-harvesting and FRET efficiency Calzaf,erri et
al. (2011) improve an efficient FRET between donor and acceptor dyes, the donor-to-
acceptor ratio (d/a) which high to reduce self-absorption. (Busby et al., 2011;
Calzaferri, 2012; Insuwan et al., 2015; Saha et al., 2016). This is an important proof for
the feasibility of the high donor-to-acceptor ratios required for the reduction of self-

absorption

2.4 Fluorescence resonance energy transfer (FRET)

Fluorescence (Forster) Resonance Energy Transfer (FRET) is the process by
which an initially excited donor (D) relaxes to the ground state by transferring its energy
to a nearby acceptor (A) in a nonradiative way, i.e. without the emission of a photon
(Lakowicz, 2006). The most common term ‘Fluorescence’ Resonance Energy Transfer

is also used for FRET to imply that the acceptor is a fluorophore.
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Figure 2.6 Principle of fluorescence resonance energy transfer (FRET).
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Figure 2.7 Spectral overlap of the donor and acceptor required for FRET.

The Jablonski diagram (Figure 2.8) illustrates the relationship between
vibrational energy states, the fluorescent state and resonance energy transfer. In the first
step, absorption of light by a donor causes excitation from the ground singlet state (So)
to a higher state. A very rapid (ps) decay from the S» to the lowest vibrational level in
this state (S1) is followed by a slower (ns) return to the So, and the process is

accompanied by the emission of a photon. Different energy states are possible for the
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excited donor, including spontaneous emission and nonradiative processes .If certain
conditions are satisfied. First of all, donor and acceptor molecules must be located in a
close proximity like 0-10 nm. In addition to the proximity requirement, the spectral
characteristics of donor and acceptor molecules must have significant similarity, i.e.,
the overlapping area of the emission spectrum of donor and the absorption spectrum of
acceptor, must be large enough. Relative orientations of donor and acceptor also play
an important role in the efficiency of the resonance energy transfer. Additionally,
extinction coefficients of donor and acceptor, refractive index of the medium and
lifetime of donor fluorophore are the other factors that affect the energy transfer

efficiency and rate.

FRET

ker~ 178

donor
fluorescence

donor acceptor

Figure 2.8 Jablonski diagram of FRET process.

The rate of energy transfer depends upon the extent of spectral overlap of the
emission spectrum of the donor with the absorption spectrum of the acceptor (Figure
2.8), the quantum yield of the donor, the relative orientation of the donor and acceptor,

transition dipoles and the distance between the donor and acceptor molecules. The
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energy transfer rate constant ket from an excited donor (D) to an acceptor (A) can be
written as Equation 2.8 in the point dipole approximation.

9000In10)®
———)J .G 2.8
1287[5NAn4’Z'D) DA™ DA pD pA ( )

ET:(

where®_and 7z, [s] are the fluorescence quantum yield and the intrinsic

fluorescence lifetime of the donor, Na [mol™] is Avogadro's number, n is the refractive
index of the medium, Joa [cm®m™] is the spectral overlap integral between the
normalized donor emission and the acceptor absorption spectra, Gpa is the geometrical

factor, pyand p, are the occupation probabilities of the sites with donors and

acceptors.

The most common application of FRET is to measure the distance between two
sites of a macromolecule. If there is a single donor and acceptor and if the donor—
acceptor distance does not change during the excited-state lifetime, then the donor—
acceptor distance can be determined from the efficiency of the energy transfer. The
transfer efficiency (E) can be determined by steady-state measurements of the extent

of donor quenching due to the acceptor (Lakowicz, 2006).

F
E=1--2 2.9)
D
E=1-foa (2.10)
Tp

where F is the relative fluorescence intensity in the absence (Fp) and presence

(Foa) of the acceptor, and t is the lifetime (z,) in absence and (z,) presence of the

acceptor.
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Fluorescence resonance energy transfer is a key mechanism in organic
optoelectronic devices such as organic photovoltaic cells (OPVs) and light-emitting
diodes (OLEDs) and widely utilized for a variety applications. For example it has been
used as a tool for pH sensor (Ryder et al., 2003). Some researcher applied a quantum-
chemical (QM) /Monte Carlo(MC) (Viani et al., 2016) approached over the
inhomogeneous distribution of the cationic dyes (Py* and Ox™*) obtained from confocal
microscopy images on of Py* crystals, revealing that increasing inhomogeneity leads
to a strong change in the exciton dynamics, reducing the exciton lifetimes and

modifying the dimensionality of the transport.

2.5 Adsorption

Adsorption is usually described through isotherms, that is, functions which
connect the amount of adsorbate on the adsorbent, with its pressure (if gas) or
concentration (if liquid). One can find in literature several models describing process
of adsorption, namely Langmuir isotherm and Freundlich isotherm (Hameed et al.,
2007).

2.5.1 Langmuir’s isotherm

Langmuir’s isotherm describing the adsorption of adsorbate (A) onto the
surface of the adsorbent (S) requires three assumptions:

- The surface of the adsorbent is in contact with a solution containing an

adsorbate which is strongly attracted to the surface

- The surface has a specific number of sites where the solute molecules can

be adsorbed.



22

- The adsorption involves the attachment of only one layer of molecules to
the surface, i.e. monolayer adsorption. The chemical reaction for monolayer

adsorption.

The chemical reaction for monolayer adsorption can be represented as

follows:
A+S & AS (2.11)

Where AS represents a solute molecule bound to a surface site on S. The

equilibrium constant Kags for this reaction is given by:

_ [AS]

o= 2.12
 [AllS] (212

[A] denotes the concentration of A, while the other two terms [S] and [AS]
are two-dimensional analogs of concentration and are expressed in units such as
mol/cm?. The principle of chemical equilibrium holds with these terms. The complete
form of the Langmuir isotherm considers Eq. (2.12) in terms of surface coverage 0
which is defined as the fraction of the adsorption sites to which a solute molecule has
become attached. An expression for the fraction of the surface with unattached sites is

therefore (1 - 0). Given these definitions, thus rewrite the term [AS]/[S] as

[AS]__© 2.13)
[S1 @1-0)
Express [A] as C and rewrite Eq. (2.12) as:
© (2.14)

Kads A
C(1-0)
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Rearranging, that obtain the final form of the Langmuir adsorption isotherm:

KadsC

—_ ads” 2.15
1+K,,C ( )

If we define Y as the amount of adsorption in units of moles adsorbate per

mass adsorbent, and Ymax as the maximal adsorption, then:

O=—" (2.16)

- + (2.17)

Where Kags Is the equilibrium constant, C is concentration of solute
molecule at equilibrium, Y is the amount of mole of adsorbate per mass of adsorbent
and Ymax is the maximal adsorption corresponding to complete monolayer coverage on

the adsorbent surface.

2.5.2 Freundlich isotherm
Freundlich isotherm is an empirical model used to describe the adsorption
in aqueous systems. This is commonly used to describe the adsorption characteristics
for the heterogeneous surface, in which it is characterized by the heterogeneity factor

1/n. Hence, the empirical equation can be written

d. = K.C."" (2.18)



24

Where g is the solid phase adsorbate concentration in equilibrium (mg/g),
Ce the equilibrium liquid phase concentration (mg/L), K the Freundlich constant
(mg/g) (L/mg)*" and 1/n is the heterogeneity factor. A linear form of the Freundlich

expression can be obtained by taking logarithms of Eq. (2.19):
1
Ing, =InK. +=InC, (2.19)
n

Therefore, a plot of In ge versus InCe enables the constant Kr and exponent

1/n to be determined.

Adsorption thermodynamic properties

In normally, the enthalpy can be performed by adsorption experiments at
different temperatures. The results are used to calculate the equilibrium constant at
various temperatures. For calculate the changes of Gibbs free energy, Gibbs-Helmholtz

equation (Eg. 2.20) was used to calculate (Rytwo et al., 2003):
a (AG -AH
(a—T (?))P T (2.20)

Where AG and AH are the difference in Gibbs free energy and enthalpy
between the final and the initial state. As at equilibrium, AG = 0, from (Eq. 2.15) can
relate the quilibrium constant can be related to the standard free energy of the reaction

as follows:
AG° = —RTIn K (2.21)

By combining (Eq. 2.20) and (Eq. 2.21) the Vant’'Hoff equation is obtained:

dlnK, _ AH®

()P = 725 (2.22)
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Where AH® is the enthalpy of the reaction at standard pressure. In addition,
AH’ can be assumed constant over the temperature range of an experiment and a plot
of In K vs 1/T provides a convenient estimate of AH. Form the slope of the line which

is equal to -AH"/R.
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CHAPTER Il

SYNTHESIS OF ZEOLITE L AND ADSORPTION

ISOTHERM OF CATIONIC DYES

3.1 Abstract

Zeolite L was synthesized with variation of chemical compositions leading to
the differences in morphologies and crystal sizes. The morphology varied from ice
hockey to cylindrical shapes and the crystal sizes varied from 0.50 - 2.50 um. The
appropriate round shape of zeolite was used for the study of the adsorption isotherm of
cationic dye such as acridine (AC), acriflavine (AF), hemicyanine (Hemi) and thionine
(Th). The amount of the adsorbed dyes and the interactions between the dyes and zeolite
framework were examined by the adsorption isotherms study. The result illustrates that
the adsorption isotherms are fit very well with the Langmuir model. In addition, the
thermodynamic quantities indicated that the adsorptions of those dyes on zeolite L are
spontaneous, endothermic and highly disordered. Moreover, the maximum loading
(®max) of Hemi is lower than that of the other dyes which corresponds to the steric

hindrances of Hemi molecule which is difficult for insertion onto zeolite L.
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3.2 ZeoliteLL

Zeolites with a well-defined structure used as catalysts and molecular sieves are
becoming increasingly popular in the field of design and fabrication of advanced
functional materials (Wang et al., 2010). Zeolites are the ideal host for achieving
supramolecular organization of photoactive species, leading to versatile building blocks
for the realization of hierarchically organized multifunctional composite materials.
Different zeolites with suitable channel dimensions, such as AIPOs-5, zeolite Y and
zeolite L as well as mesoporous materials, such as MCM-41 have been successfully
adopted as nanosized host matrices for the synthesis of these composites (Calzaferri et
al., 2003; Easwaramoorthi et al., 2008; Hennessy et al., 1999; lhlein et al., 1998). The
only few of dye -zeolite are the possible to applied with fascinating systems such as
microlasers, pigments, optical switches, or artificial antenna systems. In this rapidly
research, the inclusion of photoactive molecules into one-dimensional channel systems
is of paramount relevance for further progress in some of the most challenging fields
of nanoscience and nanotechnology. Since the nanometric diameter channels of zeolites
may induce an anisotropic arrangement of photoactive molecules, the resulting
host—guest materials show outstanding energy transfer capabilities that required for the
fabrication of increasingly sophisticated optical devices which might open novel
pathways in areas such as solar energy harvesting (Fois et al., 2013). Zeolite L crystals
feature strictly parallel channels arranged in a hexagonal symmetry. Their one-
dimensional channels can be filled with suitable guests. Geometrical constraints
imposed by the host structure lead to supramolecular organization of the guests in the
channels (Ban et al., 2007). The supramolecular organization of dyes inside the zeolite

L channels is the first stage of organization. It allows light harvesting within the volume
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of a dye-loaded zeolite L crystal and allows radiationless energy transport in the channel
(Calzaferri, 2012; Devaux et al., 2009; Fois et al., 2013). The cationic dyes as a guest,
were used for inclusion onto zeolite L such as acridine (AC), acriflavine (AF),
hemicyanine (hemi) and thionine (Th). Those of cationic dyes have the different ranges
of luminescence properties which is Aem = 450, 500, 550 and 620 nm for AC, AF, Hemi
and Th, respectively.

Specifically, this chapter focuses on hydrothermal synthesis of zeolite L and the
equilibrium isotherms of cationic dyes that is an invaluable tool for the theoretical
evaluation and interpretation of thermodynamic parameters, such as heats of adsorption

and Gibbs free energy.

3.3  Experimental Section

3.3.1 Materials and Chemicals

The used silica sources are colloidal silica sol (Ludox HS—40 from

Dupont, 40% SiO2), and alumina sources is aluminium hydroxide (CARLO ERBA,
98%) and potassium hydroxide (CARLO ERBA, 85%) is used for alkali metal cations.

3.3.2 Zeolite L Synthesis

Zeolite L crystals were synthesized by a method from the literature

(Wilaiporn Insuwan et al., 2012) with a different morphology such as ice hockey, round,
cylindrical and clam shape. A 0.59 g of aluminium hydroxide was dissolved in boiling
potassium hydroxide solution (1.28 g of potassium hydroxide added to 2.51 g of double
distilled water to get a clear solution). This solution was added to 5.52 g of Ludox HS-
40 with 4.82 g of double distilled water in a mixer. The clear solution mixture was

stirred for 3 minutes to obtain a gel with viscosity and turbidity. The starting gel was
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then transferred into a teflon-lined autoclave for crystallization at 180 °C for 2 days
without stirring. After crystallization, the Teflon-lined autoclave was cooled in cold
water before opening. The product was washed with distilled water until the pH of
liquid was close to 7. Finally, the crystalline solid was dried overnight at 80 °C in hot
air oven. All materials used in this study were of reagent grade.

NH4LTL was prepared by ion-exchanging the K-LTL with 0.1 NH4CI
solution. lon exchange was carried out at 50 °C for 12 hours. After that the zeolite
samples were washed with distillated water and dried at 100 °C for 12 hours. NH4LTL
was calcined at 450 °C for 4 hours to decompose NH4" ions to NHs, then NH4LTL was

transformed to H-LTL.

3.3.3 Characterization

The products were analyzed by powder X-ray diffraction (XRD) using
a Bruker D2 PHASER radiations scanning from 3-30° at a rate of 0.05°/s with
current 30 kV and 10 mA. The chemical compositions were analyzed by energy
dispersive X-ray fluorescence (EDXRF, Horiba XGT-5200 X-ray Analytical
Microscope) with Rh X-ray tube with a 50 kV and 1 mA. For the examination of
LTL morphology, scanning electron microscope (SEM, JEOL JSM-6010LV) at an
acceleration voltage of 10-20 kV were used. Acidity strength was determined by
ammonium temperature programmed desorption (NH3-TPD) with a Bel Japan
Model BelcatB. The NH3-TPD spectra were measured using a conventional flow-
through reactor connected to a thermal conductivity detector (TCD). The TCD

responses were calibrated by a dose containing known amounts of ammonia.



33

3.3.4 Adsorption isotherm studies

The adsorption was performed by batch experiments. The adsorption
of the dyes was performed by shaking 0.1g of the zeolite L (round shape) in 25 mL of
the solutions with varied concentrations (10 - 10° M) at different temperatures (30,
40 and 50 °C). The samples were collected by separating the zeolites from solution
using a centrifuge. The concentration of the dyes was determined
spectrophotometrically by measuring absorbance at 355, 450, 485 and 560 nm for Amax
of Ac, AF, Hemi and Th, respectively. The data obtained from the adsorption tests were
used to calculate the %w/v of the adsorbent by a mass-balance relationship, which
represents the amount of adsorbed dye per the amount of dye adsorbent (Hameed et al.,
2007):

_ (Co=Co)V
m

qe (3.1)

where ge (M/g) is the amount of dye adsorbed at equilibrium. V (L) is the volume of
the solution. m (grams) is the mass of the zeolite LTL. Co and Ce (M) are concentrations

of dyes in solution (M) at initial and equilibrium, respectively.

3.4 Result and discussion

3.4.1 Zeolite L Synthesis
Figure 3.1 illustrates XRD patterns of zeolite L with different
morphologies. To characterize K-LTL and H-LTL, the XRD patterns of synthesized
zeolite were compared with simulated XRD patterns of zeolite (see Figure3.1) that all

of the samples show characteristic main peaks at 20 = 5.5, 19.4, 22.7, 28.0, 29.1 and
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30.7. (Figure 3.2 and 3.3). The XRD patterns indicate that the crystallinity of the H-
LTL samples is lower than that of K-LTL, and the percentage of the crystallinity of the
H-LTL is reduced to 10 % of the K-LTL samples except that of ice hockey shape (35%).
A possible explanation of this observation is that the calcination step led to destruction

of the crystalline framework.
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Figure 3.1 The simulated XRD powder pattern of LTL (Treacy et al., 2007).
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Figure 3.2 XRD patterns of K-LTL zeolite product in different morphologies.
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Figure 3.3 SEM images of zeolite L with different morphologies; cylindrical(a),

clam(b), round(c) and ice hockey(d) shape.

Zeolite L can be synthesized in various sizes and shapes. Insuwan (Insuwan W.
et al., 2012) studied the effects of chemical compositions of the starting gel on the
synthesis, size and morphology of zeolite L crystals. In this study the K-LTL sample of
an ice hockey shape (2.62K>0: Al203:8Si02:160H,0) with the size 0.5 um, a round
shape (2.62K20:Al203:10Si0,:100H20) with the size 2.2 um, a clam shape (3.54K:0:
Al>03: 10Si0O2: 160H,0) with the size 2.6 um and a cylindrical shape (2.62K>0: 1.2
Al;03: 10SiO2: 160H20) with the size 2.2 um were obtained. The SEM images
demonstrating a morphology of zeolite L K-LTL samples are shown in Figure 3.3. Due

to a variety of morphology, a round shape and cylindrical shape were used for the study
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of the adsorption isotherm and fluorescence resonance energy transfer (FRET),

respectively.

The chemical composition (see Table 3.1) shows that the exchange of NH4"
with K" in K-LTL is not complete and the NH4" exchange level attained is about 69—
75%. This is in a line with the work of Insuwan (W. Insuwan et al., 2014; Meeprasert

et al., 2013) on cation-exchange in K-LTL with NHz*of about 77 % of K-LTL.

Table 3.1 Chemical composition of K-LTL and H-LTL with round shape (r) and

cylindrical shape (cy).

Chemical composition (% mol)

Sample
Si Al K Si/Al
K-LTL (r) 72.5 13.2 14.2 5.49
H-LTL (r) 78.3 13.9 7.8 5.63
K-LTL (cy) 68.9 12.5 18.6 5.59
H-LTL (cy) 78.2 14.4 7.4 5.43

The temperature-programmed desorption of NHs (NHs- TPD) was used to
monitor the changes in the surface coverage of the probe molecules pre-adsorbed on
the zeolite samples. The temperature from which the strength and the amount of total
acid sites were determined. The NHs-TPD curves of the K-LTL and H-LTL samples
are shown in Figure 3.4. The desorption peak of NHs on K-LTL showed a desorption
peak at 176 °C. H-LTL obviously showed to desorption peaks at low and high
temperature of 190 °C and 450 -500 °C, respectively. This result suggests the presence

of weak acid sites and strong acid sites on the H-LTL. The first peak was assigned to
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ammonia adsorbed on the extra-framework potassium, and the second one was assigned

to the ammonia adsorbed on the Br@nsted acid site.
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Figure 3.4 NH3-TPD adsorption pattern of K-LTL and H-LTL.

3.4.2 Adsorption isotherms of cationic dyes
The adsorption isotherm was study with some cationic dye such as AC,
AF, Hemi and Th that was performed at 30, 40, and 50 °C, respectively. It was found
that the experimental data were well-fitted with the Langmuir model. One of the
assumptions of Langmuir model is that the adsorption occurs at specific homogenous
sites within the adsorbent. The equation is as follows:

qmKLCe
= 2

where ge (M/g) is the amount of dyes adsorbed on zeolite LTL at equilibrium

and gm (M/g) is the maximum adsorption monolayer capacity. K. is the Langmuir
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constant related to the affinity between adsorbate and adsorbent and is related to the
free energy of adsorption. Ce (M) is the concentration of dyes at equilibrium. (Hameed

et al., 2007)

The maximum loading (% ®max) of dyes
The maximum loading (%®max) of dyes on the H-LTL and K-LTL

can be calculated from equation (2).

number of molecule interculated Np+ (
= o+ 3.3)

d =

number of site available - ng

where the number of sites ns is available in zeolite L; np+ corresponds

to the number of unit cells and the size of D" is calculated as follows:

9z
~ Ll 3.4
T e G 34

Where g, is amount of zeolite LTL in grams and Mw; is a molecular weight/unit
cell of sample. In addition, the number of molecules intercalated (np+) can be obtained

from adsorption study (gm) that was fitted and described by the Langmuir model.

Thermodynamic parameters

The thermodynamic parameter such as the Gibbs free energy change
(AG®), enthalpy change (AH®) and entropy change (AS°) were determined to
understand better the effect of temperature on the adsorption. The change in Gibbs free
energy (AG®) of the adsorption process is related to the equilibrium constant by the

following equation (Sawasdee et al., 2015):
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AG® = —RTInkK, (3.5)

where R is the gas constant (8.314 J/mol-K); T is temperature (K) and
KLy is adsorption constant in the Langmuir isotherm (Sawasdee et al., 2015). The values
of AH® and AS° can be calculated from the slope and intercept of the linear variation of

In KL with reciprocal of temperature (1/T) as in the following equation.

InK, = ——= + = (3.6)

3.4.2.1 Adsorption isotherm of Acridine (AC)
The adsorption isotherm determined at 303, 313, and 323 K are shown
in Figure 3.5. It was found that the experimental data can be fitted well with the
Langmuir model. One of the assumptions of Langmuir model is that the adsorption

occurs at specific homogenous sites within the adsorbent.



41

6.0E-6

S.0E-6

4.0E-6

3.0E-6 -

qe (M/g)

2.0E-6

1.0E-6 A

0.0E+0 T T T T ]
0.0E+0 S.0E-6 1.0E-5 1.5E-5 2.0E-5 2.5E-5

Ce (M)

- H-LTL
6.0E-6 (b)
5.0E-6 -

4.0E-6 -

-0-313K

2 0E.6 - / ——323K

1.0E-6 -

ge (Mrg)
| 7]
=]
=
3
Ng

000E+0 L] L] L] L] L] L]
0.0E+00 5.0E-06 1.0E-05 1.5E-05 2.0E-05 2.5E-05 3.0E-05

Ce (M)

Figure 3.5 Adsorption isotherms of Ac on K-LTL(a) and H-LTL(b) at 303, 313 and

323 K.

Linear plots of Langmuir isotherms of the dyes adsorbed on the K-LTL
and H-LTL samples are shown in Figure 3.6 The correlation coefficient values of the

linearity were found to be satisfactory. The maximum adsorption monolayer capacity
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(gm), and the Langmuir constant (KL) calculated from the slope and the intercept of the

linear plot are shown in Table 3.2.
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Figure 3.6 Linear plot of Langmuir isotherm of AC on K-LTL and H-LTL at 303 (a),
313 (b) and 323 K (c)
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Table 3.2 Parameters for adsorption of AC on K-LTL and H-LTL.

Langmuir isotherm

Sample temp (K) Om KL
R? %®dmax
(M/g) (M)
303 9.61 x 10°® 72119.9 0.9926 1.72
K-LTL 313 9.85x 10°® 113177.4 0.9995 2.29
323 1.23 x 10° 154139.6 0.9512 2.57
303 1.29 x 10 56568.3 0.9945 0.37
H-LTL 313 1.30 x 10 105215.8 0.9945 0.38
323 6.18 x 10°® 161775.0 0.9963 1.08

From Table 3.2, the maximum adsorption monolayer capacity (qm) of
AC inside the channel of zeolite L in K - LTL is higher than that in H - LTL. The
Langmuir constant (Kp), which is related to the energy of the adsorption which
quantitatively reflects the affinity between the adsorbent and the adsorbate, of the K-
LTL is higher value than H-LTL indicating that the interaction of AC — K-LTL is
stronger that of AC - H-LTL. The strong interaction of AC — K-LTL can be described
by cation - & interaction while the interaction of AC - H-LTL is an aromatic hydrogen
bond occurring from HO-Br@nsted acid site and n-electron of AC (OH/n interaction)
(Insuwan et al., 2014). In addition, the maximum loading (%®max) of AC in H-LTL

is smaller than that in K-LTL due to the interaction as mentioned above.
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AG AH AS
Sample temp (K)
(kJ/mol) (kJ/mol) (J/molK)

303 -28.82 291.33
K-LTL 313 -30.31 21.15 268.39

323 -32.11 268.02

303 -27.58 265.65
H-LTL 313 -30.11 26.01 234.13

323 -32.58 244.55

Thermodynamic parameters are shown in table 3.3. The negative values

of AG® indicate that the dye adsorption is spontaneous in nature. The positive values of

AHP® indicate that the adsorption process is endothermic. This result agrees with the

several reports on endothermic adsorption of reactive dyes on different types of

adsorbents. Based on the magnitude of AH® (20.45 - 44.62 kJ/mol) (Hameed et al.,

2007), the adsorption of AC dyes onto zeolite L (K-LTL and H-LTL) was classified as

a physical adsorption process. Moreover, the positive value of AS® indicates the

increasing randomness at the solid/liquid interface during the adsorption process.

3.4.2.2 Adsorption isotherm of Afriflavine (AF)

The adsorption isotherms of AF dye at 303, 313, and 323 K were

determined, and linear plots of Langmuir isotherms are shown in Appendix (Figure Al
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and A2). The experimental data can be fitted well with the Langmuir model and the

parameters for adsorption of AF on K-LTL and H-LTL are shown in table 3.4

Table 3.4 Parameters for adsorption of AF on K-LTL and H-LTL.

Langmuir isotherm

Sample temp (K) Om KL
R? %®dmax
(M/g) (M)
303 4.67 x 10°® 73705.4 0.9959 1.35
K-LTL 313 5.62x10%  126924.3 0.9950 1.62
323 9.20 x 10®  283947.9 0.9980 2.65
303 4.79 x 10°® 99818.1 0.9942 1.37
H-LTL 313 5.87 x10°%  128083.1 0.9917 1.68
323 1.12x10°  293726.8 0.9971 2.84

According to the data, the maximum adsorption monolayer capacity

(gm) and K. of AF in H-LTL are higher than that in K-LTL. This result can be described

from the interaction of lone pair electron of amino group (-NH.) of AF with HO-

Br@nsted acid sites of H-LTL via a strong hydrogen bond interaction, while the

interaction of AF in K-LTL is described by cation-r interaction (Ruan et al., 2004),

which K*ion in zeolite points toward the face of the electron-rich © system of the dyes.

In table 3.5, the thermodynamic parameters show the negative value of

AG°® and the positive values of AH® indicating that dye adsorption is spontaneous in

nature and the adsorption process is endothermic, respectively. The AH® of K-LTL and

H-LTL are 36.7 and 42.2 kJ/mol, respectively, which are classified as a physical
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adsorption process. Moreover, the positive value of AS° indicates the increasing

randomness at the solid/liquid interface during the adsorption process.

Table 3.5 Thermodynamic parameters for adsorption of AF on K-LTL and H-LTL.

AG®° AH® AS°
Sample temp (K)
(kJ/mol) (kJ/mol) (J/molK)

303 -28.26 306.41
K-LTL 313 -30.61 32.79 278.39

323 -33.75 334.54

303 -29.01 323.21
H-LTL 313 -30.62 26.01 321.44

323 -32.09 298.55

3.4.2.3 Adsorption isotherm of Hemicyanine (Hemi)
The adsorption isotherms of Hemi dyes at 303, 313, and 323 K were
determined and linear plots of Langmuir isotherms are shown in Appendix (Figure A3
and A4) .The experimental data can be fitted well with the Langmuir model and the

parameters for the adsorption of Hemi on K-LTL and H-LTL are shown in table 3.6
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Table 3.6 Parameters for adsorption of Hemi on K-LTL and H-LTL.

Langmuir isotherm

Sample temp (K) qm KL
R? %®dmax
(M/g) (M)
303 5.46 x 10° 93749.2 0.9914 0.54
K-LTL 313 9.24 x 10®  116934.6 0.9933 0.72
323 1.13x 10°  147239.8 0.9900 1.01
303 4.09 x 10 57994.5 0.9931 0.44
H-LTL 313 8.06 x 10°  80626.9 0.9807 0.65
323 9.63 x10°  119687.6 0.9821 0.95

The results in Table 3.6 suggest that the Langmuir affinity constant of
K-LTL is much higher than that of H-LTL which is attributed to the strong interaction
of cation-xt interaction and the maximum loading (%®max) of Hemi dye is quite low
in both K-LTL and K-LTL. This result can be described from a large molecule of Hemi

that is hard to insert into channel of zeolite L.
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Table 3.7 Thermodynamic parameters for adsorption of Hemi on K-LTL and H-LTL.

AG® AH® AS°
Sample temp (K)
(kJ/mol) (kJ/mol) (J/molK)

303 -27.65 234.45
K-LTL 313 -29.42 29.37 243.22

323 -31.43 231.32

303 -28.23 234.21
H-LTL 313 -29.72 30.25 253.13

323 -31.28 245.34

The thermodynamic parameters from table 3.7, shows the negative
value of AG® and the positive values of AH® indicating that the dye adsorption is
spontaneous in nature and adsorption process is endothermic, respectively. The AH® of
K-LTL and H-LTL are 29.37 and 30.25 kJ/mol, respectively, classifying as a physical

adsorption process of Hemi dyes onto zeolite L (K-LTL and H-LTL).

3.4.2.4 Adsorption isotherm of Thionine (Th)

The adsorption isotherm of Th dyes at 303, 313, and 323 K were
determined and linear plots of Langmuir isotherms are shown in Appendix (Figure A5
and A6).The experimental data can be fitted well with the Langmuir model and the
parameters for adsorption of Th on K-LTL and H-LTL are shown in table 3.8. The
values of gm and Kp of Th in K-LTL are higher than that in H-LTL. It can be described

from the strong interactions between lone pair electrons of S and N atoms of Th with
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K* of K-LTL and -NH> groups act as hydrogen-bond donor to the zeolite framework

(Gigli et al., 2015).

Table 3.8 Parameters for adsorption of Th on K-LTL and H-LTL.

Langmuir isotherm

Sample temp (K) gm KL
R? %®dmax
(M/g) (M)
303 1.03x 10°  65996.33 0.9989 1.54
K-LTL 313 5.04 x 10 92784.72 0.9937 244
323 1.28 x 10°  141692.9 0.9913 2.95
303 1.03 x10®%  59206.75 0.9919 1.42
H-LTL 313 5.04 x 10°  119399.03 0.9845 2.56
323 9.28 x 10°  196056.14 0.9598 2.68

The thermodynamic parameters from table 3.9, shows the negative
value of AG® and the positive values of AH® indicating that the dye adsorption is
spontaneous in nature and adsorption process is endothermic, respectively. The AH® of
K-LTL and H-LTL are 31.06 and 28.25 kJ/mol, respectively, classifying as a physical

adsorption process of Th dyes onto zeolite L.
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Table 3.9 Thermodynamic parameters for adsorption of Th on K-LTL and H-LTL.

AG® AH® AS°
Sample temp (K)
(kJ/mol) (kJ/mol) (J/molK)

303 -27.98 241.23
K-LTL 313 -29.79 31.06 261.43

323 -31.88 244.66

303 -27.10 268.74
H-LTL 313 -29.78 28.25 265.89

323 -32.03 298.66

3.5 Conclusions

The zeolite L with different morphologies are succesfully prepared by
hydrothemal synthesis with different ratios of KO and H»>O gel composition. The round
shape was used for adsorption isotherm study with cationic dyes such as AC, AF, Hemi
and Th. The Langmuir constant for the interaction of the dyes and zeolite L is in the
order of Th>AF> Hemi> AC. The maximum loading (%®max) of Hemi is very low
(1.01%) compared to the other dyes such as 2.57%(AC), 2.65%(AF) and 2.95%(Th) in
K-LTL at 323 K resulting from the steric hindrances of the Hemi dyes molecule. All of
cationic dyes show the thermodynamic parameter with negative value of AG® (28-32
kJ/mol) and the positive values of AH® (21 - 32 kJ/mol) that refer to the higher
adsorption capacity observed and the adsorption process is endothermic, respectively.
Based on the magnitude of AH® (20.45 - 44.62 kJ/mol), the adsorption of these dyes

onto zeolite L (H-LTL and K-LTL) is classified as a physical adsorption process.
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Moreover, all of dyes have the positive value of AS® indicating an increase in

randomness at the solid/liquid interface during the adsorption process.
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CHAPTER IV

INSERTION OF SINGLE CATIONIC AND NEUTRAL

DYE ON H-LTL AND K-LTL ZEOLITE

4.1 Abstract

The inclusion of organic dye onto zeolite L was prepared using cation exchange
and gas phase method (thermal diffusion). According to the limitation for inclusion of
dye via cation exchange, gas phase methods are used for improvement. Cationic dyes
such as acridine hydrochloride (AC), acriflavine hydrochloride (AF), hemicyanine
iodide (Hemi) and thionine acetate (Th) and a neutral dye of thioindigo (Thio) are
encapsulated onto K-LTL and H-LTL zeolite by gas phase method in which the amount
of dye with different occupation probabilities (p) of 0.1, 0.25, 0.5 and 1.0 were used. It
was found that the occupation probability at 0.25 is suitable for the preparation of the
dye_zeolite as its prevent the dye aggregation in the zeolite and the quenching emission
of the dye. The gas method produces the dye K-LTL zeolite with high fluorescence
properties while a partial dye in H-LTL zeolite (dye_H-LTL) was degraded in reducing
the luminescence. Additionally, this study shows that the way to prepare dyes confined
in zeolite L plays a very important role on the enhancement of fluorescence and

development of optical materials.
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4.2 Introduction

The host-guest materials such as dye-LTL gain increasing attention during the
years. The pore structure of LTL consists of one-dimensional channels running across
the whole crystal axis. The performance of zeolite LTL in the applications relies upon
their physical properties such as crystal size and morphology. For example, disc-like
LTL crystals can be used in photonic devices to produce higher trapping efficiency.
Disk-like shapes can also facilitate c-oriented layering for the preparation of thin-film
technologies (Veiga-Gutierrez et al., 2012). In contrast, cylinder shapes is easy for
studying the dye incorporate on the channel of LTL with a confocal microscope.
Excited state processes of dyes in host materials adjust novel applications in various
systems. It can be used as an artificial antenna and potential use of these compounds as
microlaser are well reported (Calzaferri et al., 2003). The cationic dyes such as
hemicyanine have been widely used to obtain live cell images in fluorescence and
second harmonic generation (SHG) microscopies due to two distinctive properties
(‘Yamaguchi et al., 2006) Recently, it has been reported with hemicyanine dyes in MOF
and zeolite L for enhancing fluorescence properties (Kim et al., 2017; Yu et al., 2013).
Moreover, thionine dyes attracted considerable attention over the years due to their
appropriate biological, chemical, photochemical, and photophysical properties such
used as photosensitisers and redox mediators in electrocatalytic systems
(Easwaramoorthi et al., 2007; Gigli et al., 2015). The small enough acridine
hydrochloride (Ac) and acriflavine hydrochloride (AF) molecule have been widely
applied for organic light-emitting diode (OLED) materials, photovoltaic cell (PVC), pH
sensor and fluorescent probe and recently, there are reported for FRET application

(Insuwan et al., 2015; Kaewsuya et al., 2008; Kazim et al., 2007; Li et al., 2008).
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Neutral dyes like thioindigo are known as vat dyestuffs and have been used for coloring
textiles since ancient times. (Alvarado et al., 2012; Uno et al., 2004)

This chapter concentrates on the synthesis of dye-loaded zeolite L that can be
used for antenna system that emits cover 400 - 700 nm (blue — red region) in which the
emission is from acridine (AC), acriflavine (AF), hemicyanine (Hemi), thionine (Th)
and thioindigo (Thio) and the structure formula of these dyes are shown in scheme 4.1.
The methods for incorporating dye molecule such the cation exchange and gas phase
method were used for cationic and neutral dye, respectively. In addition, the gas phase
method was also used for cationic dyes besides neutral dye in order to increase the
amount of cationic dye in the zeolite L. The samples were investigated the
photophysical properties and the behavior of electronic excitation energy of these

cationic and neutral guest species intercalated in the zeolite L.

7
X
+
HoN N/ NH =
N
(|:H3 Cr
HCI HCI
Acriflavine hydrochloride (AF) Acridine hydrochloride(AC)

Scheme 4.1 Structure formula of cationic and neutral dye.
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trans-4-[4-(Dimethylamino)styryl] Thioindigo (Thio)
-1-methylpyridinium (Hemi)

1,1'-Diethyl-2,2'-cyanine iodide (Cy) 3,7-Diamino-5-phenothiazinium

acetate (Th)

Scheme 4.1 Structure formula of cationic and neutral dye (Continued).

4.3 Materials and method

4.3.1 Synthesis of zeolite LTL
Materials and Chemicals

The silica sources is colloidal silica sol (Ludox HS—-40 from Dupont,

40% Si02), while alumina source is aluminium hydroxide (CARLO ERBA, 98%).

Potassium hydroxide (CARLO ERBA, 85%) was used for alkali metal cations.
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Synthesis

Zeolite L crystals were synthesized by a method from the literature (Ban
et al., 2007; Insuwan et al., 2012), 0.59 g of aluminium hydroxide was dissolved in
boiling potassium hydroxide solution (1.28 g of potassium hydroxide was added to 2.51
g of double distillated water until a clear solution). This solution was added to 5.52 g
of Ludox HS-40 with 4.82 g of double distillated water in a mixer. The clear solution
mixture was stirred for 3 minutes to obtain a gel with viscosity and turbidity. The
starting gel was then transferred into a Teflon-lined autoclave for crystallization at 180
°C for 2 days without stirring. After crystallization, the Teflon-lined autoclave was
cooled in cold water before opening. The product was washed with distilled water until
the pH of liquid was close to 7. Finally, the crystalline solid was dried for overnight at
80 °C in hot air oven. All materials used in this study were of reagent grade.

NH4LTL was prepared by ion-exchanging the K-LTL with 0.5M NH4CI
solution. lon exchange was carried out at 50 °C for 12 hours. After that the zeolite
samples were washed with distillated water and dried at 100 °C for 12 hours. NH4LTL
was calcined at 450 °C for 4 hours to decompose NHa. ions to NHs, then NH4LTL was

transformed to H-LTL.

Characterization

The products were analyzed by XRD using a Bruker D2 PHASER
radiations scanning from 3-45° at a rate of 0.05 °/s with current 30 kV and 10 mA. The
chemical compositions were analyzed by energy dispersive X-ray fluorescence
(EDXRF, Horiba XGT-5200 X-ray Analytical Microscope) with Rh X-ray tube with a
50 kV and 1 mA. For the examination of LTL morphology, scanning electron

microscope (SEM, JEOL JSM-6010LV) at an acceleration voltage of 10-20 kV were
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used. Acidity strength was determined by ammonium temperature programmed
desorption (NHs-TPD) with a Bel Japan Model BelcatB. The NH3-TPD spectra were
measured using a conventional flow-through reactor connected to a thermal
conductivity detector (TCD). The TCD responses were calibrated by a dose containing

known amounts of ammonia.

4.3.2 Dyes-loaded on zeolite LTL

Cation exchange method

Incorporation of cationic dyes such as AC, AF and hemi onto K-LTL,
and H-LTL zeolite were performed at 30 °C using 0.5 g of accurately weighed
dehydrated zeolite LTL in a 125 mL conical flask. Then 50 mL of the dye solution with
concentration of 0.1 mM was added to a flask. The flask was sealed and transferred to
a shaker bath for 24 hours to equilibrate the system. The dyes loaded zeolite LTL were
collected by separation of solid from solution by centrifugation and dried at 100 °C
overnight. To remove the dyes molecules on the zeolite surface, the following washing
procedure was used. The suspension was transferred into a 125 mL conical flask with
50 mL n-butanol, sonicated for 10 minutes then stirred at room temperature for 24
hours. The n-butanol washing was repeated until the supernatant did not show dyes

luminescence.
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Gas phase procedure

In the experiment, 100 mg of zeolite L was mixed with neutral dye or
cationic dye with various occupation probability (p = 0.1, 0.25, 0.5 and 1.0). Then 1.0
ml. of solvent (chloroform, toluene and water for Thio, hemi, AC and AF, repectively)
was added to the mixture. The mixture was sonicated for 10 min to dissolve the dye and
ensure a good dispersion of the zeolite. The solvent was removed by vacuum oven at
50 °C for 2 hrs, thus leading to a homogeneous coating of the zeolite surface with dyes.
Then the coated zeolite was transferred into an agate mortar, ground into a fine powder.
The powder was filled into a holder and dried in a vacuum line for 2.0 hours at a
pressure of 1 x 102 mbar. The gas phase insertion process took place over 24 hours at
an appropriate melting point temperature of each dye (Scheme 2). The colored powder
was washed with appropriate solvent until the supernatant washing was colorless. The
loading, or occupation probability (p) of the loaded dye on zeolite LTL is defined as

follows (Hennessy et al., 1999);

__ number of occupied sites (4 1)
total amount of sites '

From (Eqg. 4.1), one gets the following expression to calculate the loading

or occupation probability (Calzaferri and Devaux, 2010);

p =12 (42)

Mp - mgz

where Mp is the molar mass of dye molecule; M; is the molar mass of
zeolite LTL per one unit cell (2883 g/mol); mD and mz are weight of dye and zeolite
LTL in grams, respectively; ns represents the number of unit cells occupied by one dye

that determined by the length of the dye molecule.
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Scheme 4.2 The apparatus of the gas phase method.

Determination of Loading Level by HF Analysis

The effective loading levels were determined by first suspending 10 mg
of the loaded material in 3 mL ethanol in a polystyrene cuvette. Then 300 pL of a 4%
aqueous HF solution was added to dissolve the zeolite. The process was completed after
20 min, leaving a transparent solution. The loading degree was then calculated from the

dye concentration obtained from the UV—-vis absorption spectrum

Physical Measurements

UV/vis spectra were recorded on a UV-2550 UV/vis Spectrophotometer.
Dye molecules were dissolved in various solvents and quartz cuvette was used in the
measurement. Diffuse reflectance spectra of dyes loaded on zeolite LTL was recorded

using a Carry UV-2550 UV-Visible spectrometer with the condition of slit width (5
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nm), sampling interval (0.1 nm) and wavelength range of 200-800 nm. Fluorescence
spectra were recorded on a luminescence spectrometer LS 50B (Perkin-Elmer). Dye
molecules were measured either in various solvents in quartz cuvette, or incorporated

in zeolite LTL by suspending dyes/zeolite LTL in chloroform (~1 mg in 100 mL).

4.4 Results and discussion

4.4.1 Synthesis of LTL zeolite
The product in the zeolite L synthesis through SEM is shown in Figure
4.1. The SEM image shows the morphology of K-LTL (1a) and H-LTL (1b) with round
shape and with the crystal size around 1 X 2um. The round shape of zeolite L are used

further in the study in this chapter.
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Figure 4.1 The morphology of zeolite a) K-LTL zeolite and b). H-LTL zeolite.



30
28
20 -
g
18 4 L]
s
-~
10
I l
’ I | | | ] |I ‘\ llt |
i | | e LY ‘
N A LU I‘.'-. Ml ll WU ]h‘ 'I l AU
f ‘ 2 ' ' 5 2 ' A
2 theta () —

Figure 4.2 The simulated XRD powder pattern of LTL (Treacy et al., 2007).
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Figure 4.3 XRD patterns of K-LTL and H-LTL zeolite with round shape.
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Figure 4.3 shows XRD patterns of the synthesized zeolite L with round shape
in K form and H form (protonated form), all of the samples show the same 2 theta (20)
that the main peaks located at 20 = 5.5, 19.4, 22.7, 28.0, and 29.1 degree indicating the
XRD patterns corresponding to zelite L (Figure 4.2). The crystallinity of H-LTL is
decreased compared to K-LTL due to the process in changing K-LTL form to H-LTL
form with high temperature causing to the structure collapse. However, from the SEM

image, the crystal shapes are still the same with K-LTL.

4.4.2 Dye insertion onto zeolite L
4.4.2.1 Acridine hydrochloride (AC) on to zeolite (AC_LTL)
1) Acridine in solution

The absorption spectra of acridine hydrochloride (AC) in
water and acidic solution is revealed in Figure 4.4. Acridine molecule exist as
protonated form when it was dissolved in water and acidic solution (0.1 M HCI) that
shows the absorption peak at 355 nm suggesting that the band was a n-n* character
(V.K. Sharma et al., 2003) and shows a broad band around 400-450 nm. Furthermore,
the absorption maxima of Ac in neutral, hydrogen-bonded and protonated species
appeared at 355 nm (Ryder et al., 2003), only the spectrum of protonated species
(AcH™) has a broad shoulder within 370-430 nm range. The protonated form of AC
(AcH™) appeared in both water and 0.01M HCI solution but AcH* in 0.01M HCI shows
a broad shoulder with higher intensity than that in water referring to AC favorite to

represent in protonate form. (Wilaiporn Insuwan et al., 2014; Ryder et al., 2003)
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Figure 4.4 The absorption spectra of Ac in water and 0.1 HCI solution.
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Figure 4.5 The emission spectrum of AC in water and 0.91 HCI solution, excite at 355

nm.

The steady state fluorescence emission spectra taken using 355 nm

excitation shows that the AC in water has a fluorescence maximum at 447 nm and
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hypsochromic shoulder at 410 nm which is characteristic of AC in neutral form. While
a protonated form (ACH") in 0.01 M HCI solution are slightly red shift at 455 nm

(Figure 4.5).

2) Insertion by cation exchange method.
The diffuse reflectance spectra of Ac adsorbed on K-LTL and H-
LTL zeolite were shown in Figure 4.6. Due to the limit of our instrument, we cannot
observe the main absorption spectra thus it was considered only the broad band at 400
-450 nm. The spectra show a characteristic of protonated form of acridine in both forms
of zeolite, but the intensity of this band belonging to protonated acridine in H-LTL is

higher than K-LTL.
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Figure 4.6 Diffuse reflectance spectra of Ac in K-LTL and H-LTL.

Figure 4.7 illustrates emission spectra of Ac incorporated in K-
LTL and H-LTL zeolite; the emission maximum of K-LTL appeared at 465 nm with a
shoulder at 446 nm. While AC undergoes an excited state of proton transfer reaction on

H-LTL, appeared with broad band and the emission maximum spectra appeared at 486
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nm. This can be described from the nitrogen atom being more negative in the excited

state that facilitates for adding proton due to the pKa of the excited state of Ac being

9.2 which is much larger than its ground state (pKa 5.4) (Bowen, Holder, and Woodger,

1962). Therefore, the protonated form is produced through a proton abstraction reaction

by excited Ac that is possible on H-LTL. The difference between the maximum

emission of protonated species in H-LTL and neutral species in K-LTL is about 21 nm.

As a result, H-LTL form can be considered as an acidic surface. From the above

mention Ac can be used as a fluorescent probe for an estimation the pH of surface as

well.
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Figure 4.7 Emission spectra of Ac on K-LTL and H-LTL zeolite with an excitation at

355 nm.
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3) Insertion AC by the gas phase method
Because only a slight amount of cationic dye of Ac inserted in the
channel of K-LTL and H-LTL by the cation exchange process, so a gas phase method
was used for insertion of cationic dye besides neutral dye. Similarly, a neutral dye AC,
was prepared with the occupation probability of 0.10, 0.25, 0.50 and 1.00, and heated
at 120 °C (melting point of AC) under vacuum condition. The sample was prepared

successfully and characterized the luminescence properties.
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Figure 4.8 Emission spectra of AC with different loadings onto K-LTL zeolite by gas

phase method, excited at 355 nm.

The samples of AC_K-LTL zeolite with the different occupation
probability (p = 0.10, 0.25, 0.50 and 1.0) are prepared by the gas phase method. The
emission spectra show the Amax = 470 -500 nm when excited at 355 nm. A superimpose

picture of Figure 4.8 shows the normalized emission position of all samples and the



69

emission positions shift slightly to longer wavelength (red shift) from 475 to 500 nm
with an increase in the occupation probability. That refers the dye aggregation in the
channel of zeolite L. Whereas the emission intensity of AC_K-LTL, prepared by ion
exchange and the gas phase method increases with increasing occupation probability.
It suggests that an increase in the amount of dye onto zeolite L affects the fluorescence

intensity of dye_zeolite system.
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Figure 4.9 Emission spectra of AC with different loadings onto H-LTL zeolite by gas

phase method, excited at 355 nm.

The systems of AC_H-LTL is similarly to AC_K-LTL that the
emission intensity increases with an increase in the occupation probability. The
emission position of the AC_H-LTL occurs around 475 — 520 nm with longer
wavelength than that of AC_K-LTL (450 — 500 nm) due to the protonated properties of

LTL and AC structure. Likewise, the emission position shifts slightly to red shift with
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an increase in the occupation probability (a superimpose picture of Figure 4.9). The
Figure 4.9 shows a comparison of the emission intensity of AC_H-LTL that was
prepared by cation exchange and gas phase method with different occupation
probabilities (p=0.10, 0.25, 0.50 and 1.00). The result shows the increase in the
emission intensity corresponding to an increase in an amount of AC. Table 4.1 shows
the amount of dye with the cation exchange and the gas phase method. The amounts of
dye prepared by the gas phase method for AC_K and H-LTL are rising with increasing
occupation probability. While, the limitation for loading of AC_K and H-LTL arises

with the cation exchange method.

Table 4.1 The amount of dyes in the K and H-LTL after loading with gas phase and

cation exchange method.

K-LTL H-LTL
p Dye offer Dye uptake Dye offer Dye uptake
(mol g*) (mol g*) (mol g*) (mol g*)

0.10 1.73 x 10 8.15 x 10°® 1.73 x 10° 9.97 x 10°®
0.25 8.76 x 10° 1.87 x 107 4,33 x 10° 2.05x 107
0.50 4.33 x 10° 2.85x10° 8.76 x 10° 3.88 x 10°
1.00 1.73 x 10 1.51 x 10* 1.73 x 10 1.59 x 10°
lon Ex. 1.00 x 10 1.8 x 107 1.00 x 10 1.60 x 1077
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4.4.2.2 Acriflavine hydrochloride (AF) on to zeolite (AF_LTL)
1) AF in solution
The absorption spectra of AF in water and ethanol with
different solvent polarities (1.00 and 0.66, respectively) are shown in Figure 4.10. The
characteristic absorption band stabilizes the ground state of n-n* transition and amino
group in the mero-phenyl ring is protonated to give high fluorescent. This behavior is

similar to that reported earlier (Kumar et al., 2012).
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Figure 4.10 The absorption spectra of AF in solution.

Figure 4.10 shows the effect of the solvent polarity on the
fluorescence spectra. The fluorescence intensity decreases with an increase in polarity
because the molecule absorbed the light and transited to the excited electronic state
causing change in molecular electronic configuration and hence solute-solvent
molecule interacts (dipole-dipole) (Kitai, 2008). It suggests that it is a locally excited
intra molecular charge transfer (ICT) state. Amino group in the mero-phenyl ring is

protonated to give high fluorescent and as a result, twisted ICT (TICT) states are not
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formed in the case of AF dye or interacting between solute with molecule solvent as

dipole-dipole interacts. (Petit et al., 1993; V.K. Sharma et al., 2003)
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Figure 4.11 The emission spectrum of AF in water and 0.01 M HCI solution, excited

at 460 nm.

One can observe that, a little shift of fluorescence spectrum from
Amax at 500 nm (in ethanol) to 515 nm (in water) (Figure 4.11). It indicates that the
fluorescence spectrum shifts to a long wavelength (red shift) and decreases in the
intensity with an increase in polarity of the solvent. This shift value is dependent on the
dielectric constant (g) value of solvent and the difference between dipole moment

values of solvent. (N. Sharma et al., 2007).
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2) Insertion AF by cation exchange method.

The absorption bands of AF_K-LTL and H-LTL zeolite are
shown in Figures 4.12. AF exchange K-LTL samples exhibit the characteristic
absorption band at 465 nm and emission band at 500 nm, that shifted to longer
wavelength compared to AF in water (448 to 465 nm) and shorter wavelength (515 to
500 nm), respectively (Figures 4.12 and 4.13). This behavior is due to the channels of

K-LTL less polar than that in the aqueous environment (W. Insuwan et al., 2014)
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Figure 4.12 (a) The diffuse reflectance and (b) emission spectra of AF on K-and H-

LTL zeolite.
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Figure 4.12 (a) The diffuse reflectance and (b) emission spectra of AF on K-and H-

LTL zeolite (Continued).
Considering AF confined on H-LTL, the absorption bands

appeared at 473 nm (see 4.12(a)) and the emission band at around 520 nm with slightly
red shift on shoulder (see Figure 4.12(b)) indicating that AF in H-LTL exhibits as

protonated forms (AFH*/AFH2?"). That refers to AF existing as cationic and protonated
species depending upon the pH of the aqueous medium.

3) AF insertion by the gas method.
For acriflavine hydrochloride (AF) inserted on both K-LTL and H-

LTL by the gas phase method at 130 °C, their diffuse reflectance spectra shown in Fig
4.13 are similar to those by cation exchange method with absorption band at 470 and
473 nm in K and H-LTL, respectively (see Figure 4.13). While, AF on H-LTL (Figure

12(b)) shows a shoulder broad band around 510 nm that refers to protonated form of

AF produced in channel of zeolite L.
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Figure 4.13 Diffuse reflectance spectra of AFin (a) K-LTL and (b) H-LTL zeolite with

different occupation probabilities.

The emission spectra of AF on K-LTL (Figure 4.14) show the
emission band at Amax around 520 -530 nm and excited at 470 nm (corresponding with
the absorption energy). A slight skewing and red shift of the peak with an increase in
the occupation probability cause from self-adsorption effect and aggregation of the AF

dye.
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Figure 4.14 The emission spectra of AF in K-LTL with different occupation

probabilities with excited at 475 nm.

A superimpose picture in Figure 4.14. shows the normalized emission
position of all samples in AF_K-LTL and the emission shifts slightly to longer
wavelength (red shift) from 475 to 525 nm with an increase in the occupation
probability. As a result, AF_K-LTL prepared by the cation exchange exhibits the Amax
at 480 nm while the emission prepared by the gas phase method with p = 0.10 -
0.25_AFK and p = 0.50 -1.00_AFK shows the Amax at 485 and 525 nm, respectively,
demonstrating that self-adsorption arrives with higher concentration causing an
aggregate in the channel of zeolite L. Whereas, the increase in the emission intensity of
AF_K-LTL are belonging to the occupation probability. It suggests that the increase in
the amount of dye onto zeolite L affects the fluorescence intensity of dye zeolite

system.
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Figure 4.15 The emission spectra of AF_H-LTL zeolite with different occupation

probabilities with excited at 475 nm.

Moreover, the emission spectra of AF on H-LTL show the band
around 530 — 550 nm which is similar to K-LTL. The red shift occurs with the increase
in occupation probability (see Figure 4.15). However, the emission intensity of AF_ K-
LTL are higher than that of AF_H-LTL that is affected from H-LTL zeolite structure
offering protonate to AF molecule that decreases the emission intensity. The amount of
dye contents of K-LTL and H-K-LTL trends to increase with increasing the occupation
probability. Fortunately, the gas phase method provides a more insertion of AF dye than

the cation exchange method (table 4.2)
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Table 4.2 The amount of AF dyes content in the K and H-LTL after loading.

K-LTL H-LTL
p Dye offer Dye uptake Dye offer Dye uptake
(mol g?) (mol g?) (mol g1) (mol g1)
0.10 1.73 x 10° 9.52 x 10°® 1.73 x 10° 1.20 x 10°®
0.25 8.76 x 10° 2.55 x 10° 8.76 x 10° 1.27 x 10°®
0.50 4.33 x 10* 3.95x 107 433 x10° 2.45 x 10°®
1.00 1.73 x 10* 6.00 x 10° 1.73 x 10* 454 x 10°®
lon EX. 1.00 x 10* 4.6 x 107 1.00 x 10* 5.50 x 107

4.4.2.3 Hemicyanine lodide (Hemi) on to zeolite (Hemi_LTL)

1) Hemi in solution.

Normally, hemicyanine dye has low emission quantum yield in
polar solvent (® = 0.07) (Cerdan et al., 2012). It is well-known that Hemi has a strong
absorption band around 500 nm, which comes from the charge-transfer transition and
its derivatives in the past two decades show that Hemi chromophore has negative
solvatochromic behavior (absorption peak position blue-shifts through the increase of
the solvent polarity), indicating that the ground state has larger dipole moments than
excited state . Figure 4.16 and 4.17 show the absorption and fluorescence spectra of
Hemi in four different common solvents: Acetone, chloroform, ethanol and water.
Generally, speaking, the polarities of these solvents are in the following order: Water >
ethanol > acetone > chloroform. The absorption spectra evidently show the negative
solvatochromic behavior of Hemi (Figure 4.16). The red-shifted absorption spectra of

the molecule were observed in solvents with higher polarity, indicating progressively
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greater stabilization of the excited state in a polar environment. But there is relatively
greater stabilization of ground than excited state of hydrophobic Hemi molecule in
water, due to the quinonoid to benzenoid transformation (Abdel-Halim, 2011; Huang
et al., 2002; Sahoo et al., 2011), and the absorption band gets blue-shifted compared to
other polar solvents. Figure 4.17 shows the fluorescence spectra of the probe molecule
in different solvents. A significant shift in the peak position from 430 nm in a nonpolar
solvent (like acetone) to 588 nm in a more polar solvent (like water) was observed. The
fluorescence excitation spectra of Hemi in other solvent match well with the absorption
spectra in the same solvent which indicates that each of the emission bands arises from

excitation of the same ground-state species.
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Figure 4.16 The absorption spectra of hemicyanine in various solvents.
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Figure 4.17 Emission spectra of Hemi in different solvents, excited at 450 nm

2) Insertion of Hemi onto K_LTL and H_LTL zeolite by cation

exchange method

Figure 4.18 shows the diffuse reflectance of adsorbed Hemi on K-
LTL and H-LTL zeolite. The result shows that the absorption broad band with maxima
at 460 nm appeared on K-LTL. In contrast, hemi on H-LTL zeolite shows a sharp peak
with the absorption maxima at 470 nm that is similar to the absorption spectra of hemi
in water solvent. Furthermore, an acid surface of H-LTL zeolite can protonate the Hemi
molecule resulting in a red shift of the absorption. The emission spectra of Hemi
confined in K-LTL and H-LTL zeolite is revealed in Figure 4.18 that both of the
samples appeared the similar emission maxima around 580 nm. Thus, the Hemi in K-

LTL and H-LTL have the same excited state species.
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Figure 4.18 Diffuse reflectance spectra of AF in (a) K-LTL and (b) H-LTL
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Figure 4.19 The emission spectra of Hemi in K-LTL and H-LTL zeolite, excited at 470

nm.
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3) Insertion of hemicyanine iodide onto K_LTL and H-LTL zeolite

by the gas phase method

A large molecule of hemicyanine is hard to insert onto zeolite L by the
cation exchange due to the pore diameter and steric hindrances of the dye molecule.
Thus, the gas phase approaches for insert with 180 °C. The gas phase insertion shows
diffuse reflectance spectra with similar to the cation exchange method in the absorption
band at 465 and 460 nm in K and H-LTL, respectively. The diffuse reflectance spectra
of Hemi_H-LTL (Figure 4.20) show more sharp absorption band than Hemi_K-LTL,
that can be described from solvatochromic behavior of hemicyanine chromophore

confirming that H-LTL is more polar than K-LTL zeolite.
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Figure 4.21 reveals the emission of Hemi_K-LTL. It shows the Amax

around 560 nm. The emission intensity increases until p = 0.25 and then decreases with

increasing occupation probability (p = 0.5 and 1.0). This can be described that the
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aggregation of hemi dye is easy to occur with a large molecule and branch of amine

group effect the quenching emission intensity.
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Figure 4.21 The emission spectra of Hemi_K-LTL zeolite with various occupation

probabilities, excited at 470 nm.
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The emission of Hemi_H-LTL appears at Amax = 575 nm Figure 4.22) and the emission

intensity tends to increase with increasing the occupation probability contrasting with

Hemi_K-LTL, as a result, we have two ways for explanation:

1.

The surface of K-LTL zeolite is K---n interaction between K-LTL
and benzene ring of hemi dye which is strong interaction and 1
molecule of hemi dye has 2 positions to occur thus it is possible
that the dye stacks with each other and close the pore of the
zeolite. In addition, the surface of H-LTL can interact with hemi
dye through H----N interaction which is weaker than K-z
interaction resulting in the dye aggregation in K-LTL (Scheme
4.3) (Escudero et al., 2008; Ruan et al., 2004).

An internal twisting of aniline ring of hemi dye is favor to occur
in K-LTL zeolite due to the strong K — & interaction more than H-

LTL zeolite as can be seen in the Scheme 4.4
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Scheme 4.3 Illustrate the interaction of hemicyanine dye with the surface of K-LTL

and H-LTL zeolite.
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Scheme 4.4 Twisting motion of hemicyanine chromophore through the torsion of C-C

bond (the aniline ring)

Moreover, the amount of the dye after insertion tends to increase with

increasing the occupation probability in the Hemi_K and H-LTL zeolite as revealed in

table 4.3.

Table 4.3 The amount of Hemi dyes in the K-LTL and H-LTL after loading.

K-LTL H-LTL
p

Dye offer Dye uptake Dye offer Dye uptake

(mol g?) (mol g1) (mol g?) (mol g1
0.10 1.15x 107 2.91 %107 1.15 x 10° 6.46 x 10”7
0.25 2.86 x 10° 8.78 x 10”7 2.86 x 10° 1.31 x 10°®
0.50 5.76 x 10° 1.83 x 10°® 5.76 x 10° 2.36 x 10
1.00 1.15x 10* 4.46 x 10 1.15 x 10 1.79 x 10
lonEx.  1.00x 10* 2.0 x 107 1.00 x 10 1.5 x 107
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4.4.2.4 Thioindigo (Thio) on to zeolite (Thio_LTL)
1) Thio in solution

Thio is a neutral dye with a beautiful red color and widely used in
fabric red color. The absorptions of Thio are shown in Figure 4.23. The absorption
maxima appear at 545 nm in acetone, ethanol, and toluene and the hypsochromic
shoulders on 504 nm that is a character of n —rt* transition. In contrast, the absorption
maxima of Thio in CHCIz appear at 505 nm and the bathochromic shoulders at 545 nm.
According to cis — trans isomer of Thio dye, the cis isomer appears the emission spectra
at shorter wavelength (Grellmann et al., 1978). (Figure 4.22). The emission spectra of
Thio in each solvent shows around 573 nm. however, the emission in ethanol shows the

very low intensity (Figure 4.23) because ethanol has more polar which affect on the

molecule of Thio dye.
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Figure 4.23 The absorption spectra of Thio in various solvents.
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Figure 4.24 Emission spectra of Thio in different solvents, the samples were excited at

500 nm

2) Thioindigo inclusion to K-LTL and H-LTL zeolite by the gas

phase method

Thio_zeolite composite is successfully prepared by the gas phase
method at the temperature 150 °C. The diffuse reflectance shows the absorption spectra
of Thio_K-LTL and H-LTL zeolite composite appear the maxima absorption peak at
550 nm with a bathochromic shoulder in both samples (Figure 4.25). As a result, the
Thio species are possible to form of trans- species molecule in the channel of zeolite L

(Fukunishi et al., 1990).
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Figure 4.25 Diffuse reflectance spectra of Thio confined in K-LTL and H-LTL zeolite.

Figure 4.26 illustrates the emission spectra of Thio absorbed on K-
LTL zeolite with different probabilities with excited at 500 nm. The result shows that

all samples appear the emission peak around 575 nm that is similar to Thio in the

solution.
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Figure 4.26. The emission spectra of Thio in K-LTL zeolite with various occupation

probabilities, excited at 500 nm.

In addition, the emission intensity of Thio_K-LTL zeolite composite

is significantly increased with increasing the occupation probability due to an increase

in the amount of dye with the probability increased (table 4.4).

Table 4.4 The amount of Thio dye on the K-LTL and H-LTL zeolite.

K-LTL H-LTL
p Dye offer Dye uptake Dye offer Dye uptake
(mol g*) (mol g*) (mol g*) (mol g)
0.10 1.15x 107 7.76 x 108 1.15x 10° -
0.25 2.86 x 10° 2.03x 107 2.86 x 10° -
0.50 5.76 x 10° 8.26 x 10”7 5.76 x 10° -
1.00 1.15x 10* 2.82 x 10 -
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The gas phase method cannot prepare because of the protonated
zeolite L and temperatures degrade the Thio dyes, that achieved a black powder and

disappear the luminescence properties.

4.4.2.5 Cyaninine (Cy) on to zeolite (Cy_LTL)
The absorption spectra belong to the media such as the acidic and
polar of solvent. A clear aggregation of the dye in Figure 4.27, shows the absoption

spectra of Cy in 0.01 M HCI and water solvent.
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Figure 4.27 The absorption spectra of Cy in 0.01 HCI and water solvents.
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Scheme 4.5 Representation of the relationship between chromophore arrangement and

spectral shift based on the molecular exciton theory (Zhai et al., 2014).

The acidic solvent turns the Cy to H-aggregation causing the
absorption band to appear at 320 nm while Cy in water solution shows the absorption
band at 520 nm with a secondary peak at 490 nm, which is caused by the vibrational
actions of the dye molecule. The H and J aggregate are described in Scheme 5. The dye
molecule, according to excitation theory, is regarded as a point dipole and the excitonic
state of the dye aggregate splits into two levels through the interaction of transition
dipoles. The dye molecules may aggregate in a parallel way (plane to plane stacking)
to form a sandwich type arrangement (H-dimer) or in a head-to-tail arrangement (end
to end stacking) to form a J-dimer. A transition to the upper state in parallel aggregates
having parallel transition moments and to a lower state in a head-to-tail arrangement
with perpendicular transition moments leads to hypsochromic (red) and bathochromic

(blue) shifts, respectively.
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2) Insertion by cation exchange method

The inclusion of Cy on zeolite L by cation exchange method, the
adsorption and emission energy of K-LTL and H-LTL zeolite appear in the same
position at 320 nm and 415 nm, respectively (Figure 4.28 and 4.29). The emission
intensity of Cy in H-LTL is lower than that of K-LTL resulting from the protonated

properties of the Cy molecule (Zhai et al., 2014)
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Figure 4.28 Diffuse reflectance spectra of Cy confined in K-LTLL and H-LTL zeolite

prepared by the cation exchange method.
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Figure 4.29 The emission spectra of Cy on K-LTL and H-LTL zeolite prepared by ion

exchange, excited at 320 nm.

3) Insertion of Cy by the gas phase method

Cy is a cationic with a branch of ethyl group and the molecular size
of cyanine dyes is very tigth to enter into the pore diameter of zeoilte L, consequently,
it is hard to included into zeolite L. Thus, the gas phase method was employed to this
dye with difference in occupation probability. Figure 4.30 displays the absorption band
of Cy_K and H-LTL prepared with p = 0.25 and 1.0. The result shows that the main
excitation energy of those samples appears at 320 nm and the J-aggregate produced in
the Cy H-LTL appears two small absorption bands at 420 and 550 nm seen more

clearly in Cy_H-LTL than Cy_K-LTL.
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Figure 4.30 Diffuse reflectance spectra of Cy confined in K-LTL and H-LTL

zeolite prepared by gas phase method.

Figure 4.31(a) demonstrates the emission spectra of all Cy K-LTL
samples with excitation at 320 nm and the emission spectra of the prepared samples
by gas phase method with different probabilities appear at 400 nm and at 415 nm
for those prepared by the cation exchange method. While Cy H-LTL sample
prepared by gas phase method shows the emission spectra at 425 nm and 415 nm
for the samples prepared by the cation exchange method (see Figure 31b). The
explanation of this result is that the j-aggregate of Cy dye produced in H-LTL with
a high concentration in the channel of zeolite L resulting in the emission at longer
wavelength (red shift) (415 to 425 nm). Moreover, the emission intensity of Cy K-
LTL increases with increasing probability until p is 0.25 and decreases with p
higher than 0.25. This effect is from high packing with H-aggregate produced in
K-LTL channel. Whereas the emission intensity of Cy H-LTL increases with

increasing p until 0.50 and decreases with p higher than 0.5. However, the j-
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aggregate affects on the high emission intensity of Cy_H-LTL is greater than that
of Cy_K-LTL. The amount of the dye in Cy_K-LTL and Cy_H-LTL are reported

in table 4.5.

Table 4.5 The amount of Cy dye on the K and H-LTL zeolite.

K-LTL H-LTL
P
Dye offer Dye uptake Dye offer Dye uptake
(mol g*) (mol g*) (mol g*) (mol g*)
0.1 1.15x 107 7.78 x 108 1.15 x 10 7.07 x 108
0.25 2.86 x 10° 7.47 x 10 2.86 x 10° 1.87 x 10
0.5 5.76 x 10° 7.14 x 107 5.76 x 10° 3.48 x 10
1 1.15 x 10 1.32 x 10 1.15 x 10 2.21 x10°
lon Ex. 1.00 x 10 1.65 x 1077 1.00 x 10 1.72 x 107
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Figure 4.31 The emission spectra of Cy on K-LTL (a) and H-LTL (b) zeolite, excited

at 320 nm.
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4.4.2.6 Thionine Acetate (Th) on to zeolite (Th_LTL)
1) Thionine in solution
Thionine is a cationic species dye with S atom in the structure. The
spectrum of thionine acetate in water and methanol solution exhibits the typical profile
expected for the monomeric form, with a main peak at 600 nm and hypsochromic
shoulders at 550 nm (see Figure 4.32), ducto 0 «<— 0, 1 «— 0, and 2 <« 0, t* «— =&

transitions (Gigli et al., 2015)
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Figure 4.32 The absorption spectra of Th in water and methanol solvents.

2) Insertion by cation exchange method

The absorption band of Th_K-LTL and Th_H-LTL zeolite are
independent of emission band changes with the peak position remaining at 610 and 615
nm, respectively (Figure 4.33), and a slight skewing of the peak results from the effect

of self-absorption of dye in environment of zeolite. (Haugen et al., 1965).
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Figure 4.33 Diffuse reflectance spectra of Cy confined in K-LTL and H-LTL zeolite.
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Figure 4.34 The emission spectra of Th_K-LTL and Th_H-LTL zeolite, excited at 610

nm.

When comparing the emission spectra of Th in solution to the Th_K-

LTL and Th_H-LTL zeolite (Figure 4.34), a red-shift of emission maxima was

observed, in agreeing with the analogous shift of the absorption spectra. Moreover, the

photoemission of Th_H-LTL appears at higher position than that of Th_K-LTL,



100

agreement with the intramolecular charge transfer (ICT) favored in this system (Gigli

etal., 2015).

3) Insertion by the gas phase method

Unfortunately, the gas phase method cannot apply to thionine acetate
dye due to the acetate anion combusted at high temperature and it changed to black
powder of Th_K-LTL and H-LTL with non-fluorescence properties. Thus, for
application of this dye into zeolite LTL, a low temperature and a long time for insertion
are required. Even though, the experiment under this condition was done and the
product was achieved, but the product is non-fluorescence. Therefore, other species of

thionine such as thione chloride is worth to try with this method.

45 Conclusions

A variety of fluorescent dyes such as acridine (AC), acriflavine (AF),
hemicyanine (Hemi), cyanine (cy), thionine (Th) and thioindigo (Thio) are used in the
dye-zeolite L composite. The appropriate cationic and neutral dye can be inserted onto
K—-LTL and H-LTL zeolite. Not only the cation exchange but also the gas phase method
are used for preparation of cationic dyes onto zeolite LTL at different occupation
probabilities (p = 0.10, 0.25 0.50 and 1.00). The samples of dye K-LTL and dye H-
LTL zeolite prepared by the gas phase method show the high amount of the dye
intercalated in the channel of zeolite. The high loading (p = 0.50 and 0.10) produces the
aggregation of the dye molecule in the channel of zeolite L causing a self — absorption
and a reduction of luminescence properties. In the case of zeolite H-LTL the gas phase

method is not suitable for some dye such as Thio due to the protonated form able to
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degrade with high temperature. In the gas phase method, the occupation probability at
0.25 was chosen for applying in FRET study due to an achievement of high

luminescence property and avoidance of the aggregation of dye molecule.
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CHAPTER V

FLUORESCENCE RESONANCE ENERGY TRANSFER

FROM THE DONOR -ACCEPTER OF OGANIC DYE

ONTO ZEOLITE LTL

5.1 Abstract

To synthesis the two dyes into channel of zeolite L which are used for antenna
system, a donor-acceptor such as Acridine - Hemicyanine (AC_Hemi), Acridine -
Acriflavine (AC_AF) and Acriflavine - Thioindigo (AF_Thio) were prepared. The
sequence of method to insert the dyes is cation exchange — gas phase (i -g), gas phase -
cation exchange (g — i), gas phase - gas phase (g — g) or/and cation exchange_ gas phase
(i—g). The results show that all the systems have a high quenching in the K-LTL and
each system has a high quenching efficiency which is AC(g)_AF(i) K-LTL (72.2%),
AC(i)_Hemi(g) (65.9%) and AF(i)_Thio(g) (52.6%). This result shows a high

efficiency that can be applied for antenna material.
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5.2 Introduction

Fluorescence Resonance Energy Transfer (FRET) is a distance dependent
interaction between two molecules where the energy is transferred non radiatively from
an excited donor molecule to an acceptor in ground state via an induced dipole—dipole
interaction. Typically, the distance between donor—acceptor within 1-10 nm is ideal for
energy transfer to occur (Lakowicz, 2006; Saha et al., 2016). Also, the energy transfer
depends on the inverse sixth power of the distance between the two chromophores, the
donor and acceptor. Fluorescence Resonance Energy Transfer (FRET) between an
organic or laser dye in zeolite LTL channels are efficient processes for antenna
applications such as solar cells sensitized by dye loaded zeolite LTL antenna and
Luminescent solar concentrators (LSC) (Calzaferri, 2012; Insuwan et al., 2015). The
zeolite LTL pore structure consists of one-dimensional channels that cross the crystal
axis that acts as an organic dye support for host-guest composite materials by exploiting
their one-dimensional structure. The different forms of zeolite K-LTL and H-LTL are
significant as a host material with organic dye as a guest (Calzaferri, 2012; Insuwan et
al., 2015; Szulbinski et al., 2001). These work concentrates on synthesis of dye-loaded
zeolite L acting as artificial antenna system. In this material two different kinds of dyes
with appropriate donor — acceptor properties are organized as monomers in spatially
separated domains. The structure of the system allows the excitation of donor dye in
the central part and fast transport of the energy to acceptor along the channel axis to the
end of faces of crystals. The systems of donor-acceptor in the channel of zeolite L used
in the study are Acridine (AC) —hemicyanine (hemi), acridine (AC) — acriflavine (AF),
acriflavine (AF) — thioindigo (thio) and hemicyanine (hemi) - thionine (Th) (see Figure

5.1). The selective light absorbed by the donor dye located in the middle part of crystal
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with cylindrical morphology then the energy migrates to the end of crystal which
captured by the acceptor and then emitted as luminescence of acceptor molecule
(Pauchard et al., 2000). In the previous chapter we organized the single dye molecule
by cation exchange method for cationic dye and gas phase method (or thermal
diffusion) for cationic and neutral dye with successful in preparation. The zeolite L
sandwich material with dyel in the middle part and the indicated dye2 at the both of
the ends of the crystal (Figure 5.2) was prepared. However, the method for insertion of
dyel and dye2 plays an important role to an efficiency of the FRET. The efficiency of
FRET was investigated on the systems prepared with different insertions of the dyes
by ion exchange and gas phase method for donor (D) — acceptor (A) molecule such as
ion exchange (i) — ion exchange (i), gas phase (g) — ion exchange (i) and gas phase (g)

— gas phase (g).

NN i\ ) ; (AC_Hemi)

(AC_AF)
(LI ~
ALAAL =T
“L ; (AF_Thio)

Figure 5.1 The donor - acceptor molecule for FRET study.
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Figure 5.2 Insertion of two different dyes into the zeolite framework.

5.3 Material and Method

5.3.1 Synthesis of zeolite LTL
All materials used in this study are of reagent grade. The typical procedure for
the preparation of synthesis gel of K-LTL zeolite was modified according to a Chapter
Il (page 32)
5.3.2 Dyes-loaded on zeolite LTL
Cation exchanged method
Incorporation of cationic dyes such as AC, AF, hemi and Th onto K-LTL,
and H-LTL zeolite were performed at 30 °C using accurately weighed dehydrated
zeolite LTL 0.5 g in a 125 mL conical flask. Then 50 mL of the dye solution with
concentration of 0.1 mM added to a flask. The flask was sealed and transferred to a
shaker bath for 24 hours to equilibrate the system. The dyes loaded zeolite LTL were
collected by separation of solid from solution by centrifugation and dried at 100 °C
overnight. To remove the dyes molecules on the zeolite surface, the following washing
procedure was used. The suspension was transferred into a 125 mL conical flask with
50 mL n-butanol, sonicated for 10 minutes then stirred at room temperature for 24
hours. The n-butanol washing was repeated until the supernatant did not show dyes

luminescence.
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Gas phase procedure

For the gas phase method, the experiment corresponds with Chapter 1V
(page 62), 100 mg of zeolite L was mixed with neutral dye or cationic dye by using
occupation probability = 0.25 (p = 0.25) which is appropriate for insertion that shows

the high packing and low aggregation of dye in the channel of zeolite L.

Energy transfer measurement

The insertion of two different dyes was prepared by combination of ion
exchange and gas phase method. We named dyel-zeolite L in the first step of the
insertion and eventually, dyel adsorbed on the outer surface of zeolite was removed.
After that the second dye, dye2, was inserted. The conditions must be chosen such that
dyel has no chance to exit the channels when start of the second step. Once a dye2
molecule entered in each channel from both the ended sides of cylinder, the dyel
molecules have no chance to escape. In fact, they are pushed deeply into the channels
by the incoming dye2 species, and formed the dye2, dyel-zeolite L material. The
system of donor - acceptor in zeolite L that is (AC_Hemi), (AC_AF), (AF_Thio) and
(AF_Th) was done by combined different insertions of dyel and dye2 such as ion
exchange - ion exchange (i-i), ion exchange — gas phase (i-g) and gas phase -gas phase

(g-g) method.
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Physical Measurements

UV/vis spectra were recorded on a T80+ UV-Vis spectrophotometer PG
instruments. Dye molecules were dissolved in various solvents and quartz cuvette was
used in the measurement. Diffuse reflectance spectra of dyes loaded on zeolite LTL
was recorded using a Shimadzu UV-2550 UV-Visible spectrometer with the condition
of slit width (5 nm), sampling interval (0.1 nm) and wavelength range of 200-800 nm.
Fluorescence spectra were recorded on a luminescence spectrometer LS 50B (Perkin-
Elmer). Dye molecules were measured either in various solvents in quartz cuvette or
incorporated in zeolite LTL by suspending dyes/zeolite LTL in chloroform (~1 mg in

100 mL).

5.4 Result and discussion
5.4.1 Fluorescence resonance energy transfer (FRET) experiments.

FRET performance between donor and acceptor in zeolite

Efficiency of FRET

The Quenching efficiency (%Q) value and Forster distance (Rpa)
indicates a proficiency of the artificial antenna which can be calculated as follows. The
efficiency of the energy transfer (quenching efficiency, %E) was estimated by

comparing the donor fluorescence with and without acceptor

%Q = (1 - FLA) x 100% (5.1)

Fp

where Fpa is the fluorescence intensity of the donor in the presence
of acceptor and Fp is the fluorescence intensity in the absence of the acceptor (Gfeller

et al., 1997; Lakowicz, 2006; Minkowski et al., 2006)
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The critical transfer distance (Rpa)

The value of critical transfer distance (Rpa) between donor and
acceptor molecules was calculated with Eq. (5.2) by using Forster's energy transfer
relation (Cucinotta et al., 2014). Conceptually, the Forster critical distance is the
maximal separation length between donor and acceptor molecules in which resonance

energy transfer will still occur.

2
RSA _ 9000(1n10)K3Qpa®p (5.2)

128m5N 4n*

when %, is the orientation factor set to equal 2/3, this assumes a
random orientation of the emission and absorption dipole moments of the donor and
acceptor respectively. While Qpa is an overlap integral for overlapping emission
spectra of donor with absorption spectra of acceptor; ®p is quantum yield of donor; Na
is the Avogadro constant and n is the refractive index of the solvent (1.33 for H.O and
1.4 for zeolite). The overlap integral, Qpa, between donor emission spectrum and an
excitations spectrum of acceptor, are measured upon excitation energy of donor

(Insuwan et al., 2015; Saha et al., 2016; Viani et al., 2016).

The rate constant for energy transfer (Ker)
The rate constant for energy transfer from a donor into an acceptor as

follows:

90001n10)®p
128m5N 4n*tp

er = ( )QpaGpaPpPa (5.3)

Where @ and 7 [s] are the fluorescence quantum yield and the

intrinsic fluorescence lifetime of the donor; Na [mol™] is Avogadro's number; n is the

refractive index of the medium; Qpa [cm®m™] is the spectral overlap integral between
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the normalized donor emission and the acceptor absorption spectra; Gpa is the
geometrical factor; p,and p, are the occupation probabilities of the sites with donors

and acceptors, respectively (Lakowicz, 2006).

5.4.1.1 Acridine (AC)- Hemicyanine (hemi) Zeolite L system

(AC_Hemi-LTL)

CHj

CHj;

Scheme 5.1 AC and Hemi molecules.

The objective of the present work is to investigate the possibilities of energy

transfer within antenna material. This material was prepared by inserted Ac (donor) and
hemi (acceptor) molecules onto zeolite L. Energy transfer and migration in this system
is governed by long-rang dipole-dipole interactions known as Forster mechanism due

to the absence of any orbital overlap between the dye molecules. Energy transfer
processes occur when the separation distance between donor and acceptor species is at

least 10 A. (Saha et al., 2016). Figure 5.3 illustrates the absorption and emission spectra

of both dyes (AC and hemi) in the aqueous solution.
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Figure 5.3 Energy transfer experiment, absorption and emission spectra of Ac and

Hemi dissolved in aqueous solution.

The samples of AC_Hemi zeolite L prepared by different sequences of the
used method under the concentration of loaded dye by ion exchange are 0.01 mM and
by gas phase with an occupation probability of loaded dye is 0.25 (p=0.25). The
emission spectra of these samples are shown in Figure 5.4. The excitation wavelength

of the dyes loaded on zeolite LTL was fixed at 355 nm that only Ac (donor) can absorb.
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Figure 5.4 The emission spectra of AC — K-LTL prepare by the ion exchange and gas
phase method (red line and blue line) and the emission spectra of AC and Hemi in the
system of AC_Hemi K-LTL with different sequences of the method for inclusion and

that excited at 355 nm for the energy transfer experiment.

Figure 5.4a shows the emission spectra of Ac loaded on zeolite K- LTL
with the ion exchange and gas phase method. The emission spectra observed at Aem =
485 nm that is overlap with the excitation spectra of Hemi on K-LTL (Aex =485 nm)
implying that the energy transfer might happen in an appropriate distance. The sequence
for using the method to insert AC and Hemi onto zeolite L is important to energy
transfer efficiency. The parameters of FRET shown in Table 5.1 were calculated from

Figure 5.4
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Table 5.1 Calculated overlap integral, quantum yield, Forster distance and quenching

efficiency for the donor—acceptor pairs of AC_Hemi K-LTL.

Sequence of

] Overlap .

the loading Quantum Forster Quenching

integral (€2pA) _ _ .
method yield distance, efficiency
_ 102cmt M1
AC_Hemi - (®p) Roa (A) (%Q)
(nm)*
K-LTL

i-g 15.58 0.66 26.5 65.9
g-i 10.75 0.66 24.3 46.5
g-g 12.56 0.66 24.7 58.7

Table 5.1 shows the results of the calculated overlap integrals (2DA) and
critical transfer distance (Rpa) for AC_Hemi K-LTL pair using Egs. (5.1) and (5.2), in
which ®p was 0.66 (Insuwan et al., 2015; Kubota et al., 1977) and %, was 2/3. The
theoretical efficiency of energy transfer between donor and acceptor can be estimated
by calculating the Forster distance for the pair. Typically, the Forster distance is 20-90
A. In this case, AC- Hemi-K-LTL prepare by i - g, in which AC was loaded by ion
exchange method and Hemi by gas phase method, has higher quenching efficiency
(65.9%) than that g —i (46.5%) and g -g (58.7%) due to Hemi (acceptor) able to insert
into zeolite more by gas phase method. In contrast, high loading by gas phase method
can reduce the Rpa distance and quenching efficiency. The longer the Forster distance
of the donor — acceptor pair is, the more efficient the energy transfer between them

becomes (Insuwan et al., 2015; Ryder et al., 2003).
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Figure 5.5 The emission spectra of AC — H-LTL prepare by the ion exchanged and gas
phase method (blue and red line) and the emission spectra of AC and Hemi in the system
of AC_Hemi-H-LTL with different sequences of the method for inclusion and that

excited at 355 nm for the energy transfer experiment.

Table 5.2 Calculated overlap integral, quantum yield, Forster distance and quenching

efficiency for the donor—acceptor pairs of AC_Hemi H-LTL.

Sequence of

) Overlap )
the loading Quantum Forster Quenching
integral (Qpa) : _ .
method yield distance, efficiency
_ 102 cmt ML
AC_Hemi - (®p) Roa (A) (%Q)
(nm)*
H-LTL
i-g 20.53 0.66 26.5 50.1
g-i 14.85 0.66 24.3 42.1

g-9 15.15 0.66 24.7 41.3
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Figure 5.5 shows the emission spectra of AC — Hemi loaded on H-LTL zelite
(red and blue line that is a protonated form of LTL zeolite). The preparation of this
system is the same as AC — Hemi loaded on LTL zeolite (K form of LTL) as mentioned
above. But in this case the gas phase method seems to be unsuitable to load AC on H-
LTL. It shows the emission spectrum with quite low intensity compared to AC loaded
on K-LTL. AC might be partially degraded in protonated form of zeolite at the same
temperature used to load AC in K form. The FRET performance and parameter can be
calculated and shown in Table 5.2. AC_Hemi H-LTL prepared by i - g, is still higher
quenching efficiency (50.1%) than that by g —i (42.1%) and g -g (41.3%) but AC_Hemi
H-LTL systems still remain lower quenching efficiency than AC_Hemi K-LTL system
due to the degradation of the dye. As the results, the fluorescence intensity of Hemi is
increased with an increase in loading of Hemi by the gas phase method. These results
demonstrated clearly that Hemi would be proximity to the AC molecules when loaded
on zeolite LTL, resulting in an efficient resonance energy transfer from Ac to Hemi in

the AC_hemi K-LTL and H-LTL system.
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5.4.1.2 Acridine (AC)- Acriflavine (AF) Zeolite L system (AC_AF -
LTL)

\
| P
H,N N NH,

NN 2 c

CHs

Scheme 5.2 AC and AF molecules.

From the previous work, the system of (AC_AF - LTL) prepared by ion
exchange method, the low loading of donor (AC) and acceptor according from the
limiting case of the kinetic diameter of the channel opening and the diffusion species
(Insuwan et al., 2015). In this work the sequence and the different methods for insertion

of two dyes into zeolite LTL was investigated for improvement and prepared samples

as artificial antenna system

— Abs._ AC

"N ----Emis_AC

S 0 n.o.ev-p“!:
rd

300 350 400 450 500 550 600 650
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Figure 5.6 Absorption and emission spectra of Ac and hemi dissolved in aqueous

solution for the energy transfer experiment.
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For AC_AF zeolite L system, the preparation of these samples is the
same as the systems of AC_Hemi zeolite L as mentioned above. The emission spectra
of AC_AF zeolite K-LTL are shown in Figure 5.7, respectively. The excitation

wavelength of the dyes loaded on zeolite LTL was fixed at 355 nm that only Ac (donor)

can absorb.

3000
2500

2= 2000

g 1500

=

= 1000
500

Wavelength (nm)

Figure 5.7 The emission spectra of AC — K-LTL prepare by the ion exchanged and gas
phase method (blue and red line). The emission spectra of AC and AF in the system of
AC_AF-K-LTL with different sequences of the method for inclusion and that excited

at 355 nm for the energy transfer experiment.

Figure 5.7 shows the emission spectra of Ac loaded on zeolite K-LTL with
the ion exchange and gas phase method (red and blue line). The observed emission is
at Aem = 485 nm which overlap with the excitation spectra of AF on K-LTL (Aex =475
nm). The FRET occurs from AC to AF molecule when AC molecule is excited (Aex =

355 nm). The quenching efficiency and performance of FRET used for antenna material
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were calculated from the system of AC_AF zeolite LTL (Figure 5.7) prepared with the

difference in the sequence and the method. The results are shown in Table 5.3.

Table 5.3 Calculated overlap integral, quantum yield, Forster distance and quenching

efficiency for the donor—acceptor pairs of AC_AF_K-LTL.

Sequence of

] Overlap :
the loading Quantum Forster Quenching
integral (2pA) _ _ .
method yield distance, efficiency
102cmt M1
AC_AF -K- (©p) Roa (A) (%Q)
(nm)*
LTL
i-i 10.85 0.66 21.5 68.3
g-i 9.35 0.66 24.3 72.7
g-g 15.15 0.66 24.7 40.4

Table 5.3 shows the FRET performance and FRET parameters. The quenching
efficiency of the sample prepared with loading AC (donor) by gas phase method and
acceptor (AF) by ion exchange method is higher than that by i — i (68.3%) and g — g
(40.4%) that refers to an increase in the loading of the donor able to increase the
quenching efficiency and FRET performance. However, in the case of g-g, the high
loading of donor (AC) and acceptor (AF) refers to an occurrence of more aggregation

of dye is increased.
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Figure 5.8 a). The emission spectra of AC — H-LTL prepare by the ion exchanged and
gas phase method. b) The emission spectra of AC and AF in the system of AC_AF-H-
LTL with different sequences of the method for inclusion and that excited at 355 nm

for the energy transfer experiment.

All the systems of AC_AF-H-LTL (i -i, g -1iand g - g) arise the energy

transfer from AC to AF.The system of g - g shows the high intensity emission of AC
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and AF at Aem = 485 nm and 550 nm, respectively, (Figure 5.8b) referring to the high
packing of dye in the channel of zeolite L. However, the high packing of AC by the gas
phase method affects the low loading of AF dye in the second step by the cation
exchange. That causes to the g - i system giving the emission intensity of AF (Aem =550

nm) lower than g — g system.

Table 5.4 Calculated overlap integral, quantum yield, Forster distance and quenching

efficiency for the donor—acceptor pairs of AC_AF H-LTL.

Sequence of

) Overlap ]
the loading Quantum Forster Quenching
integral (Qpa) \ ] o
method yield distance, efficiency
102¢cm™* M1
AC_AF -H- (®p) Rpa (A) (%Q)
(nm)*
LTL
P-i 8.54 0.66 21.2 62.3
g-i 8.42 0.66 20.8 60.2
g-g 7.86 0.66 19.7 404

The more efficient of the energy transfer between donor — acceptor pair
becomes from the longer Forster distance of them. In this case, AC_AF H-LTL (i — i)
system has a longer Forster distance than AC_AF H-LTL (g — g) but it is close to
AC_AF H-LTL (g — i) that is 21.2, 0.66 and 19.7, respectively, and the quenching

efficiency is 62.3, 60.4 and 40.4, respectively.
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5.4.1.3 Acriflavine (AF) — Thioindigo (Thio) Zeolite L system (AF_Thio

-LTL)

X S
+/
H,N N NH, I

2 -

Cl

CHj o
Scheme 5.3 AF and Thio molecules.

For development the antenna material, the luminescence might be cover
blue to red region that is variety for application of antenna material effectively. Thus,
this system develops from green (AF) to red (Thio) luminescence. The absorption and
emission spectra of AF and Thio in aqueous solution are shown in Figure 5.9. A large
area (grey region) of overlapping emission spectra of donor (AF) and absorption spectra

of acceptor (Thio) tends to high quenching efficiency of the energy transfer from a

donor (AF) to an acceptor (Thio).
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Figure 5.9 Energy transfer experiment, absorption and emission spectra of Ac and hemi

dissolved in aqueous solution.
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Figure 5.10 a). The emission spectra of AF— K-LTL prepare by the ion exchanged and
gas phase method. b) The emission spectra of AF and Thio in the system of AF_Thio-
KH-LTL with different sequences of the method for inclusion and that excited at 465

nm for the energy transfer experiment.
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The emission spectra of AF loaded on K-LTL with the cation exchange and
gas phase method are at Aem = 525 nm (Figure 5.10a). Due to a neutral dye of Thio, the
gas phase method is used only for loading, the two system of AF_Thio-K-LTL, (i —g)
and (g - g), are achieved. Figure 5.10b illustrates the emission spectra of these two
systems (i-g and g-g). The emission spectra of Thio was observed at Aem=585 hm with
an excitation of AF at Aex = 475 nm. This refers to the transfer of energy from AF to
Thio continuously. The quenching efficiency and other parameters are shown in Table
5.5. For the i — g system, the quenching efficiency (52.6%) and Foster distance (20.7)
are higher than g — g system. A large molecule of Thio dye, normally is hard to be
inserted onto zeolite L. Thus, a high temperature is needed for inclusion that causes to

destroy the donor (AF) which is inserted before with the first step.

Table 5.5 Calculated overlap integral, quantum yield, Forster distance and quenching

efficiency for the donor—acceptor pairs of AF_Thio K-LTL.

Sequence of

) Overlap ]
the loading Quantum Forster Quenching
integral (Qpa) | . .
method yield distance, efficiency
) 10?cmt M1
AF_Thio - (®p) Roa (A) (%Q)
(nm)?*
K-LTL
i-g 8.54 0.83 20.7 52.6
g-g 6.65 0.83 17.8 34.8

In the case of AF_Thio H-LTL system, we cannot apply the gas phase

method to Thio dye inserted onto H LTL zeolite (protonate form) due to the high
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temperature be required for insertion causing to degrade and damage the dye resulting

in the loss of the luminescence properties of the system.

5.4.2 The energy transfer with confocal microscope

The confocal microscope observed the crystals in a microscope
equipped with appropriate filters and using an immersion lens gives the pictures in
Figure 5.11. For the AC_AF K-LTL system (Figure 5.10(a)), the yellow - green
emission of AF on the left is observed through parallel to the cylinder axis with an
excitation AC at 360 nm, while the blue emission of AC is seen in the middle part of
the crystal. In addition, in AC_Hemi K-LTL system (Figure 10(b)), the orange emission
of Hemi on the left is observed through parallel to the cylinder axis with an excitation

AC at 360 nm which the blue emission of AC appears in the middle part of the crystal.
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Figure 5.11 Schematic representation of a crystal with donors (Blue) at the middle and
acceptors (green and yellow) in the both end sides, immersion with microscopy images

a) AC_AF K-LTL system and b) AC_Hemi K-LTL system
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5.5 Conclusion

A variety of antenna systems with light harvesting properties and effective
energy transfer were demonstrated on different materials. The sequence of the used
method of two dyes insertion onto K-LTL and H-LTL zeolite affect on the energy
transfer efficiency. In this study, the sequence of the used method for donor and
acceptor is ion exchange and gas phase method, respectively, denoted as (i — g), gas
phase — ion exchange method (g-i) and gas phase — gas phase method (g - g). For the
systems composed of pair of cationic dyes are AC_Hemi LTL and AC_AF LTL. The
quenching efficiency of AC_Hemi K-LTL system for (i — g), (g — i) and (g — g) is
65.9%, 45.9% and 58.7% ,respectively, and those of AC_AF K-LTL is 68.3% (i — i),
72.7% (i — g) and 40.4% (g — g). While the system of two different types of dye as
cationic (AF) and neutral (Thio) dye, AF_Thio K-LTL, has quenching efficiency 53.6%
(i—g) and 34.8% (g — g). Unfortunately, protonated form of zeolite L (H-LTL) for this
system is unsuitable due to high temperature required for insertion of dye including an
existence of Bronsted acidic site of zeolite framework causing to degradation of dye
molecule that affects luminescent properties. However, the sequencing method for
inclusion dye onto zeolite L that improve efficiency energy transfer and opportunities

for developing new photonic devices.
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CHAPTER VI

CONCLUSIONS

Zeolite L can be synthesized with different morphologies such as cylindrical,
round, ice hockey and clam shape with a size in micrometer to nanometer which can be
applied in various functions. The dye-zeolite L composites were prepared with cationic
dyes such as AC, AF, Hemi and Th. The adsorption isotherms of those dyes are fitted
well to Langmuir isotherm and the thermodynamic parameters are summarized in table
6.1and 6.2

Table 6.1 Thermodynamic parameters for adsorption of dyes on K-LTL.

AG® AH°
Sample temp (K)
(kJd/mol) (kJ/mol)
303 -28.82
Acridine 313 -30.31 21.15
323 -32.11
303 -28.26
Acriflavine 313 -30.61 32.79

323 -33.75
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Table 6.1 Thermodynamic parameters for adsorption of dyes on K-LTL (Continued).

AG° AH®
Sample temp (K)
(kJ/mol) (kJ/mol)
303 -27.65
Hemicyanine 313 -29.42 29.47
323 -31.43
303 -27.98
Thionine 313 -29.79 31.06
323 -31.88

Table 6.2 Thermodynamic parameters for adsorption of dyes on H-LTL

AG® AH°
Sample temp (K)
(kJ/mol) (kJ/mol)
303 -27.58
Acridine 313 -30.11 21.15
323 -32.58
303 -29.01
Acriflavine 313 -30.62 32.79

323 -32.09
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Table 6.2 Thermodynamic parameters for adsorption of dyes on H-LTL (Continued).

AG° AH®
Sample temp (K)
(kJ/mol) (kJ/mol)
303 -28.23
Hemicyanine 313 -29.72 29.47
323 -31.28
303 -27.10
Thionine 313 -29.78 31.06
323 -32.03

All of cationic dyes show the thermodynamic parameters with negative
values of AG® (28-32 kJ/mol) and the positive values of AH® (21 — 32 kJ/mol) that refer
to the higher adsorption capacity observed and the adsorption process is endothermic,
respectively. For dye — zeolite L composite, the cationic dyes are normally used for
inclusion by cation exchange method which has a limit for dyes incorporated on the
channel. To improve this, the gas phase method (thermal diffusion) was employed for
the dye-zeolite composite prepared with cationic and neutral dyes such as AC, AF,
Hemi, Thio and Th. In addition, the different occupation probabilities (p = 0.10, 0.25
0.50 and 1.00) were used to prepare dye K-LTL and dye H-LTL zeolite by the gas
phase method. The samples show the high amount of the dye intercalated in the channel
of zeolite and the dye aggregation arises as the high loading (p = 0.50 and 0.10) that
causes to a self — absorption and a reduction of luminescence properties. However, in

the case of zeolite H-LTL the gas phase method is unsuitable for some dye such as Thio
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due to the protonated form able to degrade with high temperature. The high
luminescence property and avoidance of the aggregation of the dye molecule appear at
the occupation probability (p) of 0.25 that shows a good result. Consequently, at p =
0.25 was applied in the gas phase method for the study of fluorescence resonance

energy transfer (FRET).

For the FRET of donor_acceptor-zeolite L, the system is AC_Hemi-LTL,
AC_AF-LTL and AF_Thio-LTL, In this study, the sequence of the used method for
donor and acceptor is ion exchange and gas phase method, denoted as (i — g), gas phase
—ion exchange method (g-i), gas phase — gas phase method (g - g) and cation exchange
- cation exchange (i — i). The results show that all the systems have a high quenching
in the K-LTL zeolite and each system has a high quenching efficiency, which is
AC(g)_AF(i) KLTL (72.2%), AC(i)_ Hemi(g) (65.9%) and AF(i)_Thio(g) (52.6%).
This result shows a high efficiency that can be applied and improved for antenna

material and optical devices.
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