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Chapter 1.General Introduction

1.1. Inorganic layered compounds as functional materials

Inorganic layered compounds are composed of inorganic nano-sheets laminated by
electrostatic interactions, van der Waals forces, hydrogen bonds, and other interactions.
Inorganic layered compounds are characterized by 1) a large aspect ratio, ii) a large specific
surface area, iii) a flat surface at the atomic level, iv) reversible exfoliation and lamination, v)
the ability to intercalate various substances, and vi) the ability to adsorb various substances on
the surface. Due to the specific properties described above, inorganic layered compounds
have been utilized for various applications. For example, it has been utilized as catalysts' >,
adsorbents*?, electrodes®, and biological materials.”® By modifying its surface and inserting
various substances between its layers, new applications such as optical functional materials and
improvements of the above applications have been promoted. *!3

Layered compounds not only intercalate substances in their interlayer space but also
provide a specific reaction field. The hierarchy of flexibility and definition of reaction fields

is shown in Figure 1.1. Gas state, liquid state, molecular assemblies such as micelle and

Less defined Structural definition Well defined
(8]
o o o o090 cln/\ /\o ° 0.0
0o009%0 /o [ j o 0 o oo o o
° 0,090 0 o 0 0 0
Lo/
Gas state  Liquid state IV_I lc§3lle Mole?ular Surface Layer Cage Solid state
Vesicle cavity
Less restricted Structural flexibility Largely restricted

Figure 1.1 Structural flexibility and definition on the reaction filed.
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vesicle, and solid-state are general chemical reaction fields. Each of these reaction fields has
a different flexibility and is utilized depending on the purpose. Gas state and liquid state
provide ideal reaction fields for physicochemical observation and measurement because gas
state and liquid state are homogeneous systems. These homogeneous systems, such as gas
and liquid state, have been widely used for a long time because it is easy to analyze kinetics
theoretically.'+1°,

On the other hand, it is difficult to analyze the reaction mechanism in a molecular assembly
and on the solid surface, which are heterogeneous systems, because the reaction mechanism is
complicated. However, the tissues with advanced functions, such as biological tissues, are
often composed of heterogeneous systems. Molecular assemblies, such as micelle and vesicle,
have a function as heterogeneous systems in which molecules can be arranged at specific
positions, while these are macroscopically uniform. Since the structural definition of
molecular assemblies is not very high, the substance incorporated into the system has
fluidity.!” !  The solid-state and cage-shaped compounds such as zeolite have the advantage
of designing selective chemical reactions using their high structural definition. ~ By contrast,
it has the disadvantage of being narrowly applicable due to its low structural flexibility.?*2
Because layered compounds have an extremely flat two-dimensional surface, they are not as
flexible as molecular assemblies such as micelles. On the other hand, the definition of layered
compounds is not as high as that of the solid-state since layered compounds also have the
flexibility that the interlayer distance is variable. Layered compounds, therefore, are
materials that provide a chemical reaction field with flexibility and definition between

molecular assemblies and solid states.

This thesis focused on clay minerals as layered compounds. Clay minerals have been



widely used for various applications because they are naturally ubiquitous materials and are

23-32 For

characterized by swelling property, thermal stability, and ion adsorption property.
example, they have been used as an adsorbent for a long time. They have also been utilized
as filler materials to modify resin. In addition, much research has been conducted to apply
clay minerals for new applications since clay minerals as host materials have received much
attention in recent years. Because clay minerals have a flat surface at the atomic level, can be

exfoliated into a single layer, and have optical transparency in a solution state, they have been

investigated as photo-functional host materials. (For details, see Subsection 1.2.6.)

1.2. Clay minerals

Clay minerals are mainly composed of elements such as O, Si, Al, Mg, Fe, Ca, Na, K, and
H, and there are many types. Most of them are layered silicates. =~ Amorphous, low
crystalline, and clay minerals with no layered structure are also defined as clay minerals in a

broad sense.®>  This section describes the structure and composition of layered silicates.

1.2.1. Structure of clay minerals

Plane, sheet, and layer are used as the units that compose layered silicates. The plane is
the network of which atoms and ions are arranged planarly. The sheet is the two-dimensional
connection of a coordinated polyhedron. A layer is a composite unit in which sheets are
combined. A Silicate sheet is composed of ionic bonds of O?" anion with metal ions. The
tetrahedral sheet and an octahedral sheet are composed by coordinating O~ around the metal
ion. The layered silicate is composed of a two-layered or three-layered structure in which the

tetrahedral sheets and octahedral sheets are stacked. (Figure 1.2)
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The tetrahedral sheet is composed of coordinating four O®" anions around Si*" cations.
Three vertices of this tetrahedron are shared with adjacent tetrahedra and have a hexagonal
array in two dimensions. (Figure 1.3) The fourth vertex is unshared with other tetrahedra and
all tetrahedra point in the same direction. Three oxygen atoms shared with adjacent tetrahedra
are called “bottom oxygen,” the fourth oxygen atom is called “vertex oxygen.” The vertex
oxygen in the tetrahedral sheet is shared with octahedral sheets when tetrahedral sheets stack
with octahedral sheets. AI*" and Fe** are replaced as a center cation in the tetrahedral sheets
instead of Si*" (isomorphic substitution). The isomorphic substitution of Si** by AI** or Fe**
in the tetrahedral sheet produces negative charges on the surface of clay minerals. The
octahedral sheet is composed by coordinating six OH™ or O>™ anions around Mg?*, AI**, Fe?",
or Fe** and sharing their diagonals (Figure 1.4). If divalent elements are introduced in

octahedral sheets, all cation positions are fulfilled (3-octahedral type). If trivalent elements

OO
© OO

OO

Kaolinite Halloysite Pyrophyllite Mica Chlorite Smectite
Tale Vermiculite

D Tetrahedral sheet Octahedral sheet O H,0 @ Cation

Figure 1.2 Schematic diagram of the structure of layered silicate.




3-octahedral type 2-octahedral type

Figure 1.4 Structure of octahedral sheet.

are introduced in octahedral sheets, one-third of cation positions are empty (2-octahedral type).
The octahedral sheet is also negatively charged depending on the ratio of central cations of

octahedral sheets.

1.2.2. Classification of clay minerals

By sharing the anions of the tetrahedral sheet and octahedral sheet, these sheets can be
conjugated. If one tetrahedral sheet and one octahedral sheet are conjugated, it is known as a
1:1 layer. If two tetrahedral sheets are conjugated on both sides of one octahedral sheet, it is
known as a 1:2 layer. The layered silicates are composed of repeatedly stacking these layers.
Generally, the interlayer has water molecules and counter cations. In some cases, only the 1:1
layer or 2:1 layer is laminated. The group of clay minerals is classified according to their

composition of tetrahedral sheets and octahedral sheets, and the type of octahedral sheet is
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classified according to the composition of octahedral sheets, and the name of clay minerals is

classified according to the valence of cation in a polyhedron. The classification of clay

Table 1.1. Classification of Clay Minerals***>

crystalloid

structure

type

group

octahedral type

name

crystalline

layer

1:1

kaolinite-

serpentite

2

kaolinite

dickite

halloysite

chrysotile

lizardite

antigorite

2:1

pyrophyllite-
talk

[\

pyrophylite

ferripyrophylite

talc

willemseite

pimelite

smectite

montmorillonite

beidellite

nontronite

saponite

hectorite

sauconite

stevensite

vermiculite

dioctahedral vermiculite

trioctahedral vermiculite

mica

muscovite

celadonite

paragonite

illite

biotite

phlogopite

lepidolite

polylithionite

brittle mica

margarite

clintonite

chlorite

donbassite

sudoite

cookeite

ribbon

2:1

sepiolite-
palygorskite

sepiolite

palygorskite

amorphous

allophane

imogolite




minerals is shown in Table 1.1.

1.2.3. Properties of clay minerals
Clay minerals indicate the characteristics not found in other minerals due to their chemical

composition, crystal structure, and being fine particles.

Ion-exchange ability

The surface of clay minerals is negatively or positively charged due to isomorphic
substitution in tetrahedral sheets or octahedral sheets. The charged surface of clay minerals
electrostatically adsorbs ions with opposite charges by Coulomb force and maintains electrical
neutrality. Most of the electrostatically adsorbed ions are maintained on the clay surface with
a relatively weak force. The exchange reaction occurs between ions on the clay surface and
other ions in the solution when a solution containing other ions contacts with clay minerals.
This reaction is called the ion exchange reaction. Not all ions adsorbed on the clay surface
are exchanged. For example, K" and Cs" adsorbed on vermiculite are difficult to be

exchanged by other ions. 367

Ions that can participate in the ion exchange reaction are called
“exchangeable ions.”

The ion-exchange ability of clay minerals is represented as a cation exchange capacity

(CEC) or anion exchange capacity (AEC). CEC and AEC are expressed as equivalents of

Table 1.2. Cation Exchangeable Capacities of Clay Minerals®®

name cation exchange capacity (meq/100g)
kaolinite 1-15

smectite 70-130

vermiculite 130-200

sepiolite-palygorskite <40
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charge per 100 g of dry clay minerals. The CEC of clay minerals are shown in Table 1.2.
The CEC, which is the number of cations per unit weight of clay minerals, represents the
number of negative charges on the clay surface. The number of negative charges on the clay
surface is an important parameter to discuss the adsorption phenomenon on the clay surface
since it represents the average distance between negative charges. This subsection describes
how to theoretically calculate the negative charge distance on the clay surface is described.
CEC (eq g ') is expressed as the number of negative charges per unit molecular weight as

shown in Eq. (1.1).
CEC = 1.1
M (1.1

where n represents the number of negative charges of the unit composition formula, M
represents the molecular weight of the unit composition formula (g mol™!). The specific

surface area of clay minerals S (m g 2) is expressed as shown in Eq. (1.2).

2abN
S = 4

- (1.2)

where N, represents Avogadro number (mol!), a and b represent the width and depth of the
unit cell (nm). The width and depth of the unit cell of smectite clays are shown in Table 1.3.
The negative charge occupied area A is calculated by dividing the specific surface area by the

number of negative charges per unit weight of clay minerals, as shown in Eq. (1.3).

Table 1.3. Unit Cell of Smectite®®

name a/nm b/nm

montmorillonite 0.515 0.898
beidellite 0.515 0.895
nontronite 0.523 0.911
saponite 0.520 0.912
hectorite 0.525 0.918




4 S
" CECN,

(1.3)

If it is assumed that the negative charges on the clay surface are arranged hexagonally, the
negative charge occupied area 4 is expressed using the average negative charge distance d (nm)
as shown in Eq. (1.4).

d? (1.4)

3
PRRE
2

Therefore, the average negative charge distance d is expressed as shown in Eq. (1.5).

4ab
= |— 1.5
d / = (1.5)

Because the unit lattice constants @ and b are unique values and n, which is the number of
negative charges in the unit composition formula, is determined by the chemical composition
of clay minerals, the average negative charge distance is estimated from the composition ratio
of clay minerals. Clay minerals are natural compounds, whereas they can be synthesized
artificially. It has been studied to control the average negative charge distance by adjusting
the raw materials and the changing ratio during the synthesis of clay minerals. Details will

be described later in 1.2.5.

Dispersion and aggregation®

Clay particles, which are fine particles, are well dispersed in water. The state in which
particles are suspended in water is called dispersion, and the state in which dispersed particles
are aggregated is called aggregation. The dispersion and aggregation are mainly governed by
the balance of van der Waals force and electrostatic repulsion force between clay particles.

The behavior of clay particles, when they are dispersed in water, is basically governed by the
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theory of interfacial chemistry for general colloidal particles based on the electric double layer.
However, it is extremely complex since it is affected by the shape of the clay particles, surface

charge, and pH of the solution.

Adsorption®

It has been known that various substances are adsorbed on clay minerals. Clay minerals
have an extremely large specific surface area since the structure of clay minerals is a layered
structure.  Since the clay surface is negatively charged, the interlayer space has cationic ions.
Therefore, polar molecules interact with the anionic site on the clay surface by electrostatic
interaction and adsorb on the clay surface by hydrogen bonding with oxygen and hydroxyl
group on the clay surface. The adsorbed molecules may also coordinate with the cations in

the interlayer.

1.2.4. Smectite clays®

Smectite is a dioctahedral or trioctahedral 2:1 layered silicate with water molecules in
between the layers. The isomorphic substitution of Si*" by AI** in the tetrahedral sheet or Si**
and A} by AI**, Mg?*, and Fe?" produces negative charges on the surface of smectite. The

structure of typical smectite is shown in Figure 1.5. Cations such as Na*, K*, and Ca*" in the

‘ Tetrahedral
ARt or Si4* LU\ X Sheet
\O PO

Octahedral
Sheet

Tetrahedral
Sheet

Figure 1.5. The unit structure of saponite.
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interlayer neutralize the layer charge. These cations are exchangeable and can form organic
complexes by incorporating various organic materials in addition to inorganic cations. It also
has unique properties compared to other clay minerals, such as interlayer expansion due to the

insertion of interlayer water and organic matter into the interlayer.

1.2.5. Synthesis of clay minerals
In order to utilize in industrial applications and elucidate the formation mechanism of clay
minerals in nature, the synthesis of clay minerals, which are natural compounds, has been

4047 Hydrothermal synthesis is generally used because clay

investigated for a long time.
minerals have structural water and OH™. Hydrothermal synthesis is a method in which raw
materials and water are mixed in a sealed container under high temperature and high pressure.
A number of studies have investigated the types of raw materials, preparation ratios, and
reaction conditions of the hydrothermal synthesis of clay minerals to control the chemical
composition. For example, Madejova et al. reported the preparation method of reduced-
charge montmorillonite by heating Li-montmorillonite.*®  Egawa et al. succeeded in

controlling the distance between negative charges on the clay surface between 0.83 and 1.92

nm by adjusting the raw material preparation ratio of saponite in order to control the distance

Table 1.4. Chemical Formulas of Synthetic Saponites

negative charge (SisaAL) Mo, ALYOnOHL )

synthetic saponite

distance / nm X y x-y
Sapl.0 1.04 1.03 0.00 1.03
Sapl.2 1.20 0.80 0.03 0.77
Sapl.4 1.45 0.56 0.03 0.53
Sapl.6 1.57 0.45 0.00 0.45

11
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between dyes adsorbed on clay minerals.** Table 1.4 shows the negative charge distances and

chemical formulas of synthetic saponites reported in the previous literature.*

1.2.6. Dye-clay complex

It was known that organic dyes could be adsorbed on the clay surface since it was used as
an adsorbent. For example, benzidine turns blue when adsorbed on montmorillonite. Weil-
Malherde et al. reported that it was due to the transfer of unpaired electrons from the nitrogen
atom of benzidine to montmorillonite, producing a monovalent radical cation with a blue

0

color.’®  Villemure et al. also reported that the fluorescence was significantly enhanced by

3152 It was found that clay minerals not

adsorbing methyl viologen onto montmorillonite.
only adsorb dyes on their surfaces or between their layers but also affect the photochemical
properties of the dyes through some interaction with the dyes. These studies have led to

357 However, it was

widespread research on photo-functional materials using clay minerals.
found that many dyes are prone to forming H-aggregates or irregular aggregates. In particular,
the electronic excitation time of the dye molecules was found to be significantly shorter when

the aggregates were formed. >>°%%

Size-Matching Effect

Cationic porphyrins are adsorbed on the clay surface through electrostatic and hydrophobic
interactions with the clay surface. The maximum wavelength of the cationic porphyrin p-
TMPyP showed a red shift about 30 nm upon adsorption to the clay surface, indicating that the
rotational substituents of porphyrins are planarized, and the n-conjugated system is extended

64,65

by adsorption on the clay surface. The absorbance at 450 nm derived from the adsorbed

component and the absorbance at 420 nm derived from the non-adsorbed component showed

12



linearity in the Lambert-Beer plot, indicating that p-TMPyP does not show aggregation
behavior. Takagi ef al. have proposed this phenomenon as a “Size-Matching Effect” in which
porphyrin molecules with multiple cations in the molecule adsorb onto the clay surface at high

density without aggregation, 4%:6-64

Surface-Fixation Induced Emission

At the time when the fluorescence enhancement by complexation of methyl viologen with
clay minerals was reported, no systematic study was conducted because it was often reported
that dyes aggregate when adsorbed on clay. However, the report of the Size-Matching rule in
which multivalent cationic dyes adsorb on clay minerals without aggregation led to the
discovery that various dyes can be adsorbed on clay minerals without aggregation if the
conditions are met. Furthermore, it was found that the photochemical properties of the dye
were significantly changed by adsorption on clay minerals. For example, Tsukamoto ef al.
reported the effect of adsorption on clay minerals on the potential curves of the ground and
excited states of triphenylbenzene derivatives.®® The non-radiative deactivation constant of
TPAB, which has rotational substituents, was significantly decreased by adsorption on clay
minerals. It was suggested that the potential curves of the ground and excited states were
sharpened, and the energy levels at the intersection of the potential curves were raised by the
fixation of the rotational substituents due to adsorption on the clay surface. Tsukamoto et al.
also reported on the effect of the clay surface on the potential curve from the changes in the
integral of absorption coefficient, the radiative deactivation rate constant, and the non-radiative
deactivation rate constants of Sb porphyrin with different positive valence on the clay surface.®’

Ishida et al. summarized the above two effects and proposed the fluorescence enhancement on

13



Chapter 1

clay minerals and the associated potential curve change between the ground and excited states

as Surface-Fixation Induced Emission (S-FIE).®®

1.3. Adsorption
Adsorption is a phenomenon in which a substance concentrates at the interface of two

t.%°  Unlike the atoms inside the material, the atoms at the interface

layers that are in contac
are unsaturated and therefore have higher free energy than the atoms inside the material.
Adsorption occurs when the free energy is reduced by the binding of molecules or ions to atoms
at the interface. When molecules are adsorbed on a solid surface, the solid is called

“adsorbent,” and the molecules are called “adsorbate”.®’

1.3.1. Physisorption and chemisorption
Adsorption of molecules on the solid surface can be classified into physisorption and

chemisorption.”

Physisorption is a phenomenon in which an adsorbate is adsorbed on an
adsorbent by a relatively weak interaction such as van der Waals force. The adsorption heat
and activation energy of physisorption are generally small, and the adsorption rate is relatively

fast. Since activation energy of desorption is also small, adsorption is reversible. On the

other hand, chemisorption is a phenomenon in which adsorbate adsorb to the surface of the

Table 1.5. Physisorption and Chemisorption

physisorption chemisorption
adsorption speed fast slow
adsorption layer mono-layer or multi-layer mono-layer
adsorption enthalpy ~40 kJ/mol 200 kJ/mol
activation energy small large
reversibility reversible reversible or irreversible
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adsorbent by forming chemical bonds. Since it can be regarded as a chemical reaction
between adsorbent and adsorbent, its adsorption rate is slower than that of physical adsorption.
The adsorption heat and activation energy are equivalent to the heat of the chemical reaction
and the activation energy during the chemical reaction. Since the activation energy of
desorption is the sum of the adsorption heat and the activation energy of adsorption, the
activation energy of desorption of chemisorption is large. Chemisorption is, therefore, often

irreversible.

1.3.2. Adsorption isotherms

The adsorption isotherm is the relationship between the pressure or concentration of the
adsorbent and the amount adsorbed at a constant adsorption temperature. Direct and indirect
methods are used to measure adsorption isotherms. The direct method is a method to directly
determine the adsorption amount from the decrease in pressure or concentration of the

adsorbent or the increase in weight of the adsorbent due to adsorption at a certain temperature.

VI

Adsorption amount
=
<

Relative pressure (or concentration)

Figure 1.6. Types of adsorption isotherms.
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The indirect method is a method to indirectly determine the adsorption amount from any
physical change of adsorbent or adsorbate due to adsorption. A known example of the indirect
method is a method in which a spectrometer measures adsorbents in a specific adsorption state.

IUPAC has classified typical adsorption isotherms into six types as shown in Figure 1.6."!
In isotherms classified as Type I, the adsorption amount approaches a constant value as the
pressure or concentration of the adsorbent increases. Type II is the isotherm of physical
adsorption that forms the multilayer adsorption, represented by the BET (Brunauer-Emmett-
Teller) equation. It is often the case that adsorption expressed as type II is physisorption,
where the heat of adsorption is greater than the condensation heat of the adsorbent. Type III
is also the isotherm of physical adsorption adopted at multilayer adsorption. The adsorption
represented by type III is often the case of adsorption with the small adsorption heat equal to
the condensation heat of the adsorbent. Type IV and type V are adsorption isotherms
generally observed in physisorption. When the adsorption amount obtained by gradually
increasing the adsorption equilibrium pressure is different from the adsorption amount obtained
by gradually decreasing the equilibrium pressure, the adsorption is represented by type IV or
type V adsorption isotherm. Similar to type II, type IV is observed when the heat of
adsorption is large. Type V is observed when the heat of adsorption is as same as the
condensation heat of adsorption, like type III. Type VI is the stepwise adsorption isotherm
observed when the attraction between adsorbents forms the ordered adsorption layer. The
expression of adsorption isotherm in the form of the mathematical equation is called the
adsorption isotherm equation. In this section, Langmuir's adsorption isotherm, which is the

adsorption isotherm treated in this paper, is described.
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Langmuir adsorption isotherms

Langmuir adsorption isotherm is an adsorption isotherm for monolayer adsorption and is
based on the following three assumptions. (i) Adsorption does not proceed beyond the
monolayer. (ii) All adsorption sites are equivalent, and the surface is uniform. (iii) The
adsorbates adsorb at the adsorption sites without interaction with each other. Langmuir

adsorption isotherm is expressed as shown in Eq. (1.6). 7?

_ QmaxKeqC
1= 11K, C (1.6)

where g represents the adsorption amount at equilibrium (mol g 1), C represents the equilibrium
concentration (mol L™"), and gmax represents the maximum monolayer adsorption capacity (mol
g ). K. represents the concentration equilibrium constant of adsorption (L mol™).
Especially, gmax and K are called Langmuir constants. K., denotes the affinity between the
adsorbent and the adsorbate. The Langmuir equation (Eq. (1.6)) can be re-written as

follows.”?

P S (1.7)
q qmaxKeq Qmax '

Therefore, gmax and K4 are calculated from the slope and intercept of the plot of C/g versus C.
For the thermodynamic analysis described later in 1.4.2, K., needs to be converted into an
apparent adsorption equilibrium constant explained by kinetics. K can be written by using
Ky as follow.
K=K,,— (1.8)
Ve

C,, which is typically 1 mol L', is the molar concentration of the reference state. y. is the

activity coefficient (unitless). The magnitude of the activity coefficient depends on the ionic
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adsorbate concentration. When the adsorbate concentrations in this system are dilute, y. can
be supposed to be 1.  Therefore, the apparent equilibrium constant K is represented as follow:

K = K4C, (1.9)

1.4. Thermodynamics
1.4.1. Measurement method of thermodynamic parameters

In order to discuss the molecular recognition phenomena quantitatively, it is necessary to
determine the thermodynamic parameters of each intermolecular interaction. In principle. the
thermodynamic parameters are measured by calorimetric measurements. However, since
accurate calorimetry requires many samples, sophisticated equipment, and measurement
experiments, alternative methods are widely used.”>™* The thermodynamic parameters are
determined by measuring the equilibrium constants of the molecular recognition process by
spectroscopic and electrochemical titration methods at several different temperatures and
analyzing these with the van't Hoff equation. Because the thermodynamic parameters
determined by the van’t Hoff equation do not consider the temperature dependence of the

7576 Therefore, there is a trade-off between the

enthalpy change, these are not accurate.
accuracy of the value and the convenience of the measurement. Furthermore, it should be
noted that the treatment of thermodynamic parameters determined from equilibrium constants

measured by titration and the comparison of the thermodynamic parameters determined from

different methods.

1.4.2. Calculation method of thermodynamic parameters
In a typical stoichiometric host-guest interaction shown in Eq. (1.10), the association

constant K is expressed as shown in Eq. (1.11).
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Host + Guest = Host - Guest (1.10)

K- [Host][Guest] 1
"~ [Host - Guest] (1.1

Gibbs free energy change (AG) of this host-guest interaction is expressed using the association
constant K as shown in Eq. (1.12).

AG = —RT InK (1.12)
where R is the gas constant (R = 8.314 J mol™! K™!), and T is the absolute temperature (K).
The relationship between AG, AH, and AS is represented as follows.

AG = AH — TAS (1.13)
Substituting Eq. (1.12) into Eq. (1.13), van’t Hoff equation is obtained.

an=—2—I;+% (1.14)

According to Eq. (1.14), the values of AH and AS are calculated from the slope and intercept
of the linear plot of InK versus 1/7. In most cases, the plot of the natural logarithm of
association constants at various temperatures and reciprocal temperatures gives a linear
relationship. This calculation assumes that AH and AS do not change within the temperature

range analyzed. However, this assumption overlooking the temperature dependence of AH

and AS is not applicable if there is a difference in heat capacity between the right and left sides

of Eq. (1.10).

1.4.3. Enthalpy-entropy compensation

The compensatory relationship of which these enthalpy and entropy has a positive
correlation was observed in various host-guest systems in general and was reported as an
empirical rule by Leffler.”” Inoue et al. proposed that the slope in the AH-TAS plot is used as

an index of the structural change, and the intercept is used as an index of the desolvation.’”®
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The report conducted by Inoue et al. has discussed the slope and intercept of enthalpy-entropy
compensation by integrating the values of AH and TAS reported individually in various papers.
The features of structural change and desolvation have been discussed by the slope and
intercept of enthalpy-entropy compensations for molecular inclusion by cyclodextrin, cation

capture by crown ether, and intercalation by DNA/RNA.7880

In particular, natural host-guest
systems such as enzymes and DNA indicated slopes and intercepts.  This result suggested that
the structural change and the desolvation are largely due to their flexible structures. On the
other hand, artificial host-guest systems such as crown ether and cryptand showed small slopes

and intercepts, suggesting that the structural change and the desolvation are small due to their

rigid structures.

1.5. Twisted intramolecular charge transfer (TICT)

Twisted intramolecular charge transfer (TICT) is a phenomenon reported by Grabowski,
Rotkiewicz, and Rettig et al. in which a donor and acceptor are bound by a single bond.?! In
a polar environment, fast electron transfer occurs between the donor and acceptor in a molecule
bound by covalent bonds. This electron transfer is accompanied by twisting between the
donor and acceptor in the molecule, forming an orthogonal state of donor and acceptor. The
equilibrium between the orthogonal state and the flattened state often results in dual
fluorescence: fluorescence due to relaxation from the locally excited (LE) state in the high
energy band and fluorescence due to relaxation from the charge transfer (CT) state in the low
energy band. Since these relaxation pathways can be easily modulated by substituents,
polarity, steric hindrance, and the surrounding environment, the TICT process has become one

of the design strategies for functional molecules. Therefore, TICT-active molecules hold
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great promise for OLEDs, chemical sensors, optoelectronic devices, and catalysis.

Aggregation-Induced Emission

The molecules exhibiting aggregation-induced emission (AIEgens) show a weak
fluorescence when dissolved in good solvents but high fluorescence when aggregated in poor
solvents or solids. AIEgens have been widely investigated in the field of optoelectronics, bio-

imaging, and various applications.®? 84

In general, the restriction of intramolecular motion
due to aggregation causes AIE.  Tetraphenylethene, one of the most famous AlEgens, is
known to form TICT state in the excited state,®> and stilbene derivatives such as

81 When these molecules are

tetraphenylethene also often form TICT state in the excited state.
placed in a poor solvent environment, a strong fluorescence derived from the LE state is emitted

since the aggregation of the molecules prevents the formation of TICT by restricting the torsion

between donor and acceptor.

Catalyst

In order to efficiently utilize solar energy, it is necessary to maintain the charge separation
state generated by photo-excitation for a long time. The charge separation state must be much
faster than the charge recombination process, such as the reaction center in the natural
photosynthesis system, to achieve a long-lived charge separation state. Molecular design that
reduces the charge transfer interaction between donor and acceptor was a common strategy to
suppress the charge recombination process. Therefore, charge separation has been studied in
coupled systems where an insulating bridge or spacer separates the donor and acceptor. For
example, in a ternary system of fullerene, ferrocene, and porphyrin, charge recombination was

suppressed by a multi-step electron transfer reaction, resulting in a long-lived charge-separated
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8688 However, when the charge separation state is obtained by multi-step electron

state.
transfer, the energy loss to reach the final charge separation state is large because the free
energy change at each step is negative. Furthermore, it is difficult to synthesize molecules in
which multiple molecules are covalently linked.

Molecules that form TICT states in the excited states can achieve charge separation in a
single step. Molecules with rotatable bridges between donor and acceptor generate CT states
accompanied by intramolecular structural changes from LE states of donor or acceptor. A
similarly large structural change accompanies the transition from the excited state to the ground
state. For example, it is known that 4-(dimethylamino)benzonitrile emits double fluorescence
from the LE and CT states in polar solvents because the dimethylamino group and the benzene
ring are orthogonal. Wasielewski et al. investigated the dynamics of charge separation in
several twisted donor-acceptor systems where donor and acceptor are directly bound or
connected by conjugated bridges.® As a result, it was suggested that the charge
recombination from the sterically twisted donor-acceptor pair efficiently generates a locally
excited triplet state. In addition, Fukuzumi et al. achieved a generation of long-lived charge

separation state by a single bonded donor-acceptor pair such as 9-mesityl-10-

methylacridinium.”® (For details, Section 1.6)

1.6. Acridinium derivatives

Acridinium is a compound in which the nitrogen of acridine, a heterocyclic compound, is
methylated. Acridinium shows a high fluorescence quantum yield due to its rigid structure,
like anthracene. It also shows chemiluminescence when it reacts with hydrogen peroxide

under a basic environment. For example, ester-linked acridinium derivatives and lucigenin,
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in which two acridinium rings are linked via the 9-position, are utilized as immunoassays and
target reagents.”!

A number of studies have been investigated the dynamics of photoinduced electron transfer
in acridinium derivatives in which various substituents conjugate to the 9-position with

sterically twisted structures.’* %

Since the acridinium group has high acceptor property, a
donor-acceptor system can be designed by conjugating a functional group with high donor
property to the 9-position. The mechanism has been proposed to generate an electron transfer
state (CT) from a locally excited state (LE) of the acridinium group by very fast electron
transfer from the donor moiety to the acceptor moiety. The electron transfer rate tuned over
more than three orders of magnitude (ps to ns) depending on the substituents and solvent.

It has been previously observed that 9-mesityl-10-methylacridinium (MesAcr") forms a
long-lived charge-separated state upon light irradiation because the ortho methyl group of the
mesityl group acts as a steric hindrance and maintains the orthogonal state of donor and

9799 Many catalytic reactions based on the photo-redox potential using this charge

acceptor.
separation state have been reported.!?®1°2  For example, MesAcr" is an efficient photocatalyst

in the selective bromination of aromatic hydrocarbons such as 1,2,4-trimethoxybenzene using

aqueous HBr solution as a Br source and O as an oxidant under visible light irradiation.!%

1.7. Purpose of this thesis

In recent years, various organic-inorganic complexes have been widely studied from the
viewpoint of application to energy conversion materials and optical functional materials. In
particular, complexes of inorganic layered compounds and photo-functional molecules have

attracted much attention because they exhibit specific optical functions based on the orientation
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and arrangement of the functional molecules in the two-dimensional field of the layered
compound. Control of the adsorption and aggregation states of photo-functional molecules
on solid surfaces is essential for developing their physical properties. In the case of cationic
dye adsorbed on clay minerals, which is an example of active alignment and orientation of
photo-functional molecules, it has been demonstrated that electrostatic interaction and
hydrophobic interaction are the driving forces for the complex formation. On the other hand,
the effects of host and guest structures on these driving forces have not been clarified.
Because of the more significant guest interaction, monovalent cationic dyes may form
aggregates on the clay surface. Optimization of the adsorption state of the monovalent
cationic dye on the clay surface is expected to enhance its photo-function.

This thesis evaluated the adsorption behavior of mono-cationic acridinium derivatives on
synthetic saponites with various negative charge densities on the surface. The purpose of this
thesis is to clarify the driving force for the adsorption of cationic acridinium derivatives on
synthetic saponite and the photophysical behavior of these complexes. In Chapters 2 and 3,
we evaluated the effects of the guest molecule and host material structures on the adsorption
of acridinium derivatives on clay minerals. In Chapter 4, we evaluated the compensation
relationship between enthalpy changes and entropy changes for the adsorption of derivatives
on clay minerals.  In Chapter 5, we evaluated the fluorescence self-quenching behavior of
acridinium derivatives on synthetic saponites. In Chapter 6, we evaluated the effects of guest
and host structures on the fluorescence enhancement behavior of acridinium derivatives on
synthetic saponites. In Chapter 7, we evaluated the effect of adsorption on a synthetic
saponite on LE and CT fluorescence emitted from 9-mesityl-10-methylacridinium.

These investigations provide new strategies for using the complex of mono-cationic dyes
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and clay minerals as photo-functional materials and will facilitate the organic-inorganic

composites with new functions in the future.
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Chapter 2. Effect of the Molecular Structure on
Adsorption of Acridinium Derivatives on the

Clay Surface

A part of this chapter is reproduced from “Yoshida. Y; Shimada. T; Ishida. T, Takagi. S;
Thermodynamic study for Adsorption of Acridinium Derivatives on the Clay Surface. RSC Adv.

2020, /0, 21360-21368.” under the terms of the CC BY 3.0 license.

2.1. Introduction

Clay minerals are composed of a two-layered or three-layered structure in which the
tetrahedral sheets and octahedral sheets are stacked. The isomorphic substitution of Si* by
AI*" in the tetrahedral layer produces negative charges on the surface of clay minerals (Figure
1.5). Clay minerals have been used for various purposes because they have the properties
such as ion adsorption capacity, swelling property, thermal stability, and these are naturally
ubiquitous materials.!”  Furthermore, since clay minerals have a flat surface at the atomic
level, can be exfoliated into a single layer, and have optical transparency in a solution state,
they have been investigated as photo-functional host materials as well.* !> In order to utilize
clay minerals as photo-functional materials, they are often used as complexes in which some
molecules are adsorbed. So far, various studies have been investigated the adsorption
behavior of cationic molecules on clay minerals. However, cationic molecules tend to
aggregate on the solid surface due to interaction between guest molecules because intercalation
of guest molecules between the layers of the laminated clay minerals makes the interaction

14-16

between guest molecules easy. Since it is difficult to analyze the interaction between

guest molecules and the clay surface in such cases, the adsorption factor has not been clarified
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in detail.!”-%0

Therefore, the evaluation of the relationship between the parameters that affect
the electrostatic interaction, the van der Waals force, and the hydrophobic interaction, which
are the interactions between the clay surface and the guest molecule, is insufficient. Selecting
the appropriate adsorbates and the conditions in which the nanosheets are exfoliated enables
us to discuss the interaction between adsorbents and adsorbates without aggregation.

In this chapter, we focused on the effect of molecular structure on interactions in adsorption.
In order to evaluate the effect of the molecular structure, it is necessary to be able to change
the substituents for a certain basic molecular structure systematically. Acridinium derivatives
are mono-cationic dyes and can have various substituents and counter anions. The effect of
the molecular structure on interactions in adsorption was investigated by evaluating the
thermodynamic parameters of adsorption of acridinium derivatives shown in Figure 2.1.
Sumecton SA, a synthetic saponite, was selected as the adsorbent because it has a very high
dispersity in water and can be kept completely peeled off. Thus, this can be expected to
simplify the adsorption phenomenon and make the analysis easy. This study can also be

expected to clarify the effect of molecular structure on the adsorption of the cationic molecule

on the clay surface and what interactions are dominant. In addition, acridinium derivatives,

N N~ N N N
| x | x | X | x

Acr* PhAcr* DMPhAcr* MesAcr* MesAcrPh*

Figure 2.1. Structures of acridinium derivatives. The counter ion X~ is perchlorate or chloride
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such as 9-mesityl-10-methylacridinium, have attracted attention as a photo-redox catalyst
because this molecule can generate a long-lived electron-transfer state due to their orthogonal

21-23

geometry. Moreover, extensive research has been devoted to improving their photo-

function and developing solid catalysts by incorporating acridinium derivatives into

24-26

adsorbents. On the other hand, little is currently known about the adsorption of

27,28

acridinium derivatives on the clay surface. The purpose of this chapter is also to provide

a hint for establishing suitable conditions for the complexation of clay-acridinium derivatives.

2.2. Experimental section
2.2.1. Materials

Clay minerals (saponite): Sumecton SA (Sapl.2, (Siz2Alos)(Mgs.97Al0.03)020(OH)4] %77
(Nag49Mgo 14)"%7) as a synthetic saponite was purchased from Kunimine Industries Co., Ltd.
and was used without further purification. The unit structure of synthetic saponite is shown
in Figure 1.5. Sapl.2 was analyzed with atomic force microscopy (AFM), X-ray diffraction
(XRD), X-ray fluorescence (XRF), and Fourier transform infrared spectroscopy (FT-IR), as

?  Judging from AFM measurements, the shape of Sap1.2 is

described in the previous paper.?
disc-like, and the diameter is 20—50 nm. The specific surface area and the cation exchange
capacity (CEC) of Sap1.2 are 750 m* g ! and 9.97 x 10 * equiv. g !, respectively.’® The area
occupied per one negative charge calculated from the specific surface area and CEC is 1.25
nm?. The aqueous dispersion of synthetic saponites, whose particle size is 100 nm or less, is
substantially transparent in the UV-visible range. The water was deionized with an ORGANO

BB-5A system (PF filter x2 + G-10 column). 9-Phenyl-10-methylacridinium perchlorate, 9-

(2,5-dimethylphenyl)-10-methylacridinium perchlorate, and 9-mesityl-10-methylacridinium
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perchlorate were purchased from Tokyo Kasei (Japan). 10-Methylacridinium methyl sulfate
and 9-mesityl-10-phenylacridinium tetra-fluoroborate were purchased from Aldrich. The
counter ion was exchanged to perchlorate or chloride with an ion-exchange resin (Organo,

Amberlite Resin IRA-400 treated with HC104 or HCI).

2.2.2. Analysis

TG-DTA curves were measured with Shimadzu DTG-60H analyzer to determine the water
content of acridinium derivatives and Sapl.2. The temperature was ramped from room
temperature to 120°C with a heating rate of 10°C/min under dry air as a purge gas and was held
for 60 minutes. Absorption spectra were obtained on a UV-3150 UV-vis. spectrophotometer
(SHIMADZU). Molecular models of acridinium derivatives were depicted by molecular
drawing software (i.e., Chem 3D). The structures of the molecular model were optimized by
a semi-empirical molecular orbital method using MOPAC 2016. The calculation was carried
out by using the following command: PM6 CHARGE=1 GRAPHF AUX BONDS DENSITY
PI ENPART MMOK. The height of acridinium derivatives from its aromatic plane was
calculated by the optimized structure. The projected cross-section of acridinium derivatives
horizontal to its aromatic plane was defined as the molecular cross-section and was calculated
by image processing software (i.e., Image J). The charge density at nitrogen atom and energy
levels of HOMO and LUMO in acridinium derivatives were calculated by DFT calculation

performed at B3LYP/6-31G* level using Gaussian09 package.’!

2.2.3. Sample preparation for the acridinium derivatives/clay complex
1.0 x 10* M stock solutions of acridinium derivatives and 1.0 x 10™* equiv. L™! stock

dispersion of Sap1l.2 were prepared in water. In order to prepare the acridinium derivatives-
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Sapl.2 complex, the stock solution of acridinium derivatives, stock dispersion of Sap1.2, and
water were mixed arbitrarily under stirring in a quartz cell (1.0 x 1.0 cm). The concentration
of acridinium derivatives was adjusted in a concentration range of 2.28 x 10 —2.59 x 1075 M.
The concentration of Sap1.2 was adjusted in a concentration range of 1.06 x 107°-1.40 x 107
equiv. L"!. By changing the volume of acridinium derivatives stock solution and Sap1.2 stock
dispersion, the adsorption density of acridinium derivatives was adjusted to be 16.3,24.5, 32.6,

40.8, 48.9,57.1,65.2,73.4, 81.5,97.8, 122.3, 163.0, 244.6% vs. CEC of Sap1.2.

2.3. Results and discussion
2.3.1. Adsorption behavior of acridinium derivatives on Sap1.2

The adsorption behavior was examined by measuring the UV-vis absorption spectra of
acridinium derivatives.  Figure 2.2 shows the UV-vis absorption spectra of acridinium
derivatives with and without Sap1.2 in water. The spectra of each acridinium derivative with
Sap1.2 at 16.3% vs. CEC showed a redshift by approximately 3 nm compared to that without
Sapl.2. The redshift of maximum absorption wavelength indicates the adsorption of
acridinium derivatives on the clay surface. Previous reports have demonstrated that the

8,11,29,32

causes of this phenomenon are the change in molecular structure and the aggregation

3334 The arbitrary observed spectra could be expressed by the spectral

on the clay surface.
fitting using the spectrum in water and the spectrum of 16.3% vs. CEC. Furthermore, the
absorption spectra of acridinium derivatives with and without Sap1.2 showed isosbestic points
in association with increasing loading level, as shown in Figure S2.1-S2.5. These isosbestic

points indicated that these spectral changes were expressed by the equilibrium system with two

components: adsorbed and non-adsorbed components. No isosbestic point could not be
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Figure 2.2. UV-vis absorption spectra of acridinium derivatives with and without Sapl.2 in
water at 298.15 K. (a) Acr’, (b) PhAcr, (¢) DMPhAcr", (d) MesAcr', and (e) MesPhAcr"

The spectra were corrected with each acridinium derivatives concentration.

observed if aggregates formed. = Therefore, it was suggested that the change in absorption
spectra of acridinium derivatives on the surface of synthetic saponite was not the aggregation

but the change in molecular structure.

2.3.2. Langmuir adsorption isotherms

An adsorption isotherm means the relationship between the adsorbate concentration and
the adsorption amount in the adsorption equilibrium state at a certain temperature. The
adsorption isotherm shape depends on the combination of adsorbent and adsorbate. Because
the absorption spectra of acridinium derivatives-Sapl.2 system were expressed by the two-
components equilibrium system of adsorbed and non-adsorbed components as shown in

Subsection 2.3.1, these systems could satisfy the assumption of Langmuir adsorption isotherm
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described in Subsection 1.3.2. Hence, we calculated the adsorption amount from UV-vis
absorption spectra and analyzed the adsorption parameters using Langmuir adsorption
isotherms.

In order to obtain thermodynamic parameters from the van’t Hoff plot, the adsorption
equilibrium constants at 293.15-313.15 K were measured. The UV-vis adsorption spectra of
five acridinium derivatives at each loading level at each temperature are shown in Figure S2.1—
S2.5. Figure 2.3 shows the Langmuir plots calculated from the absorption spectral change in
Figure S2.1-S2.5. As can be seen, the plots were straight for all acridinium derivatives at
each temperature. The parameters gmax, Keq, and AG, calculated from these Langmuir plots,

are summarized in Table 2.1. In general, it is difficult to analyze the adsorption of mono-

-

[=11]

2 #293.15K

-2 *«298.15K

8‘ %303.15K
*308.15K
W3315K

0 ¢ 1 e -
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Figure 2.3. Langmuir isotherms for the adsorption of acridinium derivatives (perchlorate) on
Sapl.2 at each temperature: (a) Acr’, (b) PhAcr", (¢) DMPhAcr', (d) MesAcr', and (e)
MesPhAcr".
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cationic molecules on the clay surface by the Langmuir plot because mono-cationic molecules
often aggregate on the clay surface.’>’

AG for adsorption of acridinium derivatives on the surface of Sap1.2 were negative values,
indicating that the adsorption of acridinium derivatives on Sapl.2 is an exergonic reaction.

Furthermore, the value of AG varied with the structure of substituents, indicating that the

molecular structure influenced the adsorption mechanism.

2.3.3. Thermodynamic parameters for adsorption

For adsorption, various interactions such as electrostatic, van der Waals forces, and
hydrophobic interactions could work. As shown in 1.4.2, the relationship between AG, AH,
and AS is represented as Eq. (1.13). Among those interactions, it is known that AH depends
on electrostatic and van der Waals forces interactions and AS depends on hydrophobic

3839 The values of AH and AS were calculated from the slope and intercept of the

interactions.
van’t Hoff plot. Figure 2.4 shows the van’t Hoff plot, and Table 2.1 shows the values of AH

and AS for adsorption of acridinium derivatives on Sapl.2.

The AH for adsorption of acridinium derivatives on the surface of Sapl.2 were negative

17

16 o
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Figure 2.4. The van’t Hoff plot for adsorption of acridinium derivatives on Sapl.2.
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Table 2.1. Adsorption Equilibrium Constants and Maximum Adsorption Amounts for

Acridinium Derivatives on Sap1l.2 at Each Temperature

temperature Keq Gmax AG AH AS
compound /K / L mol™! / % vs.CEC / kJ mol™! / kJ mol™! /kJ mol 1K'
Acr* 293.15 9.86x10° 473 —33.64 -7.83 0.0876
298.15 8.29x103 50.6 —33.78
303.15 8.81x10° 483 —34.50
308.15 7.56x103 49.7 —34.68
313.15 8.00x10° 46.4 —35.39
PhAcr* 293.15 2.19x10° 70.3 —35.59 -16.75 0.0644
298.15 2.01x10° 68.4 -35.97
303.15 1.81x10° 71.2 -36.32
308.15 1.56x10° 70.2 -36.53
313.15 1.44x10° 66.9 -36.91
DMPhAcr* 293.15 2.30x10° 68.9 -35.71 -18.62 0.0581
298.15 2.06x10° 71.0 —36.04
303.15 1.56x10° 66.1 -35.94
308.15 1.55x10° 64.6 -36.52
313.15 1.45%10° 64.2 -36.93
MesAcr* 293.15 1.70x10° 76.3 —34.96 —14.94 0.0681
298.15 1.47x10° 774 -35.21
303.15 1.40x10° 75.6 —35.66
308.15 1.17x10° 77.0 —35.80
313.15 1.17x10° 77.4 -36.37
MesAcrPh* 293.15 1.24x107 72.6 —39.80 —26.02 0.0471
298.15 1.05%x107 71.9 —40.06
303.15 9.13x10° 73.0 —40.40
308.15 7.49%10° 73.0 —40.55
313.15 6.22x10° 73.5 —40.73

values. These results indicate that the adsorption of acridinium derivatives on Sapl.2 is an
exothermic reaction. In order to discuss what factors determine the AH value, Figure 2.5
shows the relationships between AH and molecular parameters such as molecular cross-
sectional area, bulkiness, charge density of N atom, and chemical hardness(#). The optimized
molecular structures and the estimated energy levels of acridinium derivatives by DFT

calculation are shown in Figure S2.6 and Table S2.1.  The calculation method of the chemical
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hardness is shown in the Supporting Information. Among them, the molecular cross-sectional
area showed a strong correlation with AH. AH became more negative with the increase in the
molecular cross-sectional area. Previous research has suggested that van der Waals forces
depend on the molecular cross-sectional area among the interactions,*® whereas there is no
relationship between AH and the charge density of nitrogen atoms. These results suggest that
van der Waals force between clay surface and adsorbates is dominant for AH of adsorption.
On the other hand, the AS for adsorption of acridinium derivatives on the surface of Sapl.2
were positive values. The values of AS are generally negative in the case of gas-phase
adsorption because of the decrease in the randomness of gas molecules on the solid surface.*!

However, various researches have reported that the AS of adsorption in a liquid phase is

positive. 4243
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Figure 2.5. Relationships between AH with (a) molecular cross-sectional area, (b) bulkiness,

(c) charge density of N atom, and (d) chemical hardness.

46



0.10 0.10
(a) (b)
[ ] [ ]
T 5 Aer~ T |
1, 0.08 MesAcr- 1. 0.08 Acr® MesAcrt
_'3 PhAcrg * ) [ ¢
5 006 | . 5006 T PhAcrt .
DMPhA

=2 DMPhAcr* =2 o .
C& 0.04 | MesAcrPh~ ‘& 0.04 } MesAcrPh~

0.02 . . 0.02 . .

60 80 100 120 0 1 2 3
Molecular cross-sectional area / A2 Bulkiness / A
0.10 0.10
(© Act” (@
L] ® Acrt

1,008 1,008
:4 MesAcr™ :4 MesAcr™
3 % bhacr 3 ® e Phacr
g 0.06 | . 80.06 f DMPhAcr ®
= . DMPhAcr = .
‘& 0.04 | MesAcrPh* C& 0.04 | MesAcrPh*

0.02 \ \ \ \ 0.02 \ \ \

-0.70 -0.68 -0.66 -0.64 -062 -0.60 0.5 1.0 1.5 2.0 2.5
Charge density of N atom n/ev

Figure 2.6. Relationships between AS with (a) molecular cross-sectional area, (b) bulkiness,

(c) charge density of N atom, and (d) chemical hardness.

In the case of adsorption of acridinium derivatives on Sap1.2, the positive AS indicates the
increase in the randomness in this system. It was suggested that the randomness of water
molecules increased because the water molecules detached from the solid surface by adsorption
of the adsorbate and the iceberg-like water molecules surrounding the adsorbate could obtain
entropy.

In order to discuss what factors determine the AS value, the relationship between AS and
molecular parameters such as molecular cross-sectional area, bulkiness, charge density of N
atom, and chemical hardness was examined, as shown in Figure 2.6. Among them, the
Iceberg-

molecular cross-sectional area showed a strong correlation with AS (Figure 2.6 (a)).

like water molecules would be detached from the surface of adsorbents and adsorbates if

47



Chapter 2

acridinium derivatives are adsorbed parallelly on the clay surface. Hence, AS should become
more positive by the enlargement of the molecular cross-sectional area in such cases.
However, Figure 2.6 (a) showed that the values of AS varied in an unfavorable direction in
adsorption with the increase in the molecular cross-sectional area.  Although it is not easy to
interpret the behavior of AS, the following hypothesis can be considered.

In the case of a small molecular cross-sectional area such as Acr” and PhAcr”, the aromatic
ring of these acridinium derivatives could adsorb parallelly on the clay surface. It is known

that AS increases by adsorption under such conditions.®

In water, an iceberg-like solvent
network should form a hydrogen bonding network on the surfaces of the complex of
hydrophobic aromatic rings and clay minerals. Because there are no dangling bonds at
oxygen atoms due to the sharing of oxygen atoms by two tetrahedral silicates at the clay surface,
the clay surface is considered hydrophobic. It is known that talc, which has a very low charge
density, is completely hydrophobic. The formation of an iceberg-like solvent network varies
the AS of the system more negatively. In order to avoid a negative change in AS, the
hydrophobic surfaces tend to face each other in order to decrease their total surface area facing
the solvent molecules. Thus, a hydrophobic interaction derived from the entropy term plays
an important role in water. Previous research has shown that the parallel orientation of the
porphyrin is more stable than the tilted orientation due to hydrophobic interactions.’ In the
case of a larger molecular cross-sectional area and a large bulkiness, such as MesAcr™ and
MesAcrPh", the aromatic ring of these acridinium derivatives could adsorb on the clay surface
with tilted orientation because of their steric effects. In such a case, the hydrophobic

interaction between the aromatic ring of acridinium derivatives and the clay surface could be

weakened. These interpretations are consistent with the tendency shown in Figure 2.6.
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2.3.4. The effect of counter anion on adsorption

In order to investigate the effect of counter anion on AG, AH, and AS of adsorption, the
adsorption experiments were carried out by replacing the counter anions of Acr® and PhAcr"
with chloride from perchlorate. The UV-vis absorption spectra at each temperature are shown
in Figure S2.7 and Figure S2.8. Figure 2.8 shows the Langmuir plot of Acr” and PhAcr" with
chloride as a counter anion calculated from the absorption spectral change in Figure S2.7 and
S2.8. Figure 2.8 shows the van’t Hoff plot for Acr” and PhAcr" with perchlorate and chloride
as counter anions. The obtained values of Keq, gmax, AG, AH, and AS from the van’t Hoff plot

are shown in Table 2.2.

29315 K
¢ 295.15K
» 30315 K
® 30815 K
A 313.15K

0 10 20 20
C/10% mol L1 C/10% mol L1

Figure 2.8. Langmuir isotherms for the adsorption of acridinium derivatives (perchlorate) on

Sapl.2 at each temperature: (a) Acr' CI™ and (b) PhAcr'CI.
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Figure 2.8. van’t Hoff plot for adsorption of acridinium derivatives on Sap1l.2.
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Table 2.2. Adsorption Equilibrium Constants and Maximum Adsorption Amounts for

Acridinium Derivatives on Sap1.2 at Each Temperature

temperature Keq Gmax AG AH AS
compound
/K /L mol™! / % vs.CEC / kJ mol™! / kJ mol™! /kJ mol 'K™!
Acr" ClO4~ 293.15 9.86x10° 473 —33.64 -7.83 0.0876
298.15 8.29x103 50.6 —33.78
303.15 8.81x10° 48.3 —34.50
308.15 7.56x10° 49.7 —34.68
313.15 8.00x10° 46.4 —35.39
Acrt CI 293.15 1.42x10° 55.2 —34.53 —-11.30 0.0790
298.15 1.24x10° 54.7 —34.77
303.15 1.21x10° 53.8 —35.29
308.15 1.12x10° 51.5 —35.70
313.15 1.03x10° 52.5 —36.04
PhAcr" ClOs~ 293.15 2.19x10° 70.3 —35.59 -16.75 0.0644
298.15 2.01x10° 68.4 —35.97
303.15 1.81x10° 71.2 —36.32
308.15 1.56x10° 70.2 —36.53
313.15 1.44x10° 66.9 —36.91
PhAcr* CI” 293.15 4.29%x10° 73.0 -37.22 —27.58 0.0321
298.15 3.02x10° 72.6 —36.98
303.15 2.64x10° 70.9 —37.27
308.15 2.04x10° 69.7 -37.23
313.15 2.12x10° 69/1 —37.93

The AG of Acr® and PhAcr”™ with chloride became more negative than those with
perchlorate, indicating that the adsorption becomes more exergonic by replacing the counter
anion of acridinium derivatives from perchlorate to chloride. The change in the negative
direction of AH and AS indicates that the contribution of the enthalpy term on adsorption
increased. Since the dissociation of ionic molecules relates to the AH, the values of AH of
dissociation become more negative with a decrease in the counter ion diameter.** In the
present study, AH became more negative when the counter anion of acridinium derivatives was
exchanged from perchlorate to chloride, which ionic diameter was smaller. It suggests that

the counter anion dissociation was reflected in the AH of adsorption. Moreover, the
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dissociation of counter ion causes increasing the number of hydrated water molecules to the
dissociated counter ion. It is presumed that the contribution of the entropy term was reduced

due to an increase in hydrated water molecules.

2.4. Conclusion

The adsorption behavior of mono-cationic acridinium derivatives on Sap1.2 was expressed
by a two-components equilibrium system of adsorbed and non-adsorbed components,
indicating that acridinium derivatives adsorb on Sap1.2 without aggregation. The adsorption
equilibrium constants were determined by analyzing Langmuir adsorption isotherm. The
thermodynamic parameters AG, AH, and AS were calculated from the van’t Hoff plot using the
adsorption equilibrium constants. AG (at 298.15 K), AH, and AS of adsorption of acridinium
derivatives on the Sapl.2 were calculated to be —33.8 to —40.0 kJ mol ™!, —7.82 to —26.0 kJ
mol " and 0.047 to 0.088 kJ mol ! K'!, respectively. The adsorption of acridinium
derivatives on Sap1.2 was an exothermic reaction because the value of AH was negative for all
derivatives. It was found that both van der Waals interaction and hydrophobic interaction
contributed to the adsorption of mono-cationic acridinium derivatives on Sapl.2 because the
value of AH was negative and the value of AS was positive. The AH and AS showed good
correlations with the molecular cross-sectional area of acridinium derivatives. Moreover, AG
and AH of Acr” and PhAcr" with chloride became more negative than those with perchlorate.
The more negative AG due to replacing the counter anion to chloride suggests that acridinium
derivatives with chloride have a higher affinity on the clay surface than the perchlorate type.
The more negative AH suggests that the contribution of the enthalpy term increased when a

higher dissociable ion, such as chloride ion, was counter ion of the adsorbate.
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2.5. Supporting information
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Figure S2.1. UV-vis absorption spectra of Acr” ClO4~ with and without Sap1.2 in water. The
loading levels of Acr™ ClO4~ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
vs. CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (¢)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S2.2. UV-vis absorption spectra of PhAcr™ ClO4~ with and without Sap1.2 in water.
The loading levels of PhAcr” ClO4~ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0,
244.6% vs. CEC: (2)293.15 K, (b)298.15 K, (c)303.15 K, (d)308.15 K, (e)313.15 K. The

spectra were corrected with each acridinium derivatives concentration.
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Figure S2.3. UV-vis absorption spectra of DMPhAcr" ClO4~ with and without Sap1.2 in water.
The loading levels of DMPhAcr” ClO4~ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3,
163.0, 244.6% vs. CEC: (a)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K.

The spectra were corrected with each acridinium derivatives concentration.
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The loading levels of MesAcr ClO4~ were 16.3, 24.5, 32.6,40.8 48.9, 65.2, 81.5, 122.3, 163.0,
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spectra were corrected with each acridinium derivatives concentration.
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Figure S2.5. UV-vis absorption spectra of MesAcrPh* Cl04~ with and without Sap1.2 in water.
The loading levels of MesAcrPh™ Cl04~ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3,
163.0, 244.6% vs. CEC: (a)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K.

The spectra were corrected with each acridinium derivatives concentration.
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Figure S2.6. UV-vis absorption spectra of Acr” CI” with and without Sap1.2 in water. The
loading levels of Acr” C1” were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.
CEC: (2)293.15 K, (b)298.15 K, (c¢)303.15 K, (d)308.15 K, (¢)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S2.7. UV-vis absorption spectra of PhAcr” CI” with and without Sap1.2 in water. The
loading levels of PhAcr” Cl™ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
vs. CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15K, (e)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S2.8. Optimized molecular structures of acridinium derivatives obtained from DFT

calculations performed at B3LYP/6-31G* level using Gaussian09 package.
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Calculation method of chemical hardness

Pearson et al. have proposed that the chemical hardness is calculated by the electron affinity
and the ionization energy by the expansion of the Hard and Soft Acids and Bases (HSAB)
theory.*> The chemical hardness is used as a fundamental tool to understand the affinity on the
solid surface since it is defined as hard acids having a higher affinity with hard bases, and soft

46,47

acids having a higher affinity with soft bases. The chemical hardness is calculated by

equation (2.1) using molecular energy levels of HOMO and LUMO.%

1
n= 2 (eLumo — Enomo) (2.1)

Table S2.1. Estimated Energy Levels of HOMO and LUMO for Acridinium Derivatives and

Chemical Hardness

compound Enomo / eV ELumo / eV n/evV

Acr’ -10.119 —6.671 1.724
PhAcr* -9.678 —6.359 1.659
DMPhAcr* -9.201 —6.311 1.445
MesAcr* -9.095 —6.110 1.493
MesAcrPh* -9.196 -6.322 1.437
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Chapter 3

Chapter 3. Effect of Negative Charge Distance of Clay
Minerals on Adsorption of Acridinium

Derivatives on the Clay Surface

3.1. Introduction

Clay minerals are typical layered materials and have a two- or three-sheet structure of
which tetrahedral sheets and octahedral sheets are stacked. The isomorphic substitution of
Si** by AI** in the tetrahedral sheet or AI** by Mg®" in the octahedral sheet produces negative
charges on the surface of clay minerals. Clay minerals have been used for various purposes
because these are ubiquitous materials with unique properties such as ion-exchangeable
capacity, swelling property, and thermal stability.!®

Adsorption phenomena of molecules on the clay surface have also been investigated in
detail. =~ Adsorption phenomena of molecules are kinds of host-guest systems from the
perspective of supramolecular chemistry. Thermodynamic parameters, such as enthalpic
change (AH), and entropic change (AS), have been widely investigated to understand the
dominant interaction of molecular adsorption on clay minerals quantitatively because these are

19-15 As shown

parameters that represent the driving force of molecular recognition behavior.
in Chapter 2, we found that the molecular cross-sectional area of guest molecules correlates
with thermodynamic parameters of adsorption of mono-cationic molecules on clay minerals.
On the other hand, few reports systematically discuss the relationship between the structure of
clay minerals as host materials and the thermodynamic parameters of adsorption. In order to

systematically discuss the effect of the structure of clay minerals on the thermodynamic

parameters for adsorption, it is necessary to obtain thermodynamic parameters of adsorption
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using clay minerals, of which structure is arbitrarily controlled. However, it is difficult to
systematically evaluate the differences in the structures of only natural clay minerals while
there are many types of clay minerals in natural. Most papers studying the effect of structures
of clay minerals on adsorption discuss only the differences in the type of clay minerals.!!-!6-2°
Quantitative discussion about structural differences of clay minerals is therefore insufficient.
We synthesized saponites with different negative charge distances by adjusting the raw material
ratio and reported the effect of the negative charge distances on the adsorption of cationic

porphyrins.?!

However, the relationship between the negative charge distance of the clay
surface and thermodynamic parameters of adsorption has not been discussed.
In this chapter, we attempted to systematically evaluate the effect of the structure of clay

minerals on adsorption by examining thermodynamic parameters of adsorption of acridinium

derivatives on synthetic saponites, of which negative charge distance is controlled.

3.2. Experimental section
3.2.1. Materials

Clay minerals (saponite): Sumecton SA (Sapl.2) as a synthetic saponite was purchased
from Kunimine Industries Co., Ltd and was used without further purification. The synthetic
saponites, named Sap1.0 and Sap1.4, were synthesized by hydrothermal synthesis according to
the previous paper.?! These synthetic saponites were analyzed with atomic force microscopy
(AFM), X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier transform infrared
spectroscopy (FT-IR) as described in the previous paper.?!  The general structure and chemical
formulas of synthetic saponites are shown in Figure 1.5 and Table 1.4.  According to the paper,

the cation-exchange capacity (CEC) values of Sap1.0, Sap1.2, and Sap1.4 were 1.32, 0.99, and
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0.69 mequiv. g !, respectively.?! Since the specific surface area of the synthetic saponite is
750 nm? g !, the negative charge distances of Sap1.0, Sap1.2, and Sap1.4 were calculated to be
1.04, 1.20, and 1.45 nm on the basis of a hexagonal array, respectively. The aqueous
dispersion of synthetic saponites, whose particle size is 100 nm or less, is substantially
transparent in the UV-visible range. The water was deionized with an ORGANO BB-5A
system (PF filter x2 + G-10 column).

9-Phenyl-10-methylacridinium perchlorate, 9-(2,5-dimethylphenyl)-10-methylacridinium
perchlorate, and 9-mesityl-10-methylacridinium perchlorate were purchased from Tokyo Kasei.
10-Methylacridinium methyl sulfate and 9-mesityl-10-phenylacridinium tetrafluoroborate
were purchased from Aldrich. The counter ion was exchanged to perchlorate with an ion-

exchange resin (Organo, Amberlite resin IRA-400 treated with HC1O4).

3.2.2. Analysis
TG-DTA curves were measured with a Shimadzu DTG-60H analyzer to determine the
water content of acridinium derivatives and synthetic saponites. The temperature was ramped

from room temperature to 120 °C with a heating rate of 10 °C/min under dry air as a purge gas

i i o i i
| x | x B x

Acr* PhAcr* DMPhAcr* MesAcr* MesAcrPh*

Figure 3.1. Structures of acridinium derivatives. The counter ion X~ is perchlorate
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and was held for 60 min. Absorption spectra were obtained on a UV-3150 UV-vis.

spectrophotometer (SHIMADZU).

3.2.3. Sample preparation

Acridinium derivatives stock solutions were prepared in a concentration range of 2.28 X
10°t02.59 x 10> M. Synthetic saponites stock dispersions were prepared in a concentration
range of 1.06 x 10 to 1.40 x 107> equiv. L™,  In order to prepare acridinium derivatives-clay
complexes, the above aqueous stock solutions were mixed at an arbitrary rate and were diluted
water under stirring in a quartz cell (1.0 X 1.0 cm). By changing the solution concentration
and the volume of stock dispersions of synthetic saponites, the adsorption density of acridinium
derivatives was adjusted to be 16.3, 24.5, 32.6, 40.8, 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.

CEC of synthetic saponites.

3.3. Result and discussion
3.3.1. Adsorption behavior of acridinium derivatives on synthetic saponites

In Chapter 2, it has been shown that acridinium derivatives showed a redshift by the
adsorption on Sapl.2, and this spectral change showed isosbestic points in association with
increasing loading level. Since the adsorption of acridinium derivatives on Sapl.2 was
represented by the equilibrium system with two components: adsorbed and non-adsorbed
components, equilibrium constants Keq could be calculated by the Langmuir plot. The
adsorption on Sap1.0 and Sapl.4 were also analyzed by the same method.

The adsorption behavior was examined by measuring the UV-vis absorption spectra of
acridinium derivatives. The UV-vis absorption spectra of acridinium derivatives with and

without synthetic saponites in water are shown in Figure 3.2 and Figure 3.3. The spectra of
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each acridinium derivative with Sap1.0 and Sap1.4 at 16.3% vs. CEC showed a redshift by
approximately 3 nm compared to that without Sap1.0 and Sap1.4. The redshift of maximum
absorption wavelength indicates the adsorption of acridinium derivatives on the clay surface.
The arbitrary observed spectra could be expressed by the spectral fitting using the spectrum in
water and the spectrum of 16.3% vs. CEC. Furthermore, the absorption spectra of acridinium
derivatives with and without synthetic saponites showed isosbestic points in association with
increasing loading level, as shown in Figure S3.1-S3.10. This result indicated that these
spectral changes were represented by the equilibrium system with two components: adsorbed

and non-adsorbed components.

0.3 0.3 0.3
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m water 16.3%
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Figure 3.2. UV-vis absorption spectra of acridinium derivatives with and without Sap1.0 in
water at 298.15 K. (a) Acr', (b) PhAcr’, (c) DMPhAcr", (d) MesAcr', and (e) MesPhAcr"

The spectra were corrected with each acridinium derivatives concentration.
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Figure 3.3. UV-vis absorption spectra of acridinium derivatives with and without Sap1.4 in
water at 298.15 K. (a) Acr', (b) PhAcr®, (c) DMPhAcr", (d) MesAcr', and (e) MesPhAcr"

The spectra were corrected with each acridinium derivatives concentration.

3.3.2. Langmuir adsorption isotherms

As mentioned above, the adsorptions on both sap1.0 and sap1.4 were represented by a two-
components equilibrium system of adsorbed and non-adsorbed components. Therefore, these
systems satisfied the assumption of Langmuir adsorption isotherms described in Subsection
1.3.2.  Hence, we calculated the adsorption amount from UV-vis absorption spectral change
and analyzed the adsorption parameters using Langmuir plots. In order to obtain
thermodynamic parameters from the van’t Hoff plot, the adsorption equilibrium constants at
293.15-313.15 K were measured. Figure S3.1-S3.10 shows the UV-vis absorption spectra of

five acridinium derivatives at each loading level at each temperature.
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Figure 3.4. Langmuir isotherms for the adsorption of acridinium derivatives (perchlorate) on
Sapl.0 at each temperature: (a) Acr’, (b) PhAcr", (¢) DMPhAcr', (d) MesAcr', and (e)
MesPhAcr".
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Figure 3.5. Langmuir isotherms for the adsorption of acridinium derivatives (perchlorate) on
Sapl.4 at each temperature: (a) Acr’, (b) PhAcr", (¢) DMPhAcr', (d) MesAcr', and (e)
MesPhAcr".

74



Figure 3.4 and Figure 3.5 show the Langmuir plots calculated from the absorption spectral
change in Figure S3.1-S3.10. As can be seen, the Langmuir plots showed linear plots for all
acridinium derivatives at each temperature. The parameters, gmax, Keq, and AG, calculated
from these Langmuir plots are summarized in Table 3.1 and Table 3.2. AG for adsorption were
negative values for all acridinium derivatives, indicating that the adsorption of acridinium

derivatives on Sap1.0 and Sap1.4 is an exergonic reaction similar to that of Sap1.2. Moreover,

Table 3.1. Adsorption Equilibrium Constants and Maximum Adsorption Amounts for

Acridinium Derivatives on Sap1.0 at Each Temperature

temperature Keq Gmax AG AH AS
compound /K /L mol™ / % vs.CEC /kJ mol™! / kJ mol™! / kI mol 1K'
Acr* 293.15 7.06x103 39.0 —32.82 —6.26 0.0898
298.15 5.32x10° 424 —32.68
303.15 6.15x103 414 —33.59
308.15 5.36x10° 41.7 —33.80
313.15 5.75x103 40.7 —34.53
PhAcr* 293.15 1.03x108 39.3 —33.73 -9.56 0.0824
298.15 9.81x10° 41.1 —34.20
303.15 8.30x10° 36.3 —34.35
308.15 8.89x103 37.8 —35.09
313.15 7.89x10° 35.6 —35.35
DMPhAcr* 293.15 8.38x10° 39.9 —33.24 —14.32 0.0646
298.15 8.17x103 37.5 —33.74
303.15 6.06x10° 43.0 —33.56
308.15 7.62x103 42.0 —34.70
313.15 5.41x10° 38.1 —34.37
MesAcr* 293.15 9.84x103 36.5 —33.63 -10.30 0.0798
298.15 8.70x10° 37.8 —33.90
303.15 1.05x10° 35.7 —34.95
308.15 8.47x10° 38.6 —34.97
313.15 7.08x103 37.4 -35.07
MesAcrPh* 293.15 1.85x109 35.7 —35.17 —13.03 0.0750
298.15 1.50x10° 38.0 —35.25
303.15 1.36x10° 37.8 —35.60
308.15 1.43x109 39.0 —36.31
313.15 1.24%10°6 41.0 —36.53
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Table 3.2. Adsorption Equilibrium Constants and Maximum Adsorption Amounts for

Acridinium Derivatives on Sap1.4 at Each Temperature

temperature Keq Gmax AG AH AS
compound /K /L mol™! / % vs.CEC / kJ mol™! / kJ mol™! /kJ mol 1K'
Acr* 293.15 1.86x10° 70.3 —35.19 -11.95 0.0778
298.15 1.12x10° 78.9 —34.53
303.15 1.19x10° 73.9 —35.25
308.15 1.51x10° 77.9 —36.46
313.15 1.09x10° 71.4 —36.19
PhAcr* 293.15 2.71x108 89.0 —36.10 -17.28 0.0644
298.15 2.53x10° 90.0 —36.55
303.15 2.34x108 89.5 —36.97
308.15 1.77x10° 87.2 —36.86
313.15 1.84x10° 86.1 —37.56
DMPhAcr* 293.15 3.16x10° 74.4 —36.47 —19.21 0.0592
298.15 - - -
303.15 2.71x108 753 —37.34
308.15 2.31x10° 68.3 —37.53
313.15 1.87x10° 70.0 —37.60
MesAcr" 293.15 1.75x10° 83.0 —35.03 —15.34 0.0673
298.15 1.68x10° 79.4 —35.53
303.15 1.32x10° 88.1 —35.53
308.15 1.37x10° 87.1 —36.20
313.15 1.17x10% 86.5 —36.38
MesAcrPh* 293.15 2.28x107 80.7 —41.29 —29.76 0.0384
298.15 1.61x107 81.5 —41.13
303.15 1.17x107 78.1 —41.01
308.15 1.06x107 82.8 —41.44
313.15 1.07x107 80.2 —42.13

it was found that the structure of clay minerals influenced the adsorption mechanism because

the value of AG depended on the structure of substituents.

3.3.3. Thermodynamic parameters for adsorption

As mentioned in Chapter 2, various interactions such as electrostatic interaction, van der
Waals forces, and hydrophobic interactions could work for adsorption. As shown in
Subsection 1.4.1, the relationship between AG, AH, and AS is represented as Eq. (1.13). Itis

known that AH depends on electrostatic and van der Waals forces interactions and AS depends
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Figure 3.6. van’t Hoff plot for adsorption of acridinium derivatives on (a) Sap1.0, (b) Sap1.4.

22,23

on hydrophobic interactions. The AH and AS were calculated from the slope and intercept

of the van’t Hoff plot. Figure 3.6 shows the van’t Hoff plots, and Table 3.1 and Table 3.2
show the values of AH and AS for adsorption of acridinium derivatives on synthetic saponite.

The magnitude of thermodynamic parameters represents the magnitude of the interactions
involved in the adsorption process. It should be noted that hydrophobic interactions are
apparent interactions. The adsorption equilibrium constants of acridinium derivatives on
various synthetic saponites at each temperature (293.15, 298.15, 303.15, 308.15, and 313.15
K) were determined by Langmuir adsorption isotherms. Using these adsorption equilibrium
constants, the values of the thermodynamic parameters AH and AS were calculated to consider
how the negative charge distance on the synthetic saponites affects thermodynamic parameters,
which are interactions involved in adsorption. The thermodynamic parameters for the
adsorption of acridinium derivatives on Sap 1.0 and 1.4 are summarized in Table 3.1 and Table
3.2

As can be seen from Table 3.1 and Table 3.2, the values of AH were negative for all

combinations of acridinium derivatives and synthetic saponites, indicating that the adsorption
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Figure 3.7. Relationships between the inter-negative charge distance with (a) AH and (a) AS.

of acridinium derivatives is an exothermic reaction regardless of the structure of synthetic
saponites. In addition, the values of AS were positive for all combinations of acridinium
derivatives and synthetic saponites as well. As mentioned in Chapter 2, it is suggested that
the water molecules detached from the solid surface by adsorption of the adsorbate, and the
iceberg-like water molecules surrounding the adsorbate obtain entropy.

AH varied in a favorable direction in adsorption, and AS varied in an unfavorable direction
in adsorption as an increase in the inter-negative charge distance on synthetic saponites. The
factor why AH and AS were affected by the inter-negative charge distance of the synthetic
saponites could be attributed to the change in the orderliness of water molecules on the clay
surface. According to previous literature, the molecular dynamics simulation shows that the
water molecules on the clay surface are strongly oriented as the inter-negative charge distance
on the clay surface decreases.’*?> Another report showed that the bending vibration of water
molecules shifts to the lower wavenumber side in FT-IR as the distance between negative
charges on the clay surface decreases, indicating that the water molecules are strongly

hydrogen-bonded.?®  According to these data, we can infer that the orientation of water
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molecules on the clay surface increases as the distance between negative charges on the clay
surface decreases. Based on the orientation of the water molecules, we attempted to discuss
the change in AH and AS with the change in the inter-negative charge distance on the surface
of synthetic saponites.

First, let us discuss the change in AH in the direction favorable to adsorption as the distance
between negative charges increases. It is presumed that there are few water molecules
remaining between the dye and the clay surface since the orderliness of water molecules on the
clay surface with large negative inter-charge distances is weak. ~We conclude that AH changed
in the direction favorable to adsorption as a result of the increase in van der Waals forces due
to the decrease in distance between the dye and the clay surface.

Secondly, let us discuss the change AS in the direction unfavorable to adsorption as the
distance between negative charges increases. As mentioned above, water molecules are
arranged on the clay surface. When the water molecules are excluded by the dye adsorbed on
the clay surface, the hydrophobic interaction works, resulting in it being reflected in AS.
Therefore, if the excluded water molecules are weakly ordered, AS when water molecules on
the clay surface are excluded become small. In the case of clays with a large inter-negative
charge distance, the orderliness of water molecules on the clay surface is weak. As a result,
since the hydrophobic interaction that acts when the acridinium derivatives adsorb on the clay
surface becomes weaker, it is assumed that AS is unfavorable for adsorption. These results
suggest that the orderliness of water molecules on the clay surface, which varies with the inter-
negative charge distance on the clay surface, affects the van der Waals force and hydrophobic

interaction on adsorption.
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3.4. Conclusion

In order to elucidate the effect of the structure of clay minerals, the adsorption behavior of
mono-cationic acridinium derivatives on synthetic saponites with various inter-charge
distances was thermodynamically investigated by using Langmuir isotherm and the van’t Hoff
equation. The adsorption behavior of mono-cationic acridinium derivatives on Sapl.0 and
Sap1.4 was represented by a two-component equilibrium system of adsorbed and non-adsorbed
components, similar to Sap1.2 shown in Chapter 2. The acridinium derivatives were adsorbed
onto Sapl.0 and Sapl.4 without aggregation. The adsorption equilibrium constants were
determined by analyzing Langmuir adsorption isotherm.  The thermodynamic parameters
AG, AH, and AS were calculated from the van’t Hoff plot using the adsorption equilibrium
constants. AG (at 298.15 K), AH, and AS of adsorption of acridinium derivatives on the
Sap1.0 were calculated to be —32.68 to —35.25 kJ mol ™!, —6.26 to —14.32 kJ mol ™!, and 0.064
to 0.082 kJ mol ' K!, respectively. AG (at298.15 K), AH, and AS of adsorption of acridinium
derivatives on the Sap1.4 were calculated to be —34.53 to —41.13 kJ mol™!, —11.95 to —29.76
kJ mol ™!, and 0.038 to 0.077 kJ mol ' K!, respectively.

The AH and AS showed good correlations with the inter-negative charge distance on the
surface of synthetic saponites. From the relationship between the inter-negative charge
distance on the clay surface and the orderliness of the water molecules adsorbed on the surface
in the previous literature, we conclude that the factor why AH and AS of adsorption changed
with the change of inter-negative charge distance was attributed to the change in the orderliness

of water molecules on the clay surface.
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Figure S3.1. UV-vis absorption spectra of Acr” with and without Sapl.0 in water. The
loading levels of Acr” were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.
CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.2. UV-vis absorption spectra of PhAcr” with and without Sap1.0 in water.
loading levels of PhAcr” were 16.3, 24.5,32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.
CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K. The spectra were
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Figure S3.3. UV-vis absorption spectra of DMPhAcr" with and without Sap1.0 in water. The
loading levels of DMPhAcr* were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
vs. CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (¢)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.4. UV-vis absorption spectra of MesAcr” with and without Sap1.0 in water. The
loading levels of MesAcr” were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
vs. CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (¢)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.5. UV-vis absorption spectra of MesAcrPh" with and without Sap1.0 in water.
loading levels of MesAcrPh* were 16.3, 24.5,32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
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Figure S3.6. UV-vis absorption spectra of Acr” with and without Sapl.4 in water. The
loading levels of Acr” were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.
CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.7. UV-vis absorption spectra of PhAcr” with and without Sap1.4 in water. The
loading levels of PhAcr” were 16.3, 24.5,32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6% vs.
CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.9. UV-vis absorption spectra of MesAcr” with and without Sap1.4 in water. The
loading levels of MesAcr” were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0, 244.6%
vs. CEC: (2)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (¢)313.15 K. The spectra were

corrected with each acridinium derivatives concentration.
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Figure S3.10. UV-vis absorption spectra of MesAcrPh” with and without Sap1.4 in water.
The loading levels of MesAcrPh™ were 16.3, 24.5, 32.6, 40.8 48.9, 65.2, 81.5, 122.3, 163.0,
244.6% vs. CEC: (a)293.15 K, (b)298.15 K, (¢)303.15 K, (d)308.15 K, (e)313.15 K. The
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Chapter 4. Enthalpy-Entropy Compensation n
Adsorption of Acridinium Derivatives on the

Clay Surface

4.1. Introduction

Molecular adsorption is a kind of host-guest system from the viewpoint of supramolecular
chemistry. The thermodynamic parameters such as enthalpy change (AH) and entropy change
(AS) represent the driving force of molecular recognition behavior. Therefore, they have been
investigated to understand the driving force of complexation not only in 1:1 host-guest systems
but also in systems such as adsorption of molecules on adsorbents like clay minerals and

8 Leffler et al. have proposed that the enthalpy-entropy compensation relationship

zeolites. !>
is observed in various host-guest systems, in which the values of AH and TAS are positively
correlated.” In order to understand this relationship, a number of studies have been carried
out.'> 2 Inoue et al. have proposed that the slope o of AH and TAS should be used as an
indicator of structural change of host and guest during complexation, and the intercept TASo of

AH and TAS should be used as an indicator of desolvation.'3

These reports discuss the slope
and intercept of the enthalpy-entropy compensation by integrating the values of AH and TAS
reported separately in various papers. The characteristics of structural changes and
desolvation during complexation have been discussed by using slopes and intercepts of
enthalpy-entropy compensation in molecular inclusion by cyclodextrins, cation capture by
crown ethers, and DNA/RNA intercalation.!” !  Although some reports refer to enthalpy-

6,16

entropy compensation for adsorption of molecules on clay minerals,™® there are no reports

discussing the characteristics during complexation by using the slope and intercept of enthalpy-
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entropy compensation

Chapter 2 indicated the change in AH and AS of adsorption with the change in the cross-
sectional area of the guest molecule. Chapter 3 indicated the change in AH and AS of
adsorption with the inter-negative charge distance of the surface of synthetic saponites. In
this chapter, the slope and intercept of enthalpy-entropy compensation of the adsorption of
acridinium derivatives on synthetic saponites derived by the thermodynamic parameters
revealed in Chapter 2 and Chapter 3 were compared with those of other host-guest systems.

The desolvation and structural change in molecular adsorption on clay minerals were discussed.

4.2. Experimental section
The thermodynamic parameters for the adsorption of acridinium derivatives on synthetic

saponite were the values calculated in Chapter 2 and Chapter 3.

4.3. Result and Discussion
4.3.1. Enthalpy-entropy compensation of adsorption of acridinium derivatives on synthetic
saponites
In the complexation thermodynamics involving host and guest, the entropic change TAAS,
induced by internal and external fluctuation such as altering solvent and substituents of host
and guest, is proportional to the enthalpic change AAH. This relationship is empirically

expressed in the eq 4.1 with a proportional coefficient a.'?
TAAS = aAAH (4.1)

Integrating the Eq. (4.1) leads to the extrathermodynamic Eq. (4.2) representing the

compensatory relationship between AAH and TAAS.

96



TAS = aAH + TAS, (4.2)

Combining Gibbs-Helmholtz equation (Eq. (4.3)) with Eq. (4.2), Eq. (4.4) is obtained as

follows.
AAG = AAH — TAAS 4.3)

AAG = (1 — @)AAH (4.4)

Eq (4.4) indicates that, even if the enthalpic gain was obtained by any fluctuation such as ligand,
solvent, or any other, this enthalpic gain is not fully reflected in the stabilization of complex
and is canceled in part by the entropic loss represented by (1—a). For example, the slope a is
smaller in the rigid host-guest system, such as the inclusive complexation of metal ions in

cryptand and ligation of pyridine derivatives to metalloporphyrin.'”-°

By contrast, the soft
host-guest system such as biological hosts, that are, enzyme and DNA/RNA, have a larger
slope o.>  Thus, the slope of enthalpy-entropy compensation quantitively indicates the
entropic loss at complexation. Since the tendency of the slope is related to the flexibility of
the host structure, it is reasonable to assume that structural change at complexation is reflected
as an entropic loss.!

The intercept TASo represents that Gibbs free energy change (AG) of complexation when
AH is zero. A positive TASo means that the complexation can occur without enthalpic gain.
It has been found that TASy is positive in many complexes such as artificial hosts, natural hosts,
and biomolecules.!> The factor of positive entropy change is the increase in the degree of
freedom caused by desolvation induced by the complexation of host and guest. For example,

the intercept of pyridine coordination to metalloporphyrin is very small. On the other hand,

DNA and RNA have a much larger intercept, indicating that a large amount of constrained
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Figure 4.1. Enthalpy-entropy compensation plot for adsorption of acridinium derivatives on

synthetic saponites.

Table 4.1. Slopes (o) and Intercepts (7ASo) of the Enthalpy-Entropy Compensation Plot for

Acridinium Derivatives-Synthetic Saponite Complex and Other Host-Guest Complexes

host guest o TASy / kJ mol™! reference
synthetic saponites cationic acridinium 0.65 304 this work
crown ether ion 0.76 10.0 14,18
cryptand ion 0.51 16.7 14
cyclodextrin organic molecule 0.90 13.0 13,20
metalloporphyrin pyridine 0.61 6.7 17
enzyme coenzyme 1.11 293 15
DNA/RNA intercalator 1.03 35.6 15

solvent (water) is released when DNA is complexed with an intercalator or substrate.
Previous literature, therefore, has suggested that TASo is the quantitative degree of desolvation
induced by the complexation of host and guest.

AH and TAS of adsorption of mono-cationic acridinium derivatives on synthetic saponites
in this paper showed a linear relationship (Figure 4.1). This relationship suggests that
enthalpy and entropy compensate each other in not only the complexation such as
supramolecules and biomolecules but also the adsorption on the solid surface. The slope and

intercept of AH and TAS were 0.65 and 30.4, respectively (Table 4.1). In addition, the slopes
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and the intercepts of enthalpy-entropy compensation of other typical host-guest systems are
summarized in Table 4.1. The adsorption of mono-cationic acridinium derivatives on
synthetic saponites showed a relatively small slope, which was close to the rigid host-guest
system such as crown ether and metalloporphyrin. This result suggests that the structural
change of synthetic saponite upon adsorption is small and that the rigid structure of synthetic
saponite is maintained.

On the other hand, the intercept of the adsorption of mono-cationic acridinium derivatives
on synthetic saponites showed a larger value, which was close to the intercept of DNA/RNA
and enzyme. As mentioned above, larger intercepts of DNA/RNA and enzyme reflect that a
large amount of constrained solvent is released upon the complexation with intercalator or
substrate. Since clay minerals have much-adsorbed water on the surface, adsorbed water was
desorbed when another molecule adsorbed on the clay surface. It can thus be suggested that
the entropy gain due to desolvation at the same level as DNA/RNA and enzyme affects the
adsorption in the system of synthetic saponites with mono-cationic acridinium derivatives.
Interestingly, the synthetic saponites and acridinium derivatives system showed a small slope
specific to the rigid hosts and a large intercept specific to the soft hosts. This is the
characteristic in which the entropy loss due to the structural change is small, and the entropy
gain due to the desolvation is large, suggesting that clay minerals have an ideal space to form

a strong complex.

4.3.2. Enthalpy-entropy compensation of adsorption of mono-cationic dyes on clay minerals
in previous literature

To discuss the effect of the type of clay minerals on enthalpy-entropy compensation, we
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surveyed AH and TAS of adsorption of cationic dye molecules on clay minerals in previous
literature. The AH and TAS of adsorption of cationic dye molecules on smectite and kaolinite
were surveyed. The thermodynamic parameters of adsorption of cationic dye molecules on
clay minerals are summarized in Table 4.2 and Table 4.3. The data for smectites are shown
in Table 4.2, while those for kaolinites are listed in Table 4.3. It should be noted that AG and
TAS are the values at 298K. The driving forces of the complexation of clay minerals with
cationic dyes in organic solvents may differ from those in water since the swelling property
and the dispersity of clay minerals depend on the combination of the type of counter cation of
clay minerals and solvents. Thermodynamic parameters, therefore, were collected only from
the data experimented in water. For all original data, the standard Gibbs free energy change
calculated from the enthalpy and entropy changes reported in the original paper was compared
with that calculated from the equilibrium constants at the standard state. If a difference was
larger than 4 kJ mol™!, the thermodynamic parameters were recalculated using the raw
experimental data in the original paper. The plot of enthalpy-entropy compensation is shown

in Figure 4.2. The slopes and intercepts are shown in Table 4.4.

Table 4.2. Thermodynamic Parameters for Adsorption of Cationic Compounds on Smectite

clay
) AG AH TAS
guest host concentration ref
/kJmol™ /kImol™ /kJmol™!

/gLt
methylene blue montmorillonite 0.5 —-1.69 145.0 146.7 1
malachite green bentonite 0.5 —23.37 —14.24 9.13 4
malachite green bentonite 0.5 —23.25 —20.62 2.63 4
malachite green bentonite 0.5 —22.99 —22.74 0.26 4
malachite green bentonite 0.5 —22.01 —24.59 —2.58 4
methylene blue modified montmorillonite by 0.625 -3.05 291 5.96 21

octylphenol polyoxyethylene ether
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Table 4.2. (continued)

clay
guest host concentration AG A TAS ref
/kImol™ /kJmol™! /kJ mol™!
/gLt
methylene blue modified montmorillonite by 0.625 —4.74 4.20 8.94 21
octylphenol polyoxyethylene ether
methylene blue modified montmorillonite by 0.625 -3.26 2.70 5.96 21
octylphenol polyoxyethylene ether
methylene blue modified montmorillonite by 0.625 -3.96 7.97 11.93 21
octylphenol polyoxyethylene ether
methylene blue modified montmorillonite by 0.625 -3.19 5.75 8.94 21
octylphenol polyoxyethylene ether
malachite green bentonite 10 -5.53 13.44 18.97 22
rhodamine B montmorillonite 0.4 0.62 7.48 6.86 23
rhodamine B modified montmorillonite by H2SO4 0.4 0.43 7.29 6.86 23
rhodamine B modified montmorillonite by H2SO4 0.4 0.34 7.20 6.86 23
basic red 13 modified montmorillonite by sodium 0.1 -2.23 11.11 13.34 24
dodecyl sulfate
1-allyl-3-methy- Na-montmorillonite 2 —4.44 6.50 10.94 25
limidazolium chloride
1-methyl-3-butyl- Na-montmorillonite 2 —3.84 5.40 9.24 25
imidazolium chloride
1-methyl-3- Na-montmorillonite 2 —3.80 6.40 10.20 25
octylimidazolium
chloride
1-butylpyridiniym Na-montmorillonite 2 —4.72 8.70 13.42 25
bromide
1-octylpyridiniym Na-montmorillonite 2 —4.11 9.90 14.01 25
bromide
1-hexadecyl-3- Ca-montmorillonite 20 -3.99 -2.58 1.41 26
methylimidazolium
chloride
1-hexadecyl-3- Ca-montmorillonite 20 —4.17 -2.12 2.05 26
methylimidazolium
chloride
1-hexadecyl-3- Ca-montmorillonite 20 —4.12 —3.37 0.75 26
methylimidazolium
chloride
N-pentyl-4-(p-N,N- Na-montmorillonite 2 4.04 39.93 35.89 27
dimethylamino styryl)
pyridinium iodide
N-heptyl-4-(p-N,N- Na-montmorillonite 2 3.14 37.93 34.79 27

dimethylamino styryl)

pyridinium iodide
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Table 4.2. (continued)

clay
guest host concentration AG A TAS ref
/kImol™ /kJmol™! /kJ mol™!
/gLt
N-decyl-4-(p-N,N- Na-montmorillonite 2 1.79 12.28 10.49 27
dimethylamino styryl)
pyridinium iodide
N-octadecyl-4-(p-N,N- Na-montmorillonite 2 1.54 7.97 6.43 27
dimethylamino styryl)
pyridinium iodide
amitriptyline Ca-montmorillonite 2.5 —21.85 19.89 41.74 28
hydrochloride
basic blue 41 bentonite 5 —10.26 16.80 27.06 9
basic blue 41 Na-montmorillonite 5 -13.17 8.05 21.22
rhodamine B modified bentonite by cetyl- 0.8 -3.29 6.10 9.39 29
trimethylammonium bromide
crystal violet modified bentonite by H2SO4 and 10 -16.62 26.07 42.70 30
HCI
malachite green modified montmorillonite by 8 —16.12 16.32 32.43 31
hexadecyltrimethylammonium
bromide
methylene blue bentonite 2 —18.28 9.21 27.49 32
basic red 46 bentonite 1 -8.19 8.80 16.99 33
basic yellow 28 bentonite 1 —4.46 8.30 12.76 33
crystal violet bentonite 1 -6.29 -83.81 -77.52 34
crystal violet Ni-bentonite 1 -0.91 54.58 53.7 34
crystal violet Co-bentonite 1 0.20 41.94 41.74 34
crystal violet Zn-bentonite 1 0.27 39.03 38.76 34
methylene blue Na-montmorillonite 1 —4.83 2.92 7.75 5
methylene blue modified Na-montmorillonite by 1 —4.69 2.31 7.00 5
CuSOs4
methylene blue Ca-montmorillonite 1 —4.52 2.77 7.29 5
methylene blue modified Ca-montmorillonite by 1 —4.41 2.26 6.67 5
CuSO4
basic blue 16 montmorillonite 2 -10.57 112.7 1233
basic blue 16 montmorillonite 2 —5.43 64.21 69.64 6
basic blue 16 montmorillonite 2 —2.64 20.15 22.79 6
astrazon golden yellow modified montmorillonite by H2SO4 0.5 —25.13 19.00 44.13 35
7GL
supranol yellow 4GL  modified bentonite by cetyl- 5 —22.97 33.68 56.65 36
trimethylammonium bromide
promethazine montmorillonite 4 —6.01 49.74 55.75 37
hydrochloride
ammonium chloride Na-montmorillonite 2 -1.90 -10.50 -8.60 38
methylene blue montmorillonite 0.4 -2.21 1.02 3.23 21
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Table 4.2. (continued)

clay
guest host concentration AG A TAS ref
/kImol™ /kJmol™! /kJ mol™!
/gLt
methylene blue modified montmorillonite by H2SO4 0.4 -2.29 1.22 3.51 21
methylene blue modified montmorillonite by H2SO4 0.4 -2.53 0.97 3.50 21
crystal violet hydrogel with Na-montmorillonite 1 -1.54 79.26 80.80 39
basic red 18 montmorillonite 0.05 -3.89 42.62 46.54 40
crystal violet Ca-montmorillonite 1 -1.20 40.42 41.62 41
methyl violet Na-bentonite 2.5 —6.09 12.94 19.03 42
methyl violet Na-bentonite 2.5 —8.04 6.66 14.70 42
methyl violet Na-bentonite 2.5 =7.51 21.02 28.52 42
methyl violet Na-bentonite 2.5 —8.08 5.27 13.36 42
methyl violet Na-bentonite 2.5 —8.48 8.58 17.05 42
basic red 46 modified bentonite by HCI1 0.1 -7.35 -17.14 -9.79 43
methylene blue modified bentonite by chitosan 0.2 —21.72 23.90 45.63 44
malachite green modified Na-montmorillonite by 0.16 —13.66 47.47 61.14 45
graphene oxide
methylene blue modified bentonite by chitosan 0.2 —33.85 —90.50 —56.65 46
methylene blue Ca-montmorillonite 0.5 —24.26 —22.02 2.31 47
methylene blue modified Ca-montmorillonite by 0.5 —25.67 —25.83 —-0.16 47
CoFe204
methylene blue modified Ca-montmorillonite by 0.5 -27.62 —39.88 —12.26 47
CoFe204 and graphene oxide
methylene blue Na-montmorillonite 1 -1.75 -2.96 -1.21 48
methylene blue modified montmorillonite by 1 —28.69 -17.83 10.86 49
hydroxyapatite and chitosan
methylene blue modified montmorillonite by n- 2 -3.15 12.72 15.86 50
hexadecyltrimethylammonium
chloride
rhodamine B modified Na-bentonite by 0.8 -3.29 6.10 9.39 51
cetyltrimethylammonium bromide
rhodamine B modified Na-bentonite by sodium 0.8 0.44 3.32 2.79 51
dodecylbenzene sulfonate
tetracycline modified Na-montmorillonite by 2 -6.31 —18.18 -11.87 52
carboxymethyl chitosan
chlortetracycline modified Na-montmorillonite by 2 —6.82 —25.05 —18.24 52
carboxymethyl chitosan
crystal violet modified Na-montmorillonite by 0.25 —7.87 7.06 14.93 53
graphene oxide
methylene blue modified montmorillonite by sodium 2 —4.48 62.60 67.08 54
alginate
methyl green montmorillonite 0.196 —21.51 30.63 52.16 55
methylene blue modified montmorillonite by iron 2 7.45 5.36 -2.10 56

oxide
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Table 4.2. (continued)

clay
guest host concentration AG Al ras ref
/kImol™ /kJmol™! /kJ mol™!
/gLt
methylene blue montmorillonite 1.5 —4.64 —28.79 —24.15 57
methylene blue montmorillonite 1.5 -2.02 -20.81 —18.78 57
methylene blue montmorillonite 1.5 —-0.21 —15.12 -14.91 57
methylene blue montmorillonite 1.5 0.72 -12.99 —-13.71 57
methylene blue montmorillonite 1.5 1.45 -11.97 —13.42 57
crystal violet montmorillonite 0.1 —10.83 84.58 95.41 58
neutral red Na-montmorillonite 0.1 —7.32 -1.95 5.37 59
neutral red Na-montmorillonite 0.1 —9.44 2.79 12.22 59
neutral red Na-montmorillonite 0.1 -10.20 8.88 19.08 59
neutral red Na-montmorillonite 0.1 -9.60 11.57 21.17 59
neutral red Na-montmorillonite 0.1 -7.32 —-1.95 5.37 59
neutral red Na-montmorillonite 0.1 —9.44 2.79 12.22 59
neutral red Na-montmorillonite 0.1 —10.20 8.88 19.08 59
neutral red Na-montmorillonite 0.1 -9.60 11.57 21.17 59
neutral red Na-montmorillonite 0.1 —8.66 11.32 19.98 59
neutral red Na-montmorillonite 0.1 =7.74 6.58 14.31 59
malachite green Na-montmorillonite 0.1 —7.21 2.04 9.24 59
malachite green Na-montmorillonite 0.1 -9.35 4.66 14.01 59
malachite green Na-montmorillonite 0.1 —10.09 7.98 17.89 59
malachite green Na-montmorillonite 0.1 -10.09 16.15 26.24 59
malachite green Na-montmorillonite 0.1 —10.08 21.23 31.31 59
malachite green Na-montmorillonite 0.1 -9.39 26.09 35.48 59
methylene blue modified montmorillonite by 2 —10.03 16.85 26.88 60
CoFe204
supranol yellow 4GL  modified montmorillonite by 0.3 -14.07 —43.53 —29.46 61
Cr(NOs3)3
rhodamine 6G Na-montmorillonite 2 —27.80 5.00 32.80 62

Table 4.3. Thermodynamic Parameters for Adsorption of Cationic Compounds on Kaolinite

clay
) AG AH TAS
guest host concentration ref
/kImol™" /kJmol™ /kJ mol™!

/gLt
cationic polyacrylamide kaolinite 2 =5.15 23.20 28.35 63
methylene blue kaolinite 2.5 0.76 4.10 3.34 64
methylene blue modified kaolinite by FesO4 2.5 —1.43 37.00 38.43 64
methylene blue raw kaolinite 0.8 -13.97 9.40 23.37 3
methylene blue pure kaolinite 0.8 —14.38 7.54 21.92 3
methylene blue calcined raw kaolinite 0.8 -12.75 13.53 26.28 3
methylene blue calcined pure kaolinite 0.8 —13.30 11.84 25.14 3




Table 4.3. (continued)

guest host concentration AG A TAS ref
/kImol™ /kJmol™! /kJ mol™!
methylene blue modified raw kaolinite by NaOH 0.8 —14.44 7.92 22.36 3
methylene blue modified pure kaolinite by NaOH 0.8 -14.75 6.03 20.78 3
rhodamine B kaolinite 2.4 —1.60 50.28 51.88 65
rhodamine B kaolinite 24 -1.13 46.57 47.70 65
rhodamine B kaolinite 2.4 —-0.82 33.47 34.29 65
rhodamine B kaolinite 24 -0.91 22.64 23.55 65
rhodamine B kaolinite 2.4 —-0.37 18.71 19.08 65
methylene blue kaolinite 2.5 -0.24 14.11 14.35 66
methylene blue modified kaolinite by H2SO4 2.5 -2.87 7.32 10.19 66
basic yellow 28 kaolinite 2 -0.90 17.77 18.66 67
methylene blue kaolinite 2 -1.31 26.38 27.70 67
malachite green kaolinite 2 -3.18 68.70 71.88 67
rhodamine B kaolinite 2 5.13 12.58 7.45
rhodamine B modified kaolinite by H2SO4 2 4.92 12.67 7.75
rhodamine B modified kaolinite by H2SO4 2 4.69 11.25 6.56
crystal violet kaolinite 1 —3.68 0.24 3.92 68
crystal violet kaolinite 1 —4.12 0.14 4.26 68
crystal violet kaolinite 1 -3.14 0.18 3.32 68
brilliant green kaolinite 1 —4.37 —21.25 —16.83 68
brilliant green kaolinite 1 -3.61 —23.26 —19.00 68
brilliant green kaolinite 1 -3.01 —24.84 —20.69 68
rhodamine B kaolinite 20 —13.53 1.38 14.91 83
rhodamine 6G kaolinite 25 —14.19 3.70 17.89 62
malachite green Na-kaolinite 53 -31.51 —33.90 -2.39
malachite green modified Na-kaolinite by sodium 53 -30.51 —32.00 -1.49 6
disilicate
malachite green modified Na-kaolinite by sodium 53 -29.10 —29.70 —-0.60 6
disilicate
malachite green modified Na-kaolinite by sodium 53 -31.62 —34.60 2.98 6
hexa-metaphospate
malachite green modified Na-kaolinite by sodium 53 -31.93 -36.70 -4.77 6
hexa-metaphospate
methylene blue kaolinite 1 —8.53 —26.00 —-17.47 69
malachite green kaolinite 1 -11.27 -25.10 —13.83 69
malachite green kaolinite 1 —2.98 —29.81 —26.83 70
malachite green kaolinite 1 -10.93 —61.62 —50.69 70
brilliant green kaolinite 2 —4.80 8.91 13.71 71
brilliant green modified kaolinite by H2SO4 2 -0.79 14.12 14.91 71
brilliant green modified kaolinite by H2SO4 2 —0.89 15.81 16.70 71
crystal violet kaolinite 2 1.50 -16.21 -17.71 71
crystal violet modified kaolinite by H2SO4 2 1.36 -16.25 —-17.61 71
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Table 4.3. (continued)

clay
guest host concentration AG A TAS ref
/kImol™ /kJmol™! /kJ mol™!
/gLt

crystal violet modified kaolinite by H2SO4 2 5.51 —12.45 —17.96 71
methylene blue kaolinite 2 -5.91 0.02 5.92 21
methylene blue modified kaolinite by H2SO4 2 -5.91 0.03 4.58 21
methylene blue modified kaolinite by H2SO4 2 -5.19 —0.06 4.90 21
basic red 46 kaolinite 0.4 —37.53 —25.60 11.93 72
basic yellow 28 beneficiated kaolinite 10 —-1.95 —43.99 —42.04 73
basic yellow 28 raw kaolinite 10 -1.11 —35.70 —34.59 73
basic yellow 28 calcined kaolinite 10 0.35 —30.95 -31.31 73
methylene blue modified kaolinite by CuFe2O4 1 —10.61 —71.40 —60.79 74
methyl violet modified kaolinite by CuFe2O4 1 —9.53 —58.10 —48.57 74
methylene blue kaolinite 1 —-0.29 10.45 10.73 75
methylene blue modified kaolinite by DMSO 1 14.10 —2.60 —16.70 75
methyl violet kaolinite 2.5 —21.11 —6.82 14.29 76
methyl violet modified kaolinite by CuFe2O4 1 —9.53 —58.10 —48.57 74
methylene blue kaolinite 1 —-0.29 10.45 10.73 75
methylene blue modified kaolinite by DMSO 1 14.10 —2.60 —-16.70 75
methyl violet kaolinite 2.5 —21.11 —6.82 14.29 76

100 100
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Figure 4.2. Enthalpy-entropy compensation plot for adsorption of mono-cationic dyes on clay

minerals (a) smectite (b) kaolinite.

As shown in Figure 4.2, the adsorptions of other cationic dyes on clay minerals indicated

enthalpy entropy compensation. However, the slopes of enthalpy-entropy compensation
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Table 4.4. Slopes (o) and Intercepts (7ASo) of the Enthalpy-Entropy Compensation Plot for the

Complexation of Mono-Cationic Dyes and Clay Minerals

host o TASo
/kJ mol™!
smectite 0.93 8.7
kaolinite 0.85 6.7

shown in Table 4.4 were larger than that of the adsorption of acridinium derivatives on synthetic
saponites reported in this paper. The intercepts of enthalpy-entropy compensation shown in
Table 4.4 were smaller than that of the adsorption of acridinium derivatives on synthetic
saponites reported in this paper as well. Let us discuss the cause of which difference of the
slopes and intercepts of enthalpy—entropy compensation in the adsorption appeared, although
the type of clay minerals and dyes are the same. As shown in Table 4.4, the slopes and
intercepts were about 0.9 and 7, respectively, regardless of the type of clay minerals. This
result means that the type of clay minerals did not significantly affect the slope and intercept
of enthalpy-entropy compensation.

Secondly, the experimental adsorption condition was focused. =~ As shown in Table 4.2 and
Table 4.3, the concentrations of clay minerals under the experimental adsorption condition
reported in many papers were different from those reported in this paper. The clay minerals
concentrations in other papers were about 10 to 100 times higher than those in this paper.
According to multiple reports, when the concentration of clay minerals is high, the clay
minerals remain laminated without exfoliation completely or form an aggregation state such as

a card-house structure.””’®

It is possible that the clay minerals remain laminated or form an
aggregation at the concentration of 0.1-20 g L', which is the condition of the adsorption

experiment in previous reports. When the organic molecules adsorb on the clay minerals,
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which are laminated or aggregated, the organic molecules intercalate in the interlamellar of

7981 Laminated clay

clay minerals without breaking the laminated or aggregated state.
minerals expand their interlayer space to adsorb the organic molecules. It is possible,
therefore, that the structural change in host materials occurs when the organic molecules adsorb
on clay minerals. By contrast, clay minerals are dispersed in water in an exfoliated state when

2 When any molecules adsorb on

the concentration of clay minerals is sufficiently low.®
exfoliated clay minerals, it can thus be suggested that the structural change in clay minerals as
host materials is small because the interlayer distance is already expanded. For this reason, it
is possible that the slope of enthalpy-entropy compensation in this paper became smaller than
those in previous papers at the concentration of 0.1-20 g L".

Finally, let us discuss the surface adsorbed water when clay minerals are laminated or
aggregated and when clay minerals are completely exfoliated. When the dye molecules are
adsorbed on clay minerals which are exfoliated completely as in the system in this study, it is
possible that the water molecules which adsorb on the clay surface are pushed out by the dye
molecules and obtain a large degree of freedom. By contrast, when the dye molecules are
adsorbed on clay minerals that are laminated or aggregated, the dyes are intercalated in the
interlayer space of clay minerals, as mentioned above. It can thus be suggested that the water
molecules which are pushed out by the dye molecules are not released much into the solution
since they have no way out. This difference is the reason that the intercept of enthalpy-
entropy compensation of the system in this study was larger than those in previous papers at
the concentration of 0.1-20 g L™!.  In summary, it was found that the concentration of clay

minerals plays an important role in the driving force of complexation, such as structural change

and desolvation.
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4.4. Conclusion

The plot of AH versus TAS in this system indicated enthalpy-entropy compensation.
Compared to other host-guest systems, enthalpy-entropy compensation of adsorption of
acridinium derivatives on synthetic saponites indicated a small slope specific to rigid host
materials and a large intercept specific to soft host materials. The small slope and the large
intercept of enthalpy-entropy compensation in this system suggest that the adsorption of
acridinium derivatives on synthetic saponites shows a small structural change specific to rigid
host materials and a large desolvation specific to soft host materials. In order to clarify the
difference between the system of clay minerals and other host-guest systems previously
reported, AH and TAS of adsorption of cationic dyes on clay minerals were surveyed from
previous papers. The slopes and intercepts of enthalpy-entropy compensation calculated from
the survey were about 0.9 and 7.0, respectively, regardless of the type of clay minerals. This
suggests that the slope and intercept of enthalpy-entropy compensation plot, that is, structural
change and desolvation during complexation, are affected by the concentration of clay minerals
rather than the type of clay minerals. Although enthalpy-entropy compensation was often a
problem in forming a strong complex and supramolecules, it is suggested that the adsorption
of mono-cationic acridinium derivatives on synthetic saponites was an ideal space for forming
a strong complex because the entropy loss due to the structural change was small and the
entropy gain due to desolvation was large in this system. It is also suggested that the factor
that clay minerals form such ideal space is due to the rigid structure of clay minerals and is due
to many water molecules covering the clay surface. These findings are beneficial and

attractive for constructing a more robust host-guest system.
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Chapter 5. Self-Fluorescence Quenching Behavior of

Acridinium Derivatives on the Clay Surface

A part of this chapter is reproduced from “Yoshida. Y; Shimada. T; Ishida. T; Takagi. S. Effects
of Surface Charge Density of Clay Minerals on Surface-fixation Induced Emission (S-FIE) of
Acridinium Derivatives. ACS Omega 2021, 6, 21702-21708.” under the terms of CC BY 3.0
license.
5.1. Introduction

In order to utilize clay minerals in combination with the dye molecules as photo-functional
materials, it is necessary to understand the adsorption and photochemical behavior of the dye
on the clay surface. Since the adsorption of the molecules on the solid surface is dynamic
equilibrium, the molecules are apparently immobilized, while the molecules are not completely

1,2

immobilized from a microscopic point of view. In other words, the constant movement of

9 The contact

molecules on the solid surface may cause contact between the molecules.>
between the molecules causes quenching of excited molecules. It is, therefore, a phenomenon
that should be avoided in order to utilize it as a photo-functional material. Many molecules

10-14 " However, it was found that self-quenching

are self-quenched even on the clay surface.
was suppressed when the intermolecular positive charge distance of the tetra-cationic porphyrin
and the negative charge distance on the clay surface was in good agreement.'>"! It was shown
that increasing the Coulomb force between a cationic porphyrin as a guest molecule and
synthetic saponite as a host material is important to suppress self-quenching. If the molecular

structure can be controlled, it is possible to form a state in which fluorescence quenching is

suppressed even if molecules are adsorbed at high density.
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In this chapter, the self-fluorescence quenching behavior of cationic acridinium derivatives
on the synthetic saponites was evaluated. = As mentioned above, previous research has
elucidated that the main factor of the self-fluorescence quenching of the dye molecule adsorbed
on the clay surface is the collision between dye molecules and the formation of aggregation.
10-14 The degree of fluorescence quenching is expected to vary depending on whether the dye
molecules are uniformly distributed or segregated on the clay surface. First, the diffusion
process of the acridinium derivative on the clay surface was evaluated by observing the time-
dependent change in fluorescence intensity of the aclidinium derivative adsorbed on the clay
surface. Second, the self-quenching behavior of acridinium derivatives on the synthetic

saponite was evaluated in a state where the distribution of the aclidinium derivative on the

synthetic saponite was stabilized.

5.2. Experimental section
5.2.1. Materials

Clay minerals (synthetic saponites): Sumecton SA (Sap1.2) was purchased from Kunimine
Industries Co., Ltd. and was used without further purification. The synthetic saponites,
named Sap1.0, Sapl.4, and Sapl.6, were synthesized by hydrothermal synthesis according to
a previous paper.’’ The synthetic saponites were analyzed with atomic force microscopy
(AFM), X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier transform infrared
spectroscopy (FT-IR), as described in the previous paper?® The general structure and
chemical formulas of synthetic saponites are shown in Figure 1.5 and Table 1.4. According
to the paper, the cation-exchange capacity (CEC) of Sap1.0, Sap1.2, Sap1.4, and Sap1.6 were

1.32, 0.99, 0.69, and 0.59 mequiv. g ', respectively.?’ Since the theoretical specific surface
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Figure 5.1. Structures of acridinium derivatives.

area of the synthetic saponite is 750 nm? g~ !, the negative-charge distances of Sap1.0, Sap1.2,
Sapl.4, and Sapl.6 were calculated to be 1.04, 1.20, 1.45, and 1.57 nm on the basis of a
hexagonal array, respectively. The aqueous dispersion of synthetic saponites, whose particle
size is 100 nm or less, is substantially transparent in the UV-visible range. Water was
deionized with an ORGANO BB-5A system (PF filter x2 + G-10 column). 9-Phenyl-10-
methylacridinium perchlorate was purchased from Tokyo Kasei. 10-Methylacridinium
methyl sulfate was purchased from Aldrich. The counter ion was exchanged to perchlorate

with an 1on-exchange resin (Organo, Amberlite Resin IRA-400 treated with HC1O4).

5.2.2. Analysis

TG-DTA curves were measured with Shimadzu DTG-60H analyzer to determine the water
content of acridinium derivatives and synthetic saponites. The temperature was ramped from
room temperature to 120°C with a heating rate of 10°C/min under dry air as a purge gas and
was held for 60 minutes. Absorption spectra were obtained on a UV-3150 UV-vis.
spectrophotometer (SHIMADZU). Fluorescence spectra were obtained on an FP-6500
spectrofluorometer (Jasco), and the excitation light was set at the maximum absorption

wavelength of each sample. The reproducibility and signal-to-noise ratio of the fluorescence
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intensity is 0.5% and 100:1 or higher. Fluorescence lifetimes were measured by a C4780
picosecond fluorescence lifetime measurement system (Hamamatsu Photonics). An Nd**
YAG laser (EKSPLA PL2210JE + PG-432, fwhm 25 ps, 1 kHz) was used for excitation. The
excitation wavelength was 355 nm. The fluorescence lifetimes were calculated by

deconvoluting the excitation pulse in each measurement range.

5.2.3. Sample preparation

Stock solutions of acridinium derivatives were prepared in a concentration range of 1.0 X
103-1.0 x 10°*M. Stock dispersions of synthetic saponites were prepared in a concentration
range of 1.0 x 1073-1.0 x 10~* equiv. L™!.  In order to prepare acridinium derivative-synthetic
saponite complexes, above aqueous stock solutions were mixed at an arbitrary rate and were
diluted with water under stirring in a quartz cell (1.0 X 1.0 cm). UV-vis absorption spectra
were measured under the concentration of 1 x 107 M for acridinium derivatives and 1 x 1072

equiv. L!

for synthetic saponites.  Fluorescence spectra were measured under the
concentration of 3.33 x 10~° M for acridinium derivatives and 2.0 x 107%-3.33 x 1077 equiv.

L' for synthetic saponites. Fluorescence lifetimes were measured under the concentration of

4.0 x 1078 M for acridinium derivatives and 4.0 x 10~* equiv. L™! for synthetic saponites.

5.3. Result and discussion
5.3.1. Kinetics of adsorption of acridinium derivatives on synthetic saponites

It was evaluated how acridinium derivatives move on and between the clay surface after
adsorption. When the dye molecules are adsorbed on the clay surface, it is presumed that the
dye molecules undergo three processes: (i) adsorption on the clay surface, (ii) movement within

the clay surface, and (ii1)) movement between the clay nanosheet. Since the absorption spectra
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Figure 5.2. Fluorescence intensity profile of Acr® on Sapl.2. [Acr'] = 3.33x107° M,
[Sap1.2] = 3.33x107° equiv. L"!. The dye loading levels were 0.010% vs. CEC of the clay.

The excitation wavelength was 355 nm.

of the dye molecule change immediately due to the mixing of the dye solution and clay
dispersion, it is suggested that the process (i) is very fast. In order to evaluate the process of
i1) and 1iii), synthetic saponite dispersion was added to the solution of acridinium
derivative/synthetic saponite complex whose adsorption state was stabilized at 10% vs. CEC
to make it 0.01% vs. CEC, and the time transition in its fluorescence intensity was measured.
When synthetic saponite was added at 0.01% vs. CEC, the fluorescence intensity increased and
saturated in 20000 sec, as shown in Figure 5.2. The rate constants were evaluated by the
stretched exponential function in order to evaluate the processes i) and iii) included in the time
transition of fluorescence intensity shown in Figure 5.2. The stretched exponential function

can be expressed as in equation (5.1).
I =1, exp[(—kt)?] (5.1)

where / is the fluorescence intensity, /o is the initial fluorescence intensity, 4 is the rate constant,

and £ is the stretching exponent. The stretched exponential function can be used to describe

124



21-26

various physical processes. As a result of fitting by the nonlinear least-squares method,

it was fitted with one component, and k and 8 were 7.7x1078 57!

and 0.316, respectively. As
mentioned above, since the absorption spectrum of dye molecules changes immediately after
dye solution is mixed with clay dispersion, process 1) is considered to be a very fast process.
Therefore, the process 1) can be neglected in the time transition of fluorescence intensity shown
in Figure 5.2. As the state immediately after 1), the dye on the clay is assumed to be either
uniformly distributed or segregated. = The fluorescence intensity increased with time,
suggesting that the fluorescence self-quenching was gradually canceled. In other words, it
was suggested that the frequency of collisions between molecules decreased. Therefore, the
increase in fluorescence intensity with time indicated that the dye gradually moved from a
segregated distribution to a uniform distribution. The rate constant was expressed as one
component, suggesting that the rates of ii) and iii) were almost equal or that the distribution of
dye molecules shifted to a homogeneous adsorption state by the process of iii) without going
through the process of ii). Because it was found that the fluorescence intensity of acridinium

derivatives and synthetic saponite takes about 6 hours to stabilize, the fluorescence spectra after

section 5.2 were measured after 6 hours of sample preparation.

5.3.2. Self-quenching of acridinium derivatives on synthetic saponites

As mentioned above, the required time for the adsorption state of acridinium derivatives on
the synthetic saponite to stabilize was clarified. This section evaluated the self-fluorescence
quenching behavior of acridinium derivatives on various synthetic saponites by steady-state
fluorescence spectra. The loading level of acridinium derivatives vs. CEC of the synthetic

saponites was controlled by changing the concentration of the synthetic saponites.
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Figure 5.3. Fluorescence spectra of acridinium derivatives-synthetic saponites complexes: (a)

Acr'/Sapl.0, (b) Acr'/Sapl.2, (c¢) Acr'/Sapl.4, (d) Acr'/Sapl.6 (e) PhAcr/Sapl.0, (f)

PhAcr?/Sapl.2, (g) PhAcr/Sapl.4, and (h) PhAcr*/Sap1.6 in water.
=3.33x107 M,

[acridinium derivatives]

[synthetic saponites] = 2.0x107%-3.33x1077 equiv. L™'. The dye loading

levels were 0.0017, 0.0024, 0.0032, 0.0048, 0.0075, 0.010, 0.017, 0.025, 0.033, 0.050, 0.075,
0.10, 0.25, 0.50 and 1.0% vs. CEC of the clay. The excitation wavelength was 360 nm.
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Figure 5.4. Fluorescence decay profiles for (a) Acr” and (b) PhAcr” with and without Sap1.2
in water. [acridinium derivatives] =3.33x10° M, [synthetic saponites] = 2.0x10*-3.33x107’
equiv. L™!.  The dye loading levels were 0.010, 0.10, 0.25, 0.50, and 1.0% vs. CEC of the clay.

The excitation wavelength was 355 nm.

The steady-state fluorescence spectra of Acr™ and PhAcr® at each loading level on various
synthetic saponites are shown in Figure 5.3. The fluorescence intensity decreased as the
loading level of acridinium derivatives increased. 1) The dynamic quenching due to the
collision at excited state and ii) the static quenching due to the interaction at ground state are
proposed as the factor of decrease in the fluorescence intensity. The factor of self-
fluorescence quenching of acridinium derivatives on the synthetic saponite was investigated.
When the fluorescence quenching is dynamic, a shorter fluorescence lifetime is observed. On

the other hand, the fluorescence lifetime does not change when the fluorescence quenching is
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Figure 5.5. The typical time-resolved fluorescence spectra of acridinium derivatives-synthetic
saponites complexes: (a) Acr'/Sapl.2 and (b) PhAcr’/Sapl.2 in water. [acridinium
derivatives] = 3.33x10~° M, [synthetic saponites] = —-3.33x107° equiv. L"!. The dye loading

levels were 0.010% vs. CEC of the clay. The excitation wavelength was 355 nm.

static.1?  The fluorescence lifetimes of acridinium derivatives on synthetic saponites at
each loading level were observed. Figure 5.4 shows the fluorescence decay curves of the
complexes of Acr” and PhAcr” with Sap1.2 at various loading levels. As shown in Figure 5.4,
all profiles can be analyzed as single exponential decays, indicating that all acridinium
derivatives adsorbed on the synthetic saponites have almost the same surrounding conditions.
Whereas the fluorescence lifetime of dye molecules on the solid surfaces tends to be
complicated due to aggregation formation, it was suggested that the present system did not
form the aggregation. In addition, the typical time-resolved fluorescence spectra of Acr” and
PhAcr” with sapl.2 are shown in Figure 5.5. The fluorescence spectral shapes during the
decay were completely the same, indicating that the present system did not form the
aggregation.!”

A decrease in fluorescence lifetime was observed as the loading level increased. The

128



1.4

1.3
®
A
1.2 ()
E ‘
R
1.1 A
o
1.0 @ e Ac’
A PhAcr™
0'9 L L 1 L

Figure 5.6. Relationship between the decrease ratio of lifetimes (zo/71) and those of steady-state

fluorescence intensities (/o//1) due to the fluorescence quenching.

fluorescence lifetime when not self-quenched (t0) and the fluorescence lifetime when self-

quenched (t1) are represented by using deactivation rate constants as shown in Eq. (5.2) and

Eq. (5.3).
- 5.2
Tg=7T—"7— .
O ke + ke (>-2)
1
o (5.3)

" Ky + Ky + kg

where kr is the radiative deactivation rate constant, knr is the sum of nonradiative deactivation
rate constant, and ksq is the self-fluorescence quenching rate constant. The fluorescence
quantum yield when not self-quenched (®o) and the fluorescence quantum yield when self-
quenched (@) is represented by using deactivation rate constants as shown in Eq. (5.4) and

Eq.(5.5)

(54)
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I ks
= 55
'kt k, ks (5:3)
Eq. (5.6) is obtained by dividing Eq. (5.2) by Eq. (5.3).

To ksq

Do —2C

z + K + oy (5.6)
Eq. (5.7) is obtained by dividing Eq. (5.4) by Eq. (5.5).

Iy kso

S 4—¢

I * ki + kny (5.7)

If static quenching is included in this system, the values of to/t1 and /o//i do not match. The
decreased ratios of fluorescence intensities were compared with those of fluorescence lifetimes
to evaluate the ratio of dynamic quenching and static quenching. Figure 5.6 shows the plots
of to/71 vs. Io/l1.  The slope of the plot of 7o/z; vs. Io/I} were almost 1 for both Acr” and PhAcr",
indicating that the ratio of decrease in the lifetime (to/t1) and the rate of decrease in
fluorescence intensity (/o//1) were almost the same. It can thus be suggested that the self-
fluorescence quenching of aclidinium derivatives on synthetic saponite is only dynamic

quenching, not static quenching.

5.3.3. Adsorption state without self-fluorescence quenching

As mentioned above, it was indicated that the self-fluorescence quenching of acridinium
derivatives on the synthetic saponite was dynamic. It suggests that the collision at the excited
state causes fluorescence quenching on the synthetic saponite. This section evaluated the
correlation between the fluorescence quenching and the distance between acridinium

derivatives on the synthetic saponite.
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The relationship between loading level and fluorescence intensity derived from the
fluorescence spectra of Figure 5.3 was shown in Figure 5.8. The fluorescence quenching was
observed at higher loading levels, regardless of the type of synthetic saponites and acridinium
derivatives. The larger the distance between the negative charges of the synthetic saponite,

the higher the loading level at which the fluorescence quenching started. However, when the

loading level was converted to the average intermolecular distance, the intermolecular
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Figure 5.8. Relationship between the theoretical average molecular distances and the

fluorescence intensities of acridinium derivatives; (a) Acr’ (b) PhAcr”
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distances at which fluorescence quenching started were almost 50—100 nm regardless of the
negative charge distance of the synthetic saponite (Figure 5.8). The particle size of synthetic
saponite is generally about 50 nm.?*  When the distance between adsorbed molecules is more
than 50 nm, the number of molecules on one synthetic saponite particle is less than one.
Therefore, it is crucial to eliminate the segregation of dye molecules on the clay surface and
establish a state in which the number of dye molecules is one or less per clay to suppress the

self-fluorescence quenching of mono-cationic dyes.

5.4. Conclusion

This chapter evaluated the behavior of self-fluorescence quenching of mono-cationic
acridinium derivatives on the clay surface to clarify the suitable adsorption state for mono-
cationic dyes. The diffusion process of the acridinium derivatives on the clay surface was
evaluated by observing the time transition of fluorescence intensity from immediately after the
acridinium derivatives were adsorbed on the clay surface until stabilization. It was suggested
that the migration rates within clay nanosheet of dye molecules and that between clay
nanosheet were almost equal, or that dye molecules shifted to a homogeneous adsorption state
by migration within clay nanosheet without going through migration between clay nanosheet.
It was found that the fluorescence intensity of acridinium derivatives and synthetic saponite
takes about 6 hours to stabilize.

The self-fluorescence quenching behavior of acridinium derivatives on various synthetic
saponite was evaluated by steady-state fluorescence spectra and fluorescence lifetime
measurements. It can thus be suggested that the self-fluorescence quenching of aclidinium

derivatives on synthetic saponite is only dynamic, not static.
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Finally, the correlation between the fluorescence quenching and the distance between
acridinium derivatives on the synthetic saponite was evaluated. When the loading level was
converted to the average intermolecular distance, the intermolecular distances at which
fluorescence quenching started were almost 50—-100 nm regardless of the negative charge
distance of the synthetic saponite. This result suggested that it is important to eliminate the
segregation of dye molecules on the clay surface and establish a state in which the number of
dye molecules is one or less per clay to suppress the self-fluorescence quenching of mono-

cationic dyes.
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Chapter 6. Effects of Surface Charge Density of Clay
Minerals on  Surface-fixation Induced

Emission (S-FIE) of Acridinium Derivatives

A part of this chapter is reproduced from “Yoshida. Y; Shimada. T; Ishida. T; Takagi. S. Effects
of Surface Charge Density of Clay Minerals on Surface-fixation Induced Emission (S-FIE) of
Acridinium Derivatives. ACS Omega 2021, 6, 21702-21708.” under the terms of CC BY 3.0

license.

6.1. Introduction
Fluorescent materials have attracted great attention as probes, sensors, display materials,

and optoelectronics materials.!”’

Organic dyes have been widely used in these fields because
they are composed of ubiquitous elements such as C, N, and O and have less environmental
impact compared with inorganic phosphors containing transition elements®® and typical
quantum dots contain harmful substances such as Cd and In.!®'? In devices such as OLED
and fluorescent sheets, organic dyes are supposed to be used in a solid phase. On the other
hand, the problem is that incorporating dyes with a highly flat n-conjugated system into a solid
phase provokes a self-fluorescence quenching due to aggregation by m-m interaction.'>!#
Some aggregates, such as cyanine dyes, often show a high fluorescence quantum yield due to

the formation of J-aggregates.!>!®

Recently, many studies have reported AIE (aggregation-
induced emission)-active dyes whose fluorescence quantum yield is enhanced by suppressing
intramolecular vibration and rotation by forming aggregates have been reported.!”!8

However, accurate molecular design and synthesis techniques are required for these AIE-active

dyes.
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We have proposed a phenomenon called surface-fixation induced emission (S-FIE), in
which the fluorescence of the organic dye is enhanced by forming with nanosheets such as clay

19-22 " Clay minerals, which have two- or three-sheet structures where tetrahedral and

minerals.
octahedral sheets are stacked, are typical layered materials. The negative charges on the
surface of clay minerals are produced by isomorphic substitution of Si*" by AI’" in tetrahedral
sheet or AI** by Mg?" in octahedral sheet. The structure of typical clay minerals is shown in
Figure 1.5. Clay minerals have been utilized for various purposes because they have the
properties such as ion adsorption capacity, swelling property, thermal stability, and these are

naturally ubiquitous materials.?*

Recently, clay minerals have received much attention as
host materials since clay minerals have a flat surface at the atomic level, can be exfoliated into
a single layer, and have optical transparency in a solution state.’®3%  Although the
fluorescence enhancement of methyl viologen by complexing with clay minerals was reported
in 1986,%%37 there is no systematic study since dyes tend to form aggregates on the clay

38-40

surface. However, we have proposed the phenomenon called Size-Matching Effect in

which the specific cationic molecules such as multi-cationic porphyrins are adsorbed on the

clay surface without aggregation.’**!

This report enabled and inspired the research on the
intrinsic photochemical behavior of various dyes on the clay minerals without aggregation.
Surface-fixation induced emission is a phenomenon in which the fluorescence is enhanced

192242 In this phenomenon,

by the adsorption of dyes on a flat surface such as clay minerals.
1) a decrease in nonradiative deactivation rate constant due to suppression of molecular motion

such as intramolecular vibration and rotation and/or ii) an increase in radiative deactivation

rate constant due to resembling molecular structures between the ground and excited states are
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Figure 6.1. Structures of acridinium derivatives.

the cause of fluorescence enhancement. S-FIE has a similar aspect to AIE. S-FIE has the
advantage of various cationic dyes being applied with certain expectations.  Several
researchers have reported fluorescence enhancement due to the adsorption of various dyes on

clay minerals.!?223542

Although previous reports have demonstrated the effect of dye
structure for fluorescence enhancement, little has been reported on the effect of the structure
of clay minerals. This chapter investigated the photochemical behavior and fluorescence
enhancement of mono-cationic acridinium derivatives on the clay surface using two acridinium

derivatives as guest molecules (Figure 6.1) and four synthetic saponites, which have different

negative charge distances, as host materials.

6.2. Experimental section
6.2.1. Materials

Clay minerals (synthetic saponites): Sumecton SA (Sap1.2) was purchased from Kunimine
Industries Co., Ltd. and was used without further purification. According to a previous paper,
the synthetic saponites named Sap1.0, Sap1.4, and Sapl.6 were synthesized by hydrothermal
synthesis.*  The synthetic saponites were analyzed with atomic force microscopy (AFM), X-

ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier transform infrared spectroscopy
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(FT-IR), as described in the previous paper.*!  The general structure and chemical formulas of
synthetic saponites are shown in Figure 1.5 and Table 1.4. According to the paper, the cation-
exchange capacity (CEC) of Sapl.0, Sapl.2, Sap1.4, and Sapl.6 were 1.32, 0.99, 0.69, and
0.59 mequiv. g ', respectively. Since the theoretical specific surface area of the synthetic
saponite is 750 nm? g !, the inter-negative charge distances of Sap1.0, Sap1.2, Sapl.4, and
Sap1.6 were calculated to be 1.04, 1.20, 1.45, and 1.57 nm on the basis of a hexagonal array,
respectively. The aqueous dispersion of synthetic saponites, whose particle size is 100 nm or
less, is substantially transparent in the UV-visible range. ~Water was deionized with an
ORGANO BB-5A system (PF filter X2 + G-10 column). 9-Phenyl-9-methylacridinium
perchlorate was purchased from Tokyo Kasei. 10-Methylacridinium methyl sulfate was
purchased from Aldrich. The counter ion was exchanged to perchlorate with an ion-exchange

resin (Organo, Amberlite Resin IRA-400 treated with HCIO4).

6.2.2. Analysis

TG-DTA curves were measured with Shimadzu DTG-60H analyzer to determine the water
content of acridinium derivatives and synthetic saponites. The temperature was ramped from
room temperature to 120°C with a heating rate of 10°C/min under dry air as a purge gas and
was held for 60 minutes. Absorption spectra were obtained on a UV-3150 UV-vis.
spectrophotometer (SHIMADZU). Fluorescence spectra were obtained on an FP-6500
spectrofluorometer (Jasco), and the excitation light was set at the maximum absorption
wavelength of each sample. The reproducibility and signal-to-noise ratio of the fluorescence
intensity is 0.5% and 100:1 or higher. The fluorescence quantum yield was determined by

the relative method. Rhodamine 6G was used as a standard for calculating the fluorescence
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quantum yield of Acr with and without synthetic saponites. The fluorescence quantum yield
of Rhodamine 6G in water is 0.90.** Fluorescence lifetime was measured by a C4780
picosecond fluorescence lifetime measurement system (Hamamatsu Photonics). An Nd**
YAG laser (EKSPLA PL2210JE + PG-432, fwhm 25 ps, 1 kHz) was used for excitation. The
excitation wavelength was 355 nm.  The fluorescence lifetimes are calculated by

deconvoluting the excitation pulse in each measurement range.

6.2.3. Sample preparation

Stock solutions of acridinium derivatives were prepared in a concentration range of
1.0x1073-1.0x10* M.  Stock dispersions of synthetic saponites were prepared in a
concentration range of 1.0x107°-1.0x10"* equiv. L™!. In order to prepare acridinium
derivative-synthetic saponite complexes, above aqueous stock solutions were mixed at an
arbitrary rate and were diluted with water under stirring in a quartz cell (1.0 x 1.0 cm). UV-
vis absorption spectra were measured under the concentration of 1 x 107 M for acridinium
derivatives and 1x107 equiv. L' for synthetic saponites. Fluorescence spectra were
measured under the concentration of 3.33 x 10~ M for acridinium derivatives and 2.0 x 10~
3.33 x 1077 equiv. L™! for synthetic saponites. Fluorescence lifetimes were measured under
the concentration of 4.0 x 108 M for acridinium derivatives and 4.0 x 10 equiv. L! for

synthetic saponites.

6.3. Result and discussion
6.3.1. Adsorption behavior of acridinium derivatives in water and on the clay surface
The adsorption behavior of acridinium derivatives on various synthetic saponites was

evaluated by measuring UV-vis absorption spectra. The UV-vis absorption spectra of Acr"
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Figure 6.2. UV-vis absorption spectra of acridinium derivatives ((a) Acr”, (b) PhAcr" with and
without synthetic saponites in aqueous solution. [acridinium derivatives] = 1.0 x 107% M,

synthetic saponites] = 1.0 x 1073 equiv. L.
[sy p q

Table 6.1. Band Maxima of Absorption(4a) and Fluorescence(4n) and Stokes Shift (A4) of

Acridinium Derivatives with and without Synthetic Saponites in Water

/lab /lﬂ M
compound environment
nm cm™! nm cm™! nm cm™!

Acr” water 444 22523 462 21645 18 878
Acrt Sap1.0 447 22371 465 21505 18 866
Acrt Sapl.2 448 22321 465 21505 17 816
Acrt Sapl.4 448 22321 465 21505 17 816
Acrt Sapl.6 448 22321 465 21505 17 816
PhAcr* water 454 22026 485 20619 31 1408
PhAcr* Sap1.0 460 21739 490 20408 30 1331
PhAcr* Sapl.2 465 21505 490 20408 25 1097
PhAcr* Sapl.4 465 21505 490 20408 25 1097
PhAcr* Sapl.6 468 21368 490 20408 22 959

and PhAcr® with and without synthetic saponite in water are shown in Figure 6.2. The
maximum absorption wavelengths (dap) are summarized in Table 6.1.

Both Acr® and PhAcr™ showed a redshift by the adsorption on the surface of synthetic
saponites. The wavelength shifts of Acr” and PhAcr" on Sapl.2 were 4 nm and 11 nm,

respectively.  Such spectral shifts due to adsorption on the clay surface have been reported in
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28-30.364647  These reports proposed that the cause of redshift is the expansion of

many papers.
the m-conjugated system due to flattening of molecules on clay minerals, where the surface is
flat at the atomic level.***” PhAcr’, which has a rotational substituent, showed a larger
wavelength shift than Acr”, which does not have a rotational substituent, suggesting that a
similar phenomenon occurred in the case of acridinium derivatives. Furthermore, as the inter-
negative charge distance of the synthetic saponite increased, the redshift of the maximum
absorption wavelength of PhAcr” increased. It is considered that the further redshift is
induced by the increase in adsorption strength due to increase in the inter-negative charge
distance on the clay surface.

Acridinium derivatives have two main absorption bands in their absorption spectra, as
shown in Figure 6.2. It is known that a very narrow absorption band at about 360 nm and a
broad absorption band at about 450 nm are attributed to the So-S> transition and the So-S;

48,49

transition, respectively. In order to discuss the So-Si transition, the integral values of the

extinction coefficient at 380—550 nm are summarized in Table 6.2. The integral values of the

Table 6.2. Integral Values of Extinction Coefficients of Acridinium Derivatives with and

without Synthetic Saponites in Water”

integral of the extinction coefficient / 107 M~ cm™!

compound clay minerals / W / e / € / &V

Acr” Sap1.0 1.46 1.44 0.99
Acr* Sap1.2 1.46 1.74 1.19
Acr” Sapl.4 1.46 1.72 1.18
Acr* Sapl.6 1.46 1.80 1.24
PhAcr* Sap1.0 2.39 2.25 0.94
PhAcr* Sap1.2 2.39 2.82 1.18
PhAcr* Sapl.4 2.39 2.99 1.25
PhAcr* Sapl.6 2.39 3.26 1.37

“ The integral range is 18182-26315 cm™! (380-550 nm). / " and / € are the integral values of the
extinction coefficients of acridinium derivatives in water and with synthetic saponites, respectively.
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extinction coefficient of acridinium derivatives on the surface of synthetic saponites were larger
than those in water, indicating an increase in the transition probability, namely the Franck-
Condon factor when acridinium derivatives adsorbed on the surface of synthetic saponites. It
suggests that the difference of nuclear coordinates of ground and excited states becomes
smaller by the adsorption of acridinium derivatives on the surface of synthetic saponites. As
the inter-negative charge distance of synthetic saponites increased, the integral value of the
extinction coefficient of PhAcr" increased. Since the surface of synthetic saponites with a
larger inter-negative charge distance becomes more hydrophobic, it is presumed that
acridinium derivatives on such a more hydrophobic surface were more firmly fixed. Likewise,
photochemical properties of PhAcr® such as A, and An were influenced by the adsorption on
the surface of synthetic saponites, and the effect of the clay surface became larger as the inter-
negative charge distance on the surface of synthetic saponites increased. These results
indicate that the hydrophobic interaction between PhAcr® and the surface of synthetic saponites

plays an important role in the photochemical properties of PhAcr".

6.3.2. Fluorescence behavior of acridinium derivatives in water and on the clay surface
The fluorescence behavior of acridinium derivatives on synthetic saponites was evaluated
by fluorescence spectra. Most of the dyes suffer self-fluorescence quenching when adsorbed

on the clay surface.’* >

Whereas acridinium derivatives also were self-quenched when
adsorbed on the clay surface, they were not self-quenched when the loading level was less than
0.01% vs. CEC in any combination of acridinium derivatives and clays, as shown in Chapter

5. The fluorescence spectra of acridinium derivatives in water and on synthetic saponites

(0.01% vs. CEC) are shown in Figure 6.3. The maximum fluorescence wavelength (41) and
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Figure 6.3. Fluorescence spectra of acridinium derivatives ((a) Acr’, (b) PhAcr") with and

without synthetic saponites in water. [acridinium derivatives] = 3.33 x 10~ M, [synthetic

saponites] = 3.33 x 107> equiv. L™!. The excitation wavelength was 360 nm. The spectra

were corrected with absorbance at 360 nm.

Stokes shift (A1) are summarized in Table 6.1.

In most cases, organic molecules in solution do not show a clear vibrational structure in the
fluorescence spectra due to the effect of molecular motion and surrounding solvent
reorientation. The fluorescence spectra of Acr’ and PhAcr” in water did not show clear
vibrational structures, as shown in Figure 6.3 (broken line). On the other hand, The
fluorescence spectra of Acr’ and PhAcr”™ on synthetic saponites showed more apparent
vibrational structures. For all cases, Stokes shift of acridinium derivatives on synthetic
saponites became smaller than that in water, as shown in Table 6.1. The Stokes shift means
the degree of solvent reorientation around dye molecules at the electronic transition.* It is
known that hydrophobic interaction plays an important role in the adsorption of organic dyes

on the clay surface.”>*

When the organic dyes are adsorbed on the clay surface, the number
of surrounding water molecules decreased almost half compared to that in water since half of

the surface of organic dye is covered by the clay surface. It suggests that the dye molecules
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on the clay surface have less solvent reorientation and less molecular structure change in the
electronic transition. Therefore, the reasons for the clear vibrational structure and the slight
Stokes shift when acridinium derivatives adsorbed on synthetic saponites are the fixation of
molecular structure and the less solvent reorientation in the electronic transition. In addition,
as the inter-negative charge distance on the surface of synthetic saponite increased, Stokes shift
tended to decrease. The hydrophobicity of the clay surface is enhanced by the increase in the

3738 Acridinium derivatives should be adsorbed more

inter-negative charge distance.
parallelly on the more hydrophobic clay surface due to the effective hydrophobic interaction
between acridinium derivatives and the clay surface. It is presumed that a strong fixation of
acridinium derivatives on the clay surface causes a decrease in molecular structure relaxation
in the excited state. Therefore, the decrease in Stokes shift with the increase in inter-negative
charge distance is attributed to a decrease in the structure change and the solvent reorientation

in the excited state.

Table 6.3 shows fluorescence quantum yields (@) of Acr” and PhAcr' in water and on

Table 6.3. Fluorescence Quantum Yield (@r) and Fluorescence Lifetime (7) of Acridinium

Derivatives with and without Clays in Water”

quantum yield fluorescence lifetime / ns
compound clay minerals
P Y (D?.N (D[C (DF/(D?V v € /W

Acr* sapl.0 0.173 0.068 0.39 30.2 28.7 0.95
Acr” sapl.2 0.173 0.072 0.42 30.2 29.4 0.97
Acr* sapl.4 0.173 0.069 0.40 30.2 29.7 0.98
Acr” sapl.6 0.173 0.070 0.41 30.2 30.0 0.99
PhAcr* sapl.0 0.0065 0.118 18.1 1.55 14.5 94
PhAcr* sapl.2 0.0065 0.137 21.1 1.55 15.8 10.2
PhAcr* sapl.4 0.0065 0.144 22.2 1.55 15.1 9.7
PhAcr* sapl.6 0.0065 0.148 223 1.55 16.1 10.4

a (D?V and qf'f-: are the @; of Acr in water and on the clay surface. 1 and ¢ are the t of acridinium
derivatives in water and on the surface of synthetic saponites.

146



Table 6.4. Radiative (kr) and Non-radiative (k) Deactivation Rate Constants of Acrdinium

Derivatives with and without Various Synthetic Saponites in Water®

radiative deactivation rate constant non-radiative deactivation rate constant
compound  clay minerals /107s! /107s™
kY k¢ ki Ry a kS, kS sk

Acr* sapl.0 0.57 0.24 0.41 2.74 3.26 1.19
Acr* sapl.2 0.57 0.25 0.43 2.74 3.16 1.15
Acr* sapl.4 0.57 0.23 0.41 2.74 3.14 1.15
Acr* sapl.6 0.57 0.23 0.41 2.74 3.11 1.14
PhAcr* sapl.0 0.42 0.81 1.94 64.0 6.08 0.095
PhAcr* sapl.2 0.42 0.87 2.07 64.0 5.46 0.085
PhAcr* sapl.4 0.42 0.96 2.28 64.0 5.67 0.089
PhAcr* sapl.6 0.42 0.92 2.19 64.0 5.29 0.083

a k}V and kF are the k; of acridinium derivatives in water and on the clay surface. k" and kS are the

k.. of acridinium derivatives in water and on the surface of synthetic saponites.

nr

various synthetic saponites. ~ Although @¢of Acr” on the surface of synthetic saponites became
smaller than in water, @r of PhAcr" was enhanced approximately 20 times by the adsorption
on the surface of synthetic saponites. As the inter-negative charge distance on the surface of
synthetic saponites increased, @r of PhAcr” was enhanced. It is well known that & of dyes
adsorbed on the clay surface without aggregation is often greater than in solution. The effect
of the clay surface on the fluorescence enhancement has been proposed as Surface-fixation
induced emission (S-FIE).**  Several studies have reported that the major factor of

fluorescence enhancement is the fixation of rotational substituents.?'%?

Thus, suppressing the
rotational substituent due to strong fixation of acridinium derivatives on the hydrophobic
surface of synthetic saponite could be why the synthetic saponite with large inter-negative
charge distance induced the large fluorescence enhancement, as in the case with the discussion

of Stokes shift.

The time-resolved fluorescence measurement was carried out to discuss further the
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photochemical behavior of acridinium derivatives on the surface of synthetic saponites.
Fluorescence lifetimes of Acr® and PhAcr" in water and on various clays are shown in Table
6.3. Fluorescence decays are shown in Figure S6.1. The radiative deactivation rate
constants (krf) and the non-radiative deactivation constants (kn:) are calculated from the
fluorescence lifetime () and fluorescence quantum yield (@r) according to Eq. (6.1) and Eq.

(6.2), and are shown in Table 6.4.

(o)
=7 6.1
ke . (6.1
1—-9
f
Ky = T (6.2)

When Acr” without rotational substituents was adsorbed on the clay surface, the ks
decreased. On the other hand, when PhAcr” with a rotational substituent was adsorbed on the
clay surface, kr doubled, and k.- decreased by about one in ten. It is known that kr and knr of
the dyes showing S-FIE tend to increase and decrease by the adsorption on the clay surface,
respectively.??  Previous reports also indicated that the change in potential energy curve of the
ground and excited states of dyes adsorbed on the clay surface causes such changes in kr and
kar.?>  According to the reports, it has been presumed that (i) the most stable structures of the
ground and excited states are relatively similar (effect I) and (i1) the potential energy curve is
relatively sensitive against the nuclear coordinates (effect II) for dyes on the clay surface
compared to without clay, as can be seen in Figure 6.4 (a) and (b). It was concluded that
effects I and II were related to an increase in kr and a decrease in knr, respectively. Since
PhAcr" has a rotational substituent at 9-position and Acr” has no rotational substituents, PhAcr*

is more sensitive against a surrounding environmental change than Acr’.  Consequently, when
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Figure 6.4. Plausible conceptual potential energy curves of ground and excited states for
PhAcr". (a) Without clay (b) On the clay with smaller inter-negative charge distance (¢) On

the clay with larger inter-negative charge distance.

PhAcr™ adsorbed on the surface of synthetic saponites, the intramolecular rotation of PhAcr"
was suppressed by the clay surface, leading to the increase in kr (effect [). The increase in the
integral values of the extinction coefficient by the adsorption on the surface of synthetic
saponites (Table 6.2) can be rationalized in the same way.

The decrease in &k, when acridinium derivatives are adsorbed on the surface of synthetic
saponites is attributed to a suppression of the mobility of rotational substituent (effect IT). The
increase in inter-negative charge distance on the surface of synthetic saponites is related to an
increase in kr and a decrease in ki due to the adsorption on the clay surface, respectively.
These results indicate that the effects I and II were enhanced by the increase in the inter-
negative charge distance on the surface of synthetic saponites, as shown in Figure 6.4 (c). As
mentioned above, the increase in inter-negative charge distance on the surface of synthetic
saponites caused the increase in the extinction coefficient and the redshift of maximum
absorption wavelength for PhAcr™ on the surface of synthetic saponites (Table 6.2). Those

results consistently suggest that the interaction between PhAcr” and the surface of synthetic
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saponites becomes stronger as the inter-negative charge distance on the clay surface increases.
Since clays with large inter-negative charge distances have a highly hydrophobic surface, the
hydrophobic interaction causes PhAcr" to be more firmly immobilized on the clay surface. In
conclusion, the present study has demonstrated that the photochemical behavior of acridinium
derivatives on the surface of clay minerals was affected by not only the structure of guest

molecules but also the structure of clay minerals.

6.4. Conclusion

This chapter evaluated the photochemical behaviors of cationic acridinium derivatives with
and without various synthetic saponites. The maximum absorption wavelength showed a
redshift when acridinium derivatives were adsorbed on the surface of synthetic saponites.
Because the absorption spectra of PhAcr' on the surface of synthetic saponites showed a longer
redshift than that of Acr", it was suggested that the expansion of the n-conjugated system of
PhAcr’. In addition, an increase in the extinction coefficient and the fluorescence quantum
yield were observed for PhAcr* adsorbed on the surface of synthetic saponites. Furthermore,
an increase in kr and a decrease in knr were observed. These changes in photochemical
properties indicate the suppression of rotational substituent's mobility by flattening the dihedral
angle between the rotational substituent and the acridinium ring due to adsorption of PhAcr"
on the surface of synthetic saponites. A decrease in Stokes shift due to adsorption of PhAcr"
on the surface of synthetic saponites indicates that the molecular structural change and the
solvent reorientation at excited state decreased. The present results suggest that not only the
structure of guest molecules but also the structure of clay minerals as host materials affected

the photochemical properties of guest molecules adsorbed on the clay surface.
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6.5. Supporting information
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Figure S6.1. Fluorescence decay profiles for (a) Acr” and (b) PhAcr” with and without various
synthetic saponites in water. [acridinium derivatives] = 3.33x10~° M, [synthetic saponites] =
3.33x107* equiv. L™!. The dye loading levels were 0.010% vs. CEC of the clay. The

excitation wavelength was 355 nm.
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Chapter 7. Photophysical Behavior of TICT-active
Acridinium Derivative adsorbed on Clay

Surface

7.1. Introduction

TICT, reported by Grabowski, Rotkiewicz, and Rettig, ef al., is a phenomenon found in
molecules where the donor and acceptor are bound by a single bond.! Molecule that exhibits
the equilibrium between the orthogonal and planarized states emit dual fluorescence due to
relaxation from the locally excited (LE) state and the charge transfer (CT) state. Because this
relaxation pathway can be easily modulated by substituents, polarity, steric hindrance, and the
surrounding environment, the TICT process has become one of the design strategies for
functional molecules. Therefore, TICT-active molecules have been received great attention
for OLEDs, chemical sensors, optoelectronic devices, and catalysis.

In a polar environment, the TICT active molecules form the LE state, which quickly
becomes the CT state due to the reorientation of the polar solvent. On the other hand, in a
non-polar environment, the LE state is more stable than the CT state because the solvent
molecules do not rearrange. The LE and CT states of TICT-active molecules, which depend
on the solvent environment, are described by potential curves. For example, several papers
have discussed the molecular structure by describing the activation energy and relative

¢ However, there

relationship between the LE state and CT state in terms of potential curves.>
are no reports focusing on the width of the potential curve or the relative positions of the ground

and excited states in TICT-active molecules, as shown in Chapter 6. 9-Mesityl-10-

methylacridinium (MesAcr") is also a TICT-active molecule (Figure 7.1).” The long-lived
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| ciog

MesAcrt

Figure 7.1. Structure of 9-mesityl-10-methylacridinium (MesAcr")

charge-separated state reported by Fukuzumi ef al.*!! has led many researchers to focus on the
catalytic activity and the charge-separated state of MesAcr™.!>"1> It has also been suggested
that MesAcr* shows the dual fluorescence from LE and CT states,’ although few reports have
discussed this phenomenon in detail.

This chapter aims to explain the influence of the clay surface on the potential curve,
including LE and CT states. We evaluated the behavior of MesAcr® adsorbed on the clay

surface to clarify the influence of the surrounding environment on TICT-active molecules by

the absorption and steady-state fluorescence spectra and time-resolved fluorescence.

7.2. Experimental section

Clay minerals (synthetic saponites): Sumecton SA (Sap1.2) was purchased from Kunimine
Industries Co., Ltd. and was used without further purification. The synthetic saponites were
analyzed with atomic force microscopy (AFM), X-ray diffraction (XRD), X-ray fluorescence
(XRF), and Fourier transform infrared spectroscopy (FT-IR), as described in the previous

® The general structure and chemical formulas of synthetic saponites are shown in

paper.!
Figure 1.5 and Table 1.4. According to the paper, the cation-exchange capacity (CEC) of

Sapl.2 was 0.99 mequiv. g!. Since the theoretical specific surface area of the synthetic
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saponite is 750 nm? g~ !, the negative-charge distance of Sap1.2 was calculated to be 1.20 nm
on the basis of a hexagonal array. The aqueous dispersion of synthetic saponites, whose
particle size is 100 nm or less, is substantially transparent in the UV-visible range. Water was
deionized with an ORGANO BB-5A system (PF filter x2 + G-10 column). 9-Mesityl-10-
methylacridinium perchlorate (MesAcr") was purchased from Tokyo Kasei. The counter ion
was exchanged to perchlorate with an ion-exchange resin (Organo, Amberlite Resin IRA-400
treated with HC104).  Organic solvents for spectroscopy were obtained from Kanto Chemical

Co., Inc. and were used without further purification.

7.2.1. Analysis

TG-DTA curves were measured with Shimadzu DTG-60H analyzer to determine the water
content of MesAcr™ and synthetic saponites. The temperature was ramped from room
temperature to 120°C with a heating rate of 10°C/min under dry air as a purge gas and was held
for 60 minutes. Absorption spectra were obtained on a UV-3150 UV-vis. spectrophotometer
(SHIMADZU). Fluorescence spectra were obtained on an FP-6500 spectrofluorometer
(Jasco), and the excitation light was set at the maximum absorption wavelength of each sample.
The reproducibility and signal-to-noise ratio of the fluorescence intensity is 0.5% and 100:1 or
higher. ~ The fluorescence quantum yield was determined by the relative method.
Rhodamine 6G was used as a standard for the calculation of fluorescence quantum yield of
MesAcr” with and without Sap1.2. The fluorescence quantum yield of Rhodamine 6G in
water is 0.90.!7 Fluorescence lifetime was measured by a C4780 picosecond fluorescence
lifetime measurement system (Hamamatsu Photonics). An Nd*" YAG laser (EKSPLA

PL2210JE + PG-432, fwhm 25 ps, 1 kHz) was used for excitation. The excitation wavelength
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was 355 nm. The fluorescence lifetimes were calculated by deconvoluting the excitation

pulse in each measurement range.

7.2.2. Sample preparation

The stock solutions of MesAcr” were prepared in a concentration range of 1.0 x 107°~1.0
x 10 M. Stock dispersions of Sap1.2 were prepared in a concentration range of 1.0 x 10—
1.0 x 10* equiv. L™, In order to prepare MesAcr’-Sap1.2 complexes, above aqueous stock
solutions were mixed at an arbitrary rate and were diluted with water under stirring in a quartz
cell (1.0 x 1.0 cm). UV-vis absorption spectra were measured under the concentration of 1 x
107 M for MesAcr* and 1 x 107 equiv. L™! for Sap1.2. Fluorescence spectra were measured
under the concentration of 3.33 x 10 M for MesAcr" and 2.0 x 10™* equiv. L™! for Sapl1.2.
Fluorescence lifetimes were measured under the concentration of 4.0 x 107 M for MesAcr"

and 4.0 x 10~* equiv. L™! for Sap1.2.

7.3. Result and discussion
7.3.1. Steady-state results
The adsorption behavior of MesAcr” on Sap1.2 was evaluated by UV-vis absorption spectra

and steady-state fluorescence spectra. The absorption and fluorescence spectra of MesAcr

Table 7.1. Band Maxima of Absorption(4av) and Fluorescence(4q) of Acridinium Derivatives

with and without Sap1.2 in Water

compound environment ab n
nm cm™! nm cm’!

Acr® water 444 22523 462 21645
Acr* Sap1.2 448 22321 465 21505
PhAcr* water 454 22026 485 20619
PhAcr* Sap1.2 465 21505 490 20408
MesAcr* water 451 22193 494 20243
MesAcr” Sap1.2 458 21901 505 19802

162



0.03

(@) ---- in water (b) ---- in water
— onSapl.2 1k ’ — onSapl.2
I/
3 0.02 %-. ’ v
g B '
2 = '
2 7 :' ~
AY
< o001 | 3 | '
a I ~
- A
S h h
' ~ N
] -
1 R
0 0 I I — n
300 350 400 450 500 400 500 600 700 800
Wavelength /nm Wavelength / nm

Figure 7.2. (a) UV-vis absorption spectra of MesAcr" with and without Sap1.2 in aqueous
solution. [MesAcr]=1.0x10"°M, [Sapl.2]=1.0x 103 equiv. L. (b) Fluorescence spectra
of MesAcr® with and without Sapl.2 in aqueous solution. [MesAcr’] = 3.33 x 107 M,
[Sap1.2]=2.0 x 10™* equiv. L ™!

with and without synthetic saponite are shown in Figure 7.1. The maximum absorption and
fluorescence wavelength of MesAcr™ are summarized in Table 7.1 with those of Acr” and
PhAcr’. As shown in Chapter 6, the maximum absorption wavelength of acridinium
derivatives shifted to longer wavelengths by adsorption on the clay surface. PhAcr” and
MesAcr” with a substituent at 9-position showed larger long-wavelength shifts than Acr”,
suggesting that the n-conjugated system was expanded by a flattening of molecules on the clay
surface. The long-wavelength shift of MesAcr”™ was smaller than that of PhAcr”. It is
suggested that the flattening of the MesAcr was suppressed by the steric hindrance of the
methyl group in the ortho position of the mesityl group.

The fluorescence spectrum of MesAcr' in water showed a broad peak at around 600 nm in
addition to a peak at 500 nm. Figure 6.3 in Chapter 6 shows that Acr” and PhAcr" do not
show such a peak. Since MesAcr® on the clay surface had no broad fluorescence at 600 nm,

it showed a similar fluorescence spectral shape to Acr” and PhAcr’. Molecules exhibiting
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Figure 7.3. Fluorescence spectra of MesAcr' in water, in acetonitrile, in dioxane, and on

Sapl.2.

dual fluorescence from LE and CT state show a change in the ratio of LE to CT depending on
the polarity of the solvent.>'®*2*  The fluorescence of LE is dominant in non-polar solvents,
while the fluorescence of CT is dominant in polar solvents. Figure 7.3 shows the fluorescence
spectra of MesAcr' in organic solvents with the spectra measured in water. MesAcr in
dioxane, a non-polar solvent, showed a sharp fluorescence around 500 nm. MesAcr in
acetonitrile, a polar solvent, showed a peak around 600 nm in addition to a fluorescence around
500 nm. The broad peak at 600 nm disappeared in the non-polar solvent, suggesting that the
fluorescence around 600 nm of MesAcr was derived from the CT state.

By separating the fluorescence spectra of the LE and CT components in the fluorescence
spectrum of MesAcr", the quantum yield of each component can be obtained.?® Using the
non-linear least-squares method, the fluorescence spectrum of MesAcr” was expressed as the
sum of the fluorescence spectra of the LE and CT components. Fmes(V) is expressed by Eq.

(7.1), which is the sum of the two fluorescence spectra of LE and CT state.

Fryes(v) = (1 = fer)Fig (V) + ferFer(v) (7.1)
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where v is the frequency (cm™!), FLg(v) is the fluorescence spectrum of LE component, Fcr(v)
is the fluorescence spectrum of CT component, and fcr is the fraction contribution of CT
component. The shifted and broadened shape of the fluorescence spectrum of PhAcr”, Fpu(v),
was used as the fluorescence spectrum of the LE component, FiLe(v). Shifting and Broadening
of Fpn(v) is accomplished by the convolution with a Gaussian function, gLe(v), according to Eq.

(7.2) and Eq (7.3).

Fue(v) = f Fie(v — 6) g5 (6)d6 (72)
B (6 — 6,5
9ie(6) = meXp {— T} (7.3)

Since it has been reported that the fluorescence spectrum of CT state, Fcr(v), is similar to the

Gaussian function,?® Fcr(v) is expressed by the simply Gaussian function as shown in Eq (7.4).

exp {_ g} 74)

2
2057

Fer(v) =

1
\2mal;

where o is the standard deviation of the Gaussian function. The five parameters of this model,
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Figure 7.4. Fitting spectra of MesAcr" (a) in water (b) on Sap1.2.
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Table 7.2. Fit Parameters of the Steady-State Fluorescence of MesAcr"

environment oLe/cm’! OLe/ cm’! ocr/em™! ver/ em! fer

water 770 —460 1560 16000 0.270
Sapl.2 1 —130 1560 16000 0.001
dioxane 100 —300 1520 16000 0.040
THF 100 —150 1500 16600 0.280
acetonitrile 703 —20 1457 16347 0.461
acetone 681 0 1490 16266 0.519
methanol 911 -10 1424 16282 0.361
ethanol 699 0 1259 16333 0.266
1-propanol 400 —250 1350 16600 0.220
1-buthanol 180 —180 1450 16600 0.225

{oLE, OLE, ocT, vct, and fct}, are fitted by the non-linear least-squares method. Table 7.2
shows the five parameters of this model of MesAcr in various solvents and the fluorescence
quantum yields of LE and CT state calculated by fcr. The fitted fluorescence spectra of
MesAcr" in water and on Sap1.2 are shown in Figure 7.4 as typical spectral fitting. The fitted
fluorescence spectra of MesAcr” in other solvents are shown in Figure S7.1.

The LE and CT fluorescence ratios of MesAcr" in water were 83% and 17%, respectively.
The fluorescence quantum yields of LE and CT states of MesAcr" in water were 0.0005 and
0.0001, respectively. On the other hand, MesAcr" on the clay surface emitted only LE
fluorescence. The fluorescence quantum yields of the LE state of MesAcr" on the clay surface
was 0.0462. The fluorescence quantum yield of the LE state of MesAcr® on the clay surface
was 90 times that in water. The fluorescence quantum yield of the LE state of MesAcr™ on
the clay surface also exceeded that in dioxane. Even when MesAcr" was present in dioxane,
the non-polar solvent, the LE fluorescence was slightly mixed with CT fluorescence. MesAcr

mainly exhibited LE fluorescence in non-polar solvents, suggesting that the behavior of TICT-
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active molecules was affected by the surrounding environment. MesAcr" on the clay surface
showed a higher ratio and quantum yield of LE fluorescence compared with other environments
was attributed to the hydrophobic and smooth environment of the clay, which suppressed the

rotational nature of MesAcr".

7.3.2. Time-resolved results
The kinetics, including LE and CT states, is described as shown in Figure 7.5. The rate

kT indicate the deactivation rate constants of LE and CT states, including

constants kF and
radiative and nonradiative processes, respectively. The formation rate constants ket and ket
denote the forward and reverse charge transfer rate constants between LE and CT states. In
order to clarify the kinetics of MesAcr as described in Figure 7.5, we attempted to calculate the
rate constants for each process. The fluorescence decay curve was used for kinetic analysis.

The kinetic equations for the concentration of LE* and CT* states could be represented as

shown in Eq. (7.5) and Eq. (7.6).*

[LE*] _ 1
[LE*]O Y1 — V2

{(X —y)e ™t — (X —yy)e "2t} (7.5)

[CT~] kgr
= e Nt —eg7r2t 7.6
[LE*]o  V1—72 ¢ ) (7.6)

ket
CTH*

—>
LE* &%
kggr
;(R €T
So
Figure 7.5. Reaction kinetics of MesAcr" with the relevant rate constants.
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71, 72, X, and Y are expressed as follows, respectively.

Since an iterative fitting method is necessary to determine four unknown rate constants,

X = kLE+kET

Y = kCT + kBET

1
V1= E{(X +Y)+ \/(X -Y)*+ 4kETkBET}

1
V2 = E{(X +7Y) - \/(X -Y)?+ 4kETkBET}

the method was applied to the deconvoluted fluorescence decay curve.
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Figure 7.6. Fluorescence decay curves of MesAcr' (a) in water and (b) on Sap1.2.

of LE fluorescnece was observed at 500—550 nm.

observed at 650—700 nm.

50 60

The decay

The decay of CT fluorescnece was

Table 7.3. Fluorescence Lifetimes and Rate Constants of the MesAcr™ with and without Sap1.2

in Water

environment A1/ nm n/ns  w/ns ai a KE /g7 KT /s ker/s7! kper /7!
water 500-550 0.008 1.11 0.95 0.05 2.0%x108 9.5x10% 1.2x10" 6.5X10°
650-700 0.007 0.57 -1.00 1.00 1.0x107 1.8X10° 1.4X10" 6.6x10°
average - - - - LIX10%8  14X10°  1.3x10"  6.5%X10°
Sapl.2 500-550 1.17 13.79 0.43 0.57 1.2x108 6.4%X10° 2.9x108 5.1X108
650-700 - ; ; - - ; ; ;
average - - - - 12X10%8  6.4X10°  29X10%  5.1x108
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Fluorescence decay curves of MesAcr” in water and on the clay surface are shown in Figure
7.6. The lifetime analysis by the deconvolution method provides a time resolution of about a
tenth of the instrumental response function (IRF).?> In this case, the time resolution is 2~3 ps
since the instrumental response function is about 25 ps. Table 7.3 lists the fluorescence
lifetime and the resulting rate constants of MesAcr' in water and on the clay surface calculated
by the iterative fitting method. It should be noted that iterative fitting was applied only to the
decay curve of LE fluorescence since MesAcr” on the clay surface has no CT fluorescence.

MesAcr” in water showed a fast decay in LE fluorescence and a fast rise in CT
fluorescence, suggesting the fast charge transfer from LE to CT state occurred.  On the other
hand, MesAcr" on the clay surface has no CT fluorescence, and the decay of LE fluorescence
was slower than that in water. It is suggested that the adsorption on the clay surface affects
the charge transfer from LE to CT state.

The £“T on the clay surface was smaller than in water, although the &E

on the clay surface
was the same as that in water. It is indicated that the deactivation process from the CT state
has almost disappeared. The lower fluorescence quantum yield of MesAcr" in water was due
to the low quantum yield of CT fluorescence. The fluorescence quantum yield of MesAcr”
on the clay surface was higher than in water due to the disappearance of this process. Both
ket and kger on the clay surface were smaller than in water. The free energy change AG is
given by the following equation:

k
AG = —RT In —2Z

Kper (7.11)

The AG of the transition from LE to CT state in water and on the clay surface were —7.2 and

1.2 kJ/mol, respectively. This result indicates that the charge transfer to the CT state in water
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is an exergonic reaction, whereas on the clay surface is an endergonic reaction. It is suggested

that the charge transfer between the donor and acceptor in the MesAcr" was less likely to occur.

kLE kCT

In order to refine the above conclusions, the and were resolved into the radiative and
non-radiative deactivation rate constants. The fluorescence quantum yields of LE and CT

states in the reversible regime are expressed as the following equations:?*

kEEyY
DL = L S (7.12)
XY — kETkBET
kT k
q)]gT _ f "ET (7.13)
XY — kETkBET

where kr is the radiative deactivation rate constant. The non-radiative deactivation rate

constant &y, is expressed as the following equation:

k' = kf + keny (7.14)
The kr and kur of the LE and CT states are tabulated in Table 7.4. Both kaE and kﬁf on the
clay surface was smaller than in water. Since MesAcr" on the clay surface had no CT
fluorescence, kET was zero. However, kng on the clay surface was one in a thousand
compared with that in water. It can thus be suggested that the significant decrease of kng is

the factor of the disappearance of the decay from the CT state.

Let us discuss how the adsorption on the clay affected the potential curves of LE and CT

Table 7.4. Deactivation Rate Constants of the MesAcr"” with and without Sap1.2 in Water

environment KE /s KB g KT /g KT /g
water 1.1x107 9.4X107 1.7X10° 1.4%X10°
Sapl.2 5.6 X109 1.1 X108 0 6.4X103
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states from the above rate constant changes. Figure 7.7 shows the plausible potential curves
of MesAcr® in water and on the clay surface. The significant decrease of kng indicates the
decrease of internal crossing, suggesting that the potential curve of the CT state is sharpened.
The positive AG between LE and CT states when MesAcr™ adsorbed on the clay surface
suggests that the relative position of the CT state is higher than the LE state. The absorption
spectra in Figure 7.2 shows that the orthogonal donor and acceptor become planer when
MesAcr" is adsorbed on the clay surface. Since the stable state of the CT state is presumed
to be orthogonal, it is presumed that the relative position of the CT state is higher than that of
the LE state because the planarization destabilized the orthogonal structure. Chapter 6 in this
thesis and previous papers have provided sharpening and resembling the potential curve as the
effects of S-FIE.» 2  The results in this Chapter newly propose that the effect of S-FIE is to
increase the AG of the charge transfer to CT state to the positive side.

Moreover, it has been reported that the relative positions of the potential curves of LE and

(a) without clay (b) with clay

Internal
conversion

Increase of energy level
leading to the increase of AG

Figure 7.7. Plausible conceptual potential energy curves of ground and excited states for

MesAcr'. (a) Without clay (b) With clay.
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Figure 7.8. Relationship between the fluorescence quantum yields (@) of MesAcr™ and the

dielectric constants (&)

CT state in the TICT-active molecules change with the solvent polarity (5). In particular, the
LE fluorescence is predominant in non-polar solvents. As shown in Figure 7.8, the solvent
polarity also affected the ratio of LE and CT fluorescence of MesAcr'. MesAcr" adsorbed on
the clay surface emitted only LE fluorescence, suggesting that their surface provides a very

hydrophobic environment, although clay minerals are colloids dispersed in water.

7.4. Conclusion

Chapter 7 investigated the adsorption behavior of MesAcr™ on the clay surface by
absorption spectra, steady-state fluorescence spectra, and time-resolved fluorescence to explain
the influence of the clay surface on the potential curve of TICT-active molecules.

MesAcr" showed dual fluorescence from the LE and CT states. The ratio of the two
components varied depending on the surrounding environment, such as solvent. The dual
fluorescence of MesAcr” was expressed as the sum of the LE and CT components using the
nonlinear least-squares method. The fluorescence of MesAcr® in non-polar solvents and on
the clay surface showed a high ratio of LE fluorescence. MesAcr” on the clay surface showed

a higher ratio and quantum yield of LE fluorescence compared with other environments was
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attributed to the hydrophobic and smooth environment of the clay, which suppressed the
rotational nature of MesAcr".

In order to analyze the dual fluorescence dynamically, several unknown rate constants were
obtained by applying an iterative fitting method to the fluorescence decay curve of MesAcr'.
The kffrT was decreased when MesAcr" adsorbed on the clay surface, indicating the decrease
of internal crossing.  This result suggests that the potential curve of the CT state is sharpened.
Moreover, the AG of the charge transfer, which was a negative value in water, became positive
when MesAcr' adsorbed on the clay surface. The positive AG suggests that the relative
position of the CT state is higher than the LE state. It is newly proposed as the effect of S-
FIE. Moreover, these results suggest that the clay surface provides a very hydrophobic

environment, although clay minerals are colloids dispersed in water.
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7.5. Supporting information

Figure S7.1. Fitted fluorescence spectra of MesAcr' in (a) dioxane, (b) THF, (c) acetonitrile,
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Chapter 8. Summary

This thesis aimed to elucidate the driving force for the adsorption of cationic acridinium
derivatives on synthetic saponites and their photophysical behavior. = Mono-cationic
acridinium derivatives and synthetic saponites, whose inter-negative charge distance on the
surface can be modulated, were selected as guest molecules and host materials, respectively.
Their complex formation behavior was evaluated.

Chapters 2 and 3 evaluated the effects of the guest molecule and host material structures
on the adsorption of acridinium derivatives on clay minerals. The adsorption behavior of
acridinium derivatives on synthetic saponites was expressed by a two-components equilibrium
system of adsorbed and non-adsorbed components, indicating that acridinium derivatives
adsorb on Sapl.2 without aggregation. Negative enthalpy change (AH) and positive entropy
change (TAS), which were calculated by van’t Hoff plot, indicate that both van der Waals
interaction and hydrophobic interaction contributed to the adsorption of acridinium derivatives
on synthetic saponites. The thermodynamic parameters strongly correlate with the molecular
cross-sectional area of acridinium derivatives and the negative charge distance of synthetic
saponites. The increase in AH and decrease in TAS with the increase in the molecular cross-
sectional area suggest the decrease in the contribution of hydrophobic interaction on adsorption.
The increase in AH and decrease in TAS with the increase in the negative charge distance also
suggest the decrease in the contribution of hydrophobic interaction on the adsorption. These
results propose that the molecular cross-sectional area and negative charge distance affect the
driving force for the adsorption.

Chapter 4 evaluated the compensation relationship between AH and TAS for the adsorption
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of acridinium derivatives on synthetic saponites. The enthalpy-entropy compensation plot of
the adsorption of acridinium derivatives on synthetic saponites showed a linear relationship
with a small slope specific to rigid host materials and a large intercept specific to soft host
materials. AH and TAS of adsorption of cationic dyes on clay minerals were surveyed from
previous papers. The slopes and intercepts of enthalpy-entropy compensation calculated from
previously reported AH and TAS of adsorption of cationic dyes on clay minerals were about
0.9 and 7.0, respectively, regardless of the type of clay minerals. This suggests that the
structural change and desolvation during complexation are affected by the concentration of
clay minerals rather than the type of clay minerals

Chapter 5 evaluated the fluorescence self-quenching behavior of acridinium derivatives on
synthetic saponites. The presence or absence of a substituent at the 9-position of the
acridinium derivative had no significant influence on the self-quenching behavior. The
intermolecular distances at which fluorescence quenching started were almost 50—-100 nm
regardless of the negative charge distance of the synthetic saponite. This result suggests that
it is important to eliminate the segregation of dye molecules on the clay surface and establish
a state in which the number of dye molecules is one or less per clay to suppress the self-
fluorescence quenching of mono-cationic dyes.

Chapter 6 evaluated the effects of guest and host structures on the fluorescence
enhancement behavior of acridinium derivatives on synthetic saponites.  Although the
fluorescence quantum yield (@r) of Acr” on the clay surface became smaller than in water, @
of PhAcr" was enhanced approximately 20 times by the adsorption on the clay surface. In
addition, as the inter-negative charge distance on the clay surface increased, @r of PhAcr"

increased. It has been clarified that the fluorescence was enhanced by the increase in the
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radiative deactivation rate constant and the decrease in the radiative deactivation rate constant
due to the fixation of rotational substituents on the clay surface. It was found that an increase
in the inter-negative charge distance on the clay surface further amplified these effects,
resulting in even greater fluorescence enhancement. These results suggest that not only the
guest dye structure but also the clay structure as host materials affected the photophysical
property of dyes adsorbed on the clay surface.

Chapter 7 evaluated the adsorption behavior of 9-mesityl-10-methylacridinium (MesAcr™)
on the clay surface to explain the influence of the clay surface on the potential curve of TICT-
active molecules. The fluorescence of MesAcr' in non-polar solvents and on the clay surface
showed a high ratio of LE fluorescence. The non-radiative deactivation rate constant kng
was decreased when MesAcr' adsorbed on the clay surface. These results suggest that the
potential curve of the CT state is sharpened. Moreover, the AG of the charge transfer, which
was a negative value in water, became positive when MesAcr" adsorbed on the clay surface.
The positive AG suggests that the relative position of the CT state is higher than the LE state.
It 1s newly proposed as the effect of S-FIE. Moreover, these results suggest that the clay
surface provides a very hydrophobic environment, although clay minerals are colloids
dispersed in water.

This thesis elucidated the influence of the structure of the guest molecule, acridinium
derivative, and the host material, clay minerals, on the adsorption and photophysical behaviors.
It is suggested that clay minerals have an ideal space to form a strong complex. These
investigations provide new strategies for using the complex of mono-cationic dyes and clay
minerals as photo-functional materials and will facilitate the organic-inorganic composites with

new functions in the future.
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