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Chapter 1: Introduction 
 

Recently, clay minerals have gained much attention from materials scientists all over 

the world for their unique and interesting properties, especially their capacity to adsorb not 

only inorganic but also organic compounds. Such properties provide a potential for the 

development of novel functional organic/inorganic hybrid materials with clay mineral as an 

inorganic part component (Grim, 1968; Shichi and Takagi, 2000). Formation of the hybrid 

materials composed of organic compounds and layered silicates can be easily controlled via 

an ion-exchange reactions or adsorption. Up to the present, the interaction between layered 

inorganic materials and organic chromophores, representing host and guest components, 

respectively, has been the subject of numerous studies (Chernia and Gill, 1999; Dias et al., 

2000; Takagi et al., 2002; Bujdák et al., 2003; Sanchez et al., 2003; Sasai et al., 2004; 

Eguchi et al., 2004; Schalley et al., 2004). One of the most significant phenomena that are 

related to the interaction between organic dyes and layered inorganic compounds, is the 

formation of dye molecular assemblies (Schulz-Ekloff et al., 2002; Takagi et al., 2006). 

There are two ways for the construction of ordered organic thin layers on solid 

inorganic surfaces. 1. Direct modification of the surface of solids with a reactive organic 

compound. 2. The construction of molecular assemblies of organic molecules or ions on 

solid surfaces.  

The distribution and orientation of adsorbed organic species can be controlled by the 

interactions between the surface of inorganic solid and adsorbed molecules via the 

intermolecular interactions between adsorbed organic molecules, and influenced by the 

presence of co-adsorbed species as the third component or modifier. Consequently, novel 

controlled microstructures can be achieved by a suitable selection of an appropriate host 

material and guest molecules (ions). The reactions of adsorbed molecules can often 

generate desirable features that are not available in homogenous media. 

Photofunctional properties are one of the most promising properties of dye molecular 

systems, which can be used in various applications. Photophysical and photochemical 

reactions and processes in heterogeneous media may differ significantly from analogous 

reactions in solutions. Therefore, the study of the photoprocesses of organic photoactive 

compounds can lead to a wide variety of useful applications in such areas as reaction media 

for controlled photochemical reactions, in construction of molecular devices for optics, 

solid-state lasers, photodynamic therapy of cancer, etc. (Sanchez et al., 2005).  

The modification of photophysical properties, such as absorption and fluorescence of 
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molecules, adsorbed or incorporated in layered silicate hosts, is studied mainly to spread the 

knowledges about the environments suitable for incorporating aromatic compounds, 

providing photoactive properties of potential technological interest (Arbeloa et al., 1996). 

Moreover, understanding of above mentioned processes can be useful in preparation of 

photoactive materials with modifiable and desirable properties.   

This work is focused on investigation of hybrid materials based on layered silicates, 

representing host inorganic component, and porphyrin dyes as an organic guest. Concretely, 

colloid water dispersions, as well as thin solid films of layered silicate/porphyrin systems 

(LSP) were the subject of study. These hybrid systems are to be studied with impact on 

optical properties of adsorbed/embedded organic component.  
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Chapter 2: Theoretical background 

 
2.1  Host materials: Clay minerals 

2.1.1 Basic characterization of clay minerals 

Clay minerals represent an important group of layered inorganic solid materials. Clay 

minerals are hydrous aluminosilicates composed of microscopic particles (Číčel et al., 1981; 

Newman, 1987). They possess a layered structure and are able to swell in aqueous solutions and 

form colloids with fine particles having diameter of 2 μm scale (Grim, 1968; Theng, 1974). 

Clay minerals are classified not only by the differences in their structures but also by the types of 

polyhedron sheets in their layers. Properties of the materials depend on the structure but also 

on the amounts and type of exchangeable ions. Generally, clay minerals have the potential to be 

used in many modern industrial branches due to their properties such as swelling, large 

specific surface and the properties of ion-exchanger, being able to accommodate ionic and 

even nonionic organic molecules. Swelling, large surface area, formation of stable colloidal 

dispersions, fast ion-exchange and intercalation reactions are the properties typical for 

smectites. Therefore, the clay minerals from a smectite group have been those of our research 

interest. 

2.1.2    Structure of the smectites 

Smectites represent a group of the clay minerals and their basic structural model was 

proposed by Hofmann et al. (1933). This model is related to the structure of 

montmorillonite as the most common mineral of the smectite group, but similar model can 

be applied also for other smectites. Later, the structure of smectites was further specified by 

other authors (Marshall, 1935; Maegdefrau and Hofmann, 1937; Hendricks, 1942). 

Microscopic layers of smectites are composed of octahedral sheet, which is located 

between two tetrahedral sheets. The tetrahedral sheet is mostly made up of SiO4 

tetrahedrons (Fig. 1) that are linked together by the three oxygen atoms in the corners of 

tetrahedrons. A continuous linkage of SiO4 tetrahedrons through sharing of three oxygen 

atoms with three adjacent tetrahedrons produces a sheet with a planar ditrigonal network, 

which is repeated indefinitely with a composition [Si4O10]4-. The tetrahedrons are arranged 

so that all of their apices point in the same direction with their bases in the same plane. In 

reality the silica tetrahedrons are slightly distorted, and consequently, the cavities bordered 

by six oxygen atoms are ditrigonal rather than hexagonal (Radoslovich and Norish, 1962). 
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Fig. 1. Si- Tetrahedron (Grim, 1968). 

 

The octahedral sheet is obtained through condensation of single Mg(OH)6
4- or A1(OH)6

3- 

octahedrons (Fig. 2). In this sheet the octahedral groups are arranged to form a hexagonal 

network, which is repeated indefinitely to form an [Mg6O12]12- or [Al4O12]12- layer. The 

octahedrons in the sheet are closely packed, being composed of a dense hexagonal plane of 

Mg or Al atoms sandwiched between two dense hexagonal "hydroxyl planes" (Yariv and 

Michaelian, 2002). 

The octahedral sites can be occupied in two ways. When all octahedral sites are 

filled with central atoms, each oxygen is coordinated to 3 divalent cations (e.g., Mg2+), i.e. a 

total charge of +6. According to Pauling´s electrostatic rule, this number of cations balances 

half of the -2 charge on the oxygen. The same situation occurs when the same oxygen is 

coordinated by 2 trivalent cations and empty octahedral site. If all three octahedral sites are 

occupied with magnesium atoms, such smectites are referred to as trioctahedral smectites. If 

only two thirds of the octahedral sites are filled with aluminium atoms, such smectites are 

referred to as dioctahedral smectites. Dioctahedral smectites are e.g. montmorillonite, 

beidellite and nontronite; the trioctahedral ones are saponite and hectorite (Ross and 

Hendricks, 1945). 



 9

 

Fig. 2. Al- Octahedron (Grim, 1968) 
 

Structural layer of smectites is composed of one central octahedral sheet sandwiched 

between two parallel tetrahedral sheets, condensed into one unit layer designed as 2 : 1 

layer, “tetrahedral-octahedral-tetrahedral“. In this unit layer silica apices of one tetrahedral 

sheet are condensed with one of the OH planes of the octahedral sheet, and the silica apices 

of second tetrahedral sheet are condensed with the second OH plane of the octahedral sheet. 

In this condensation process, two planes are obtained in both sides of the octahedral sheet 

common to both tetrahedral and octahedral sheet (Fig. 3). A side view of the “tetrahedral-

octahedral-tetrahedral“ layer show that it is composed of several paralell atomic planes. 

These are the O, Si, O-OH, Mg or Al, O-OH, Si and O planes. The layers are held together 

by van der Waals forces.  

 

Fig. 3.  Structure of the 2 : 1 layer silicate (Grim, 1968) 
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Because of the isomorphic substitutions in tetrahedral and octahedral sheets, the 

layers bear a negative charge. Aluminium atoms can replace silicon atoms in the tetrahedral 

sheets. In many types of minerals the extent of this substitution is very small. Similarly, 

divalent magnesium atoms can replace trivalent aluminium in the octahedral sheets of  

dioctahedral minerals. Substitutions of a trivalent by a divalent cation or a divalent cation 

by a monovalent one leaves a net negative charge on the octahedral sheet. In a several types 

of clay minerals some octahedral sites are vacant. These vacancies also contribute to the net 

negative charge on the octahedral sheets. The structural imperfections and the edge of 

crystals also contribute to the negative charge, but this fraction is rather small. The resulting 

charge deficiency is balanced by hydrated cations, mainly Na, Ca, K, Mg, Li. These 

hydrated cations are located beween the clay layers, which is called interlayer space (Shichi 

and Takagi, 2000). 

2.1.3 Layer charge of smectites 

As was mentioned in the last section the 2:1 layer posses a net negative charge due 

to the isomorphic substitutions and structural imperfections. For the colloid chemical 

behaviour of clays, the layer charge distribution and density are of primary importance (van 

Olphen, 1977). Total charge is a sum of permanent and variable charge. The variable charge 

represents a relatively small contribution to the value of the total charge and it is originated 

mainly due to the existence of the broken bonds at the sites of structural defects on the 

surface and the edges of the crystal. This charge is also pH dependent and its importance is 

increasing together with the extent of the structural defects and with decreasing of the 

particles size. At pH 7, about 20% of the cation exchange capacity of smectites is located at 

clay particle edges (Lagaly, 1981). The layer charge is responsible for many properties of 

smectites, such as swelling, adsorption of various charged and uncharged species. Smectites 

saturated with exchangeable cations dissociate in aqueous dispersions into tactoids, which 

are composed of several parallel 2 : 1 layers, held together by electrostatic forces. These 

original cations are exchangeable by other inorganic and organic ones. Water and polar 

organic molecules are attracted by the exchangeable cations and may be intercalated 

between the layers, causing the structure to expand in the direction perpendicular to the 

layer basal planes.  
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Determination of the layer charge of smectites: 

There are a few methods, which are suitable for the characterization or estimation of the 

layer charge. The methods are based on the relationship between the layer charge and other 

parameters or properties of the mineral.  

Determination of the cation exchange capacity (CEC): 

The size of the layer charge can be estimated by the determination of a cation 

exchange capacity (CEC). The CEC of clay minerals influences materials' properties such 

as cation retention, swelling and molecular diffusion processes (Meier and Kahr, 1999). 

Cation exchange capacity reflects the amount of the cations, which balance the negative 

charge sites of clay (Tournassat et al., 2004). In other words, it is the number of the cations, 

which are in the system in excess to the ions of present salts. The CEC is mostly expressed 

as the amount of retained cations recalculated to the unit of a material mass. The number of 

exchangeable cations reflects the number of negative charge sites, including both the 

permanent and variable charge ones (Kelley, 1948). Several methods for the determination 

of the CEC have been developed. One group of the methods is based on the determination 

of the cation exchange capacity performed by saturating the clay minerals with one type of 

cations, then washing out excess salt and finally replacing the cation by several 

exchange/washing cycles with another type of cations (Mehlich, 1948). The most common 

method is based on an ion-exchange reactions with ammonium acetate (Mackenzie, 1951) 

and barium chloride (Gilmann, 1979) solutions. Other methods are based on the ion-

exchange with cations, which have high affinity to clay surface. One can mention cationic 

organic dyes and some complexes of inorganic cations, which form coloured solutions, 

easily determinable by VIS spectroscopy. Methylene blue (Hang and Brindley, 1970), 

cobalt(III)-hexamine (Remy and Orsini, 1976), silver(I)-thiourea (Dohrmann and Echle 1994), 

copper bisethylenediamine (Bergaya and Vayer, 1997) or copper triethylenetetramine (Meier and 

Kahr, 1999) can be used for this purpose. 

Determination of the layer charge from structural formulae: 

Another basic method for the characterization of a permanent layer charge is based 

on the calculation from stoichiometric coefficients in structural formulae. Layer charge is 

generated by non-equivalent substitutions, so it can be estimated simply from non-equivalent 

substitutions occurring in both sheets per defined structural unit. The structural formulae 

express average distributions of the elements in tetrahedral and octahedral sheets, which are 

calculated from elemental analysis data (Číčel and Komadel, 1994). 
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For instance, structural formula of montmorillonite is defined as: 

[Si 8-x Al x] [Al 4-y-z Fe3+
z  Mg2+

y]4 O20 (OH)4 . Me+
(x+y) 

Hence, the permanent charge is defined as a sum (x+y) of charge, calculated per unit cell 

(Mermut, 1994). The method requires very pure samples. The accuracy of the 

determination of the coefficients of structural formula is very sensitive to the presence of 

mineral admixtures (Laird et al., 1989). Vacancies in central sites of polyhedrons may also 

include large deviations. Therefore, the layer charge distribution can be determined from 

chemical analysis only for some clay mineral samples of high purities. On the other hand, 

this method provides the information on the charge distribution in respective type of sheets, 

which cannot be obtained by other methods. 

Determination of the layer charge using ion-exchange reaction with alkylammonium cations 

“alkylammonium method“:  

 Lagaly and Weiss (1969), Lagaly et al. (1976) and Lagaly (1981, 1982) described a 

method to determine the layer charge, which is based on interactions of clay minerals with 

alkylammonium cations with various chain length (from hexa- to octadecylammonium). 

This method is based on the relationship between the arrangement of alkylammonium 

cations in the interlayer space of clay minerals and the layer charge density. This technique 

requires XRD analysis of the series of clay minerals/alkylammonium complexes. With 

increasing the charge density of clay minerals, the arrangement changes from 

monomolecular layers to bimolecular, pseudotrimolecular, up to the so called paraffin-type 

arrangement of the alkyl chains. Determination of the transition points between molecular 

arrangements and a consideration of the alkylammonium cation dimensions provides 

valuable information on the layer charge distribution. The good point of alkylammonium 

method is that it provides information on both the heterogeneity of the charge distribution, 

as well as the density of layer charge. The method is insensitive to the presence of 

admixtures, but influenced by clay particle size. The disadvantage of this method is the need 

for preparation and measuring of large set of samples and still the accuracy of the method to 

provide all defined information and data is disputed by several authors (Laird et al., 1989; 

Olis et al., 1990). 

Determination of the layer density using molecular aggregation of cationic dyes on the surface of 

clay minerals: 

One of the method for the characterization of layer charge of clay minerals that has been 

discovered recently is based on the changes of spectral properties of cationic dyes upon their 

adsorption on the surface of clay minerals. The charge density controls distances between 
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adsorbed dye cations and the amount and type of the dye molecular aggregates formed at the clay 

surface. In general, clay minerals have a high afinity to dye cations. The most frequently studied 

cationic dye was methylene blue (MB). Cationic dyes are adsorbed on the clay surface via ion-

exchange reaction. The molecular aggregation is easily detectable by VIS spectroscopy. The 

changes in VIS spectra are due to electrostatic interaction and coupling between transition 

moments of the chromophores.  

 Several types of aggregates have been described and categorized with respect to the 

type of intermolecular association and their spectral response (Kasha et al., 1965). The main 

type of such assemblies are H-aggregates, which are characterized by a sandwich-type 

association. Due to the repulsive electrostatic dipole–dipole interactions between the 

cations, H-aggregates absorb light of the energies significantly higher than isolated dye 

cations. H-aggregates are predominantly formed on the surfaces of clay minerals with high 

layer charge. Monomeric forms of the dye cations are detectable on the spectra of smectites 

with low layer charge. There were found several cationic dyes to be used for the 

characterization of layer charge density, such as rhodamine  and cyanine dyes. This method 

provide a very fast qualitative information on layer charge density and has not been 

developed for qualitative characterization of the charge. The spectra may be sensitive to the 

presence of some exchangeable cations (Czímerová et al., 2004). 

 

Modification of the layer charge: 

Permanent charge can be modified in several ways. For example, an increase of 

negative charge can be achieved by the reduction of structural Fe(III) to Fe (II) (Stucki et 

al., 1988; Gates et al., 1993; Komadel et. al., 1999). However, the materials with Fe(II) are 

not stable because of fast re-oxidation under aerobic conditions. Another method is based 

on the reduction of the layer charge. This method is based on fixation of Li+ cations, which 

is achieved by thermal treatment. This method is limited to dioctahedral smectites with the 

charge located at octahedral sheets, i.e. montmorillonites. Using this method, one is able to 

prepare series of reduce charge montmorillonites with varying the layer charge, but keeping 

other parameters such as composition, structural aspects, etc., unchanged (Komadel et. al., 

2005). 

 

2.1.4 Interaction of clay minerals with organic cations 

Interaction of organic cations with the surface of clay minerals is of high importance 

while it commonly takes place in nature. These interactions include ion-exchange reactions 
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and adsorption of polar and non-polar organic molecules. The surface of clay minerals has a 

high affinity to organic cations. The interaction of cationic organic compounds with clay is 

generally well described and has been the subject of numerous reviews (e.g. Mortland, 

1970; Theng, 1974).  

The most important result of these interactions is a hydrophobic character of the 

surface of prepared organo-clay complexes. This effect plays a crucial role in the adsorption 

of many other species, as cationic herbicides (Nahin, 1963; Rytwo, 2000); cationic dye 

molecules (Breen and Rock, 1994; Schoonheydt, 2002; Bujdák, 2006) and polymers (e.g. 

Theng, 1979). The properties of the clay can be radically altered upon the adsorption of 

organic compounds, from hydrophilic (when being swelled in water) to hydrophobic (when 

being swelled in organic liquids) (van Olphen, 1977; van Oss and Giese, 1995).  

Organic complexes of clay minerals can be prepared by numerous ways. All interlayer 

complex formation relies on diffusion of the organic molecules through the clay layer 

structure. The negative smectite layers attract organic cations by electrostatic forces. 

Cations are adsorbed by the cation exchange mechanism, in which the inorganic cations 

initially present in the smectite structure are replaced by organic cations. Considerable 

information on the structure of the interlayer space of organo-clay complexes can be 

provided by the measurements of the basal spacings. The most studied organic species in 

the interlayer space of clay minerals are n-alkylammonium cations, where “n-” denotes the 

number of carbon atoms. This number varies in the range 6 – 18 (Lagaly and Weiss, 1975; 

Lagaly, 1979; Laird et al., 1989).  Due to the large size of the alkylammonium cations, their 

orientation in the interlayer space has marked effects on the basal spacings. Depending on 

the size of the alkyl chain and on the charge of the clay mineral surface the organic cation 

can lie in the interlayer space as a monolayer, bilayer, pseudotrilayer and perpendicular to 

opposite clay layers (Fig. 4) (Lagaly, 1979). The basal spacings in these cases are 1.36 nm ; 

1.77 nm, 2.1 – 2.2 nm and higher, respectively (Lagaly and Weiss, 1975; Mermut and 

Lagaly, 2001). Organic cations are held electrostatically in the interlayer space of clay 

minerals. There was found that with increasing of the adsorbed organic cations, the sorption 

energy increases as the contribution of the van der Waals forces and the adsorption process 

becomes more significant (Weiss, 1963; Fripiat et al., 1969) Due to the increasing of van 

der Waals interactions, smectites show a high affinity to long-chain organic cations.  

 As mentioned before, the important consequence of replacing inorganic 

exchangeable cations with organic ones is that the clay surface takes on a hydrophobic or 

organophilic character (Theng, 1974). This phenomenon is a crucial factor for the secondary 
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adsorption (e.g. adsorption of dye molecules) after primary adsorption of ammonium 

cations. We can conclude that the adsorption of ammonium cations lead to these important 

outcomes: 

- Large organic cations break the structure of interlayer water and consequently the 

latter is easily replaced by organic molecules (Heller-Kallai and Yariv, 1981; 

Anderson et al., 1999).  

- Van der Waals or hydrophobic interactions may occur between the alkyl chains of 

the organic ammonium cations locate inside the interlayer space (Yariv, 1976). 

- The organic cations in the interlayers may serve as pillars, leading to a great space 

between the clay mineral layers (Barrer, 1989).  

 
 

Fig. 4: Arrangement of alkylammonium cations in the interlayer space of smectite structure 

(A: monolayer arrangement, B: bilayer arrangement, C: pseudotrilayer arrangement and D: 

paraffin-type of the arrangement of alkylammonium cations).  
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2.2 Guest materials: Porphyrin dyes 

2.2.1 General notes 

At present, the chemistry of porphyrins and related compounds is one of the most 

interesting and promising subjects of modern fields of material sciences and provide 

extremely versatile base for a wide variety of potential material applications (Kadish et al., 

2000; Suslick et al., 2000). This is mainly because of the unique spectral and luminescence 

photoactive properties of these compounds (Milic et al., 2004). Natural porphyrins and their 

metal complexes, such as chlorophyll, hemoglobin and cytochromes, as well as their 

derivatives, for example cobalamin and bilirubin, perform important biological functions. 

The porphyrins play an essential role as the components in the evolution of living 

organisms. The unlimited perspectives of porphyrins for modern scientific fields are due to 

their possibility to be involved in many types of chemical reactions, such as polymerization, 

molecular aggregation, electron and energy transfer, catalysis and photochemical reactions 

(Milgrom, 1997). 

 

2.2.2 Structure and physicochemical properties of porphyrins 

Porphyrins are constituted by a central tetrapyrrole macrocyclic ring (porphine) with 

large π- electron delocalization responsible for their spectral properties (Mallamace et al., 

2000). The pyrrole rings are joined by methine bridges and forms the coupled system of 

double bonds, including 18 delocalized π electrons (4n+2, where n=4). These rings build up 

closed aromatic plane, playing the role of photoactive unit of the compound (Fig. 5). 

(Milgrom, 1997). 
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Fig. 5. Schematic structure and numbering of the porphyrin molecule. The meso and beta-

positions are shown in colour as red and green numbers, respectively.  

 

Porphyrins are generally not soluble in water, however, the addition of the suitable 

substituents can significantly change their properties. The substitution proceeds in β 

positions (at 2, 3, 7, 8, 12, 13, 17 and 18 carbon atoms) or meso positions (at 5, 10, 15 and 

20 carbon atoms) (see Fig. 5). Depending on the type of substituents, anionic or cationic 

porphyrins, slightly or readily soluble in water can be obtained.  

Water-soluble porphyrins can undergo various reactions, such as coordination, 

polymerization, molecular aggregation, redox reaction, sorption and photoreactions. The 

specific parts of the porphyrin ring can take part in different chemical reactions:  

- N-H groups have the properties of Bronsted acids 

- two atoms =N- with free electron pairs have properties of Lewis bases 

- unsaturated ethylene bonds —CH=CH are suitable for electrophilic substitution 

 reactions 

One of the most specific properties of porphyrins is their high molar absorption 

coefficient in a visible range of electromagnetic radiation with order of magnitude equal to 

104-106 M-1.cm-1. Therefore, the properties of the porphyrins and related compounds are 

investigated using spectroscopic techniques such as absorption and fluorescence 

spectroscopies in a UV-VIS region (Pasternack et al., 1972; Lavalee et al., 1993; Makarska 

and Radzki, 2002). 

Similarly to other dyes, porphyrins possess a tendency to form molecular aggregates. The 

phenomena of the molecular aggregation attracts much attention because of the wide 
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interest in many fields of chemistry, physics and biology. Porphyrins are usually quite 

strongly aggregating due to their planar molecular geometry (Camp et. al., 2002; Speirs et. 

al., 2002). The degree of aggregation is also related to both the solvent and porphyrin 

polarity and the presence of ionic groups. The more polar solvent the higher extent of 

aggregation takes place (Dargiewicz et. al., 2002; Makarska et. al., 2002). 

To analyze the nature and degree of the aggregation, spectroscopic techniques are 

mostly employed. There are two basic kinds of dye molecular aggregates, namely J- and H-

aggregates. The name "J" is derived from Jelley-Scheibe band - a sharp and intense band in 

the spectrum observed at longer wavelengths than the corresponding monomer band.  

J-aggregates are formed by monomeric molecules arranged via head-to-tail association, 

such that transition moment of monomers are parallel and the angle between the transition 

moment and the line joining the molecular centers is zero. The H-aggregates are 

characterized by the transition moments of the monomers perpendicular to the line of 

centers. In contrast to the side-by-side arrangement of molecules in J-aggregates, the 

arrangement in H-aggregates is of sandwich-type. Besides structurally ideal J- and H- 

aggregates, transitional forms of the molecular assemblies are very frequent (Ohno et al., 

1993; Maiti et al., 1998; Antonov et al., 1999; Makarska and Radzki, 2002; Takagi et al., 

2006). 

2.2.3 Spectral characteristics of porphyrins 

 The absorption spectra of porphyrins are diverse and complex. Any discussion on 

porphyrin photochemistry profits from understanding the electronic transitions responsible 

for the observed spectra (Suslick, 1992). 

 Porphyrin spectra are well explained by Gouterman's four orbital model 

(Gouterman, 1961; Gouterman, 1963). In accordance with this model, two types of 

porphyrin absorption bands are located in the regions of 400-450 and 500-650 nm, denoted 

as the porphyrin Soret and Q bands, respectively. The Soret band arises from allowed 

electronic transition S0 → S2 (a1u → eg) and is much more intensive (10 to 20 times) than the 

Q bands. The Q bands represent forbidden electronic transitions S0 → S1 (a2u → eg) at the 

energies significantly lower than those of the allowed transition within the Soret band. The 

Q bands of free base (non-metallated) porphyrins consist of four resolved components; 

Qy(1,0), Qy(0,0), Qx(1,0), Qx(0,0) (Gouterman, 1961). The Soret band of porphyrins is situated 

between 390-425 nm, depending on whether the macrocycle is meso- or β-substituted.  

The number and intensity of Q bands and their components can indicate whether the 
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porphyrin is substituted or not and give a proof for the presence of metal ion inside the 

plane of the porphyrin. These parameters are also the base for the classification of porphyrin 

spectra. The ratio of Soret band and Q bands intensities may achieve even 50 : 1 (Makarska 

and Radzki, 2002; Wiglusz et. al., 2004; Dargiewicz-Nowicka et. al.,2004). 

 Classification of porphyrin spectra relates to the number and relative intensities of Q 

bands. In case of a free-base porphyrin, it is related to the substituents on the meso- and β-

position, whereas in the case of a metalloporphyrin, it also depends on the properties of 

central metal cations. The metal-free porphyrins exhibit four Q bands, which are denoted in 

the direction of increasing wavelength as IV, III, II and I. When the relative intensities of 

these bands are in the sequence IV > III > II > I, then the spectrum is called etio-type. The 

rhodo-type spectrum (after rhodoporphyrin) is formed with the sequence of relative 

intensities as III > IV > II > I. An oxo-rhodo-type spectrum is characterized by the Q bands 

sequence of relative intensities as III > II > IV > I. In case when some of β-positions stay 

unsubstituted (usually no less than four), and also when meso-positions are occupied, the 

phyllo-type spectrum is forming, with the intensity ratio of the Q bands as IV > II > III > I 

(Milgrom, 1997). 

As mentioned above, the electronic spectra of free-base porphyrins exhibit four Q 

bands. Protonation of porphyrins with acids leads to attaching of two additional protons to 

the central nitrogen atoms. This change is the reason of forming just two Q bands, which is 

related to a change of symmetry of porphyrin molecule (from D2h to D4h) (Gouterman, 

1963). 

 

2.2.4 Dye molecular interactions and their impact on optical properties 

The interaction between the porphyrin molecules is so-called π-π stacking 

interaction, due to their aromatic planar structure. More precisely, it is electrostatic in 

character arising from the attraction between the positive σ- framework (the fundamental 

backbone of molecule bonds) and the negative π- electronic cloud of the neighbours (Hunter 

and Sanders, 1990). The corresponding potential strength is weak (range) and it is 

assimilable with the common van der Waals interactions. The π-π stacking originates two 

different limiting geometrical arrangements: a face-to-face with a lateral offset and a T-

shaped geometry (Mallamace et al., 2000).  

Porphyrin interactions can get involved in aggregation processes characterized by 

remarkable changes in their absorption features. The simple dimerization is accomplished 

by fast changes in the spectra bathochromic or hypsochromic shifts with hypo-chromicity or 
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hyper-chromicity (Mallamace et al., 2000). The theory of excitonic coupling describes these 

properties in terms of correlations in the mutual orientation and distance of the interacting 

electronic transition moments (Kasha et al., 1965).  

2.3 Hybrid organo/inorganic systems based on dyes 

2.3.1    General notes 

Hybrid materials lie at the interface of the organic and inorganic realms. These 

materials offer exceptional opportunities not only to combine the important properties from 

both fields but to create entirely new compositions with truly unique properties. 

In recent years, organic/inorganic hybrid compounds have been actively investigated 

due to the unique characteristics of the organic guest and inorganic host interactions such as 

chemical and thermal stability, self-assembling structural properties, control of the 

molecular orientations, structural rigidity, and highly functional surface activities. 

Moreover, inorganic layered host materials have been observed to accommodate various 

guest molecules to form an alternate stacking sandwich-type structure (Yui and Takagi, 

2003). 

The attention given to intercalation compounds can be attributed mainly to the fact 

that host-guest interactions modulate chemical, catalytic, electronic and optical properties of 

guest components (Drain et al., 2002). Next, the combinations of inorganic and organic 

components in hybrid materials enable nearly unlimited possibilities for varying the 

environment of a chromophore to sensitively adjust its optical properties. Dyes embedded in 

a clay mineral matrix can exhibit better stability against photobleaching, chemical 

degradation and thermal decomposition. Interactions on clay surfaces may allow tuning the 

optical properties of embedded dyes by changes of local anisotropy and preferential 

molecular orientations. Hybrid materials based on porphyrins and layered inorganic 

materials could be applied in construction of novel nanoscale devices, such as optical and 

switching devices, amplifiers, energy storage devices and solar cells (Shichi and Takagi, 

2000). 
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2.3.2    Interaction of smectites with porphyrin dyes 

Porphyrins are well known not only for biological but also for catalytic, conductive, 

and photoactive properties. There has been an increased interest to use porphyrins, 

metalloporphyrins, and phthalocyanines for building the molecular architectures because of 

the possibility of controlling their attractive properties. Since porphyrins undergo reversible 

protonation-deprotonation reactions depending on the acidity of the environment, they can 

be a probe of the surface environment of host materials (Ogawa and Kuroda, 1995). 

Next, intercalation of porphyrins into layered solids results in the organization of 

macrocycles with specific arrangements. The charge density of the host layer, the charge 

and molecular size of the guest porphyrins, etc. are the factors to control their states. The 

oriented films of the intercalation compounds have been proven to be very important for the 

determination of the orientation in the interlayer spaces (Takagi et al., 2006). Although 

porphyrins are well known for biological, catalytic, conductive, and photoactive properties, 

only a limited number of studies have been made to investigate the properties of the 

intercalation compounds. Therefore, further studies on these materials may lead to new 

scientific findings and potential applications. 

As mentioned before, porphyrins have been well known not only as the catalysts but 

also as photosensitizers. Therefore, silicate/porphyrin complexes should include some of the 

most promising photofunctional materials. Generally, dye molecules tend to aggregate on 

the clay surface or in the interlayer spaces. The layer charge of layered silicates controls the 

molecular aggregation of the dyes of various structural types (Bujdák and Komadel, 1997; 

Bujdák and lyi, 2002). The aggregation of dye molecules significantly decreases their 

excited-state lifetimes. Thus, the aggregation is a very crucial problem to be solved for the 

design and construction of photofunctional materials. There have been reported unique 

hybrid materials in which either 5,10,15,20-tetrakis(N-methylpyridinium-4-yl) porphyrin 

(TMPyP) or tetrakis(4-trimethylammoniophenyl) porphyrin (TMAP) cations adsorb on the 

clay surface at high densities, neutralizing all of the negative charges on clay surface 

without aggregation (Takagi et al., 2001; Takagi et al., 2002). The size-matching of the 

distances between the charged sites in the porphyrin cations and the charge density on the 

clay surface is a crucial factor for the synthesis of such materials (Eguchi et al., 2004). 

Considering the free-base porphyrin/smectite systems, soluble tetracationic dye 

TMPyP was one of the most frequently studied. However, there are still some 

disagreements in the literature concerning the changes observed in the electronic absorption 

spectra (bathochromic shift) when TMPyP interacts with clays. Some authors (Cady and 
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Pinnavaia, 1978; van Damme et al., 1978; Carrado and Winans, 1990) found that  

meso-substituted free base porphyrins are protonated on the clay surface, while others 

support the interpretation of TMPyP flattening caused exclusively by a rotation of the 

methylpyridyl groups (Chernia and Gill, 1999; Takagi et al., 2002;). Molecular aggregation, 

as another possibility, which likely takes place in the systems of porphyrins and layered 

silicates has neither been much considered, nor studied in detail. Moreover, many of the 

spectral changes upon the interaction indicate the formation of dye molecular assemblies. 

Carrado and Winans (1990) investigated ion-exchange of two water-soluble meso-

substituted porphyrins; TMPyP and TMAP, and the corresponding metalloporphyrins Fe2+, 

Fe3+, and Co2+ with montmorillonite, hectorite, and fluorhectorite and proposed effects of 

the exchangeable cations on their adsorption state. 

Takagi et al. (2002) investigated the photochemical energy transfer of cationic 

porphyrins on Sumecton SA surface, where the porphyrin molecules exhibited no 

aggregation even at the saturation adsorption levels on clay surface. It was reported that the 

excited-state lifetimes of porphyrins adsorbed on clay surfaces were sufficiently long to 

undergo photochemical reactions. The energy transfer in the complexes was classified into 

two types; one involving energy transfer between porphyrins adsorbed on the same clay 

sheet (intrasheet energy transfer) and the other involving energy transfer between 

porphyrins adsorbed on different clay sheets (intersheet energy transfer). When the loading 

level of porphyrin was over 80% vs CEC, the energy transfer was essentially quantitative. 

Dias et al. (2000) studied the interaction of TMPyP and clay minerals. They found out that 

the UV-VIS absorption spectra of TMPyP intercalated in the montmorillonites and the 

fluorohectorite differ substantially from the pure porphyrin spectrum. The Soret and Q 

bands were shifted and broadened and their relative intensities were also affected by the 

interaction. The same occurred in case of Co(II) complex of TMPyP, despite the smaller 

shifts and broadening. They also pointed out that in case of TMPyP, it is difficult to state, 

whether or not macrocycle protonation is occurring upon interaction only from the UV-VIS 

data. In solution, it is easy to differentiate the free base from the diacid as the change in 

symmetry (from D2h to D4h) causes a change in the number of Q bands.  
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2.3.3 Interaction of smectites with other organic dyes 

Interaction of porphyrins with layered silicates and its consequences for spectral and 

optical properties are in principle the same to similar reaction systems with other cationic 

dyes. Therefore, basic features of the interaction of layered silicates with other organic dyes 

are summarized in this subchapter. The interaction of cationic dyes such as methylene blue, 

rhodamine, oxazine, thionine dyes, has been a subject of numerous investigations. The 

adsorption of methylene blue from aqueous solution has been utilized to determine the 

cation exchange capacity of clay minerals (Hang and Brindley, 1970). The adsorption has 

also been studied by means of visible absorption spectroscopy, and spectral shifts upon the 

adsorption on clay minerals have been observed. 

Bujdák et al. (2003) investigated the intercalation of methylene blue into films of 

expandable smectites with low, moderate and high layer charges (saponite, montmorillonite 

and synthetic expandable mica-fluorohectorite, respectively). Tilted orientation of the dye 

cations on the silicate surface was observed by polarized ultraviolet-visible (UV-VIS) 

transmission spectroscopy. The tilting angle of the dye cations increased with the formation 

of high-order H-aggregates that absorb light at lower wavelength (525 nm) with respect to 

non-aggregated dye (670 nm). The H-aggregates were formed only on the surface of 

fluorohectorite, which has the highest layer charge. 

Bujdák et. al. (2001) studied interactions of methylene blue with reduced charge 

smectites in colloidal dispersions. They found out that the distribution of the negative 

surface charge of the clay minerals controls the distance between the adsorbed dye cations 

and thus affects the formation of methylene blue dimers and higher aggregates. Each form 

of the dye (monomer, dimer, higher agglomerate, J-aggregates) absorbs light at a different 

wavelength. Therefore, the visible spectra of methylene blue depend sensitively on the 

charge density at the clay surface. Both the cation exchange capacity (CEC) values and 

spectra of methylene blue/clay dispersions clearly detect extensive reduction of the layer 

charge density in reduced charge montmorillonites upon Li+-thermal treatment. The extent 

of charge reduction depends on the temperature of the thermal treatment, as well as on the 

octahedral charge of montmorillonite. 
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Czímerová et al. (2004) investigated the effect of the exchangeable cations on the 

spectral properties of methylene blue in dispersions of smectites. It was found out that the 

type and amount of dye cation aggregates depend secondarily on the properties of the 

inorganic cations originally present on the silicate surface. One of the most important 

properties was a direct association between inorganic cation and silicate surface, occurring 

for K+, Rb+, Cs+ and NH4
+ ions. 
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Aims of the thesis 

The work is mainly focused on detailed study of the interaction of cationic 

porphyrin dyes with layered silicates. The layered silicates are represented by smectites of 

natural origin, as well as synthetic or semisynthetic materials. The main points include the 

preparation of hybrid materials based on porphyrin dye cations and smectites as well as the 

investigation of spectral properties of prepared materials. Subtasks of the thesis are the 

following: 

 

1. Preparation of the series of layered silicates samples (colloidal dispersions and  

 thin films) that will be used for the preparation of layered silicate/porphyrin hybrid 

materials  

2.    Spectral analysis of the interaction of selected porphyrins with layered silicates in 

the systems of colloidal dispersions and thin films 

3. Study of the spectral properties of thin films modified with alkylammonium cations 

with various molecular size 

4. Preparation of thin films based on layered silicate/porphyrin hybrid materials, with 

photoactive properties 

The hybrid systems mentioned above, both the dispersions and solid materials will 

be studied mainly from the viewpoint of spectral properties of embedded organic 

component. We will study mainly the changes of spectral properties upon the interaction of 

dyes with inorganic hosts. We will focuse on studying the formation of molecular 

aggregates as well as occurrence of structural changes of porphyrins upon the interaction 

with layered silicates. A considerable part of the study will be oriented to the 

characterization of the effects of the layer charge, orientation and arrangement of porphyrin 

moieties on the silicate surface, as well as the influence of coadsorbed species on final 

spectral characteristics of the materials. The knowledge gained during the research could be 

useful for the development of the materials with interesting optical properties. 
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Chapter 3: Experimental part 

3.1 Materials 

Fluorohectorite (FHT), Na+-saturated Montmorillonite Kunipia F (KF) and Na+-

saturated hectorite Laponite (LAP) were used as representative layered silicates of high, 

medium and low layer charge densities, respectively (Tab. 1). Synthetic FHT (Corning Inc., 

New York) has a part of hydroxyl groups in octahedral sheets substituted by fluorine atoms 

and does not contain aluminium (Messersmith and Stupp, 1992). Negative layer charge is 

compensated by Li+ cations. From all the samples, FHT has the highest negative charge, as 

well as the biggest particles ~ 5 μm (Fossum, 1999). Dioctahedral KF (Kunimine Industries 

Co., Japan) is a pure montmorillonite of natural origin. Negative layer charge arises from 

isomorphous substitutions in octahedral sheets (Al3+ – Mg2+). Trioctahedral silicate LAP 

(Laporte Industries Co., UK) is a synthetic equivalent of natural hectorite. Negative charge 

of LAP is generated by isomorphous substitutions in tetrahedral sheets ((Mg(II) – Li(I)), as 

in case of natural hectorites (Neumann and Sansom, 1970; 1971). Montmorillonite Nanocor 

(NAN) (Nanocor Inc., USA) was used for the preparation of semisynthetic series of layered 

silicates called reduced charge montmorillonites (RCMs). Li+-saturated montmorillonite 

was heated at various temperatures (60 to 300 °C) for 24 h. Thermal treatment induced 

migration and fixation of Li+ cations into the layers. The layer charge reduction increased 

with increasing temperature of heating, as demonstrated by the CEC values in Table 1. 

 

Sample FHT KF LAP N60 N100 N110 N120 N130 N140 N150 N200 N300 

CEC 

(mmol/g) 
1.48 1.24 0.78 1.35 1.24 1.18 1.14 1.05 0.95 0.75 0.49 0.35 

σ 0.03 0.09 0.03 0.05 0.03 0.02 0.04 0.03 0.03 0.02 0.05 0.05 

Tab. 1. CEC values of used layered silicates; σ denotes standard deviation (Czímerová et 

al., 2006; Czímerová et al., 2008). 
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As a guest materials, dicationic and tetracationic porphyrin dyes were used (Fig. 6). All of 

them were of purity ≥ 97 % and were used as received.  

N HN

NNH

R1

R4

N+

R3

CH3

R2

TMPyP R1-R4 =

o-TMPyP R1-R4 =
N

H3C

N+ CH3trans-DPyP R1, R3 =

R2, R4 =

N+ CH3cis-DPyP R1, R2 =

R3, R4 =

a)

b)

d)

e)

TMAP N(CH3)3c) R1-R4 =

 

 

Fig. 6. Structures and abbreviations of the names of used porphyrin dyes. a) 5,10,15,20-

tetrakis(N-methylpyridinium-4-yl) porphyrin, b) 5,10,15,20-tetrakis(N-methylpyridinium-2-

yl) porphyrin c) 5,10,15,20-tetrakis(4-trimethylammoniophenyl) porphyrin, d-e) trans/cis-

bis(N-methylpyridinium-4-yl)diphenyl porphyrin   

 

 In a process of thin solid films preparation, layered silicates were premodified with 

alkylammonium salts with various alkyl chain length : dodecyltrimethylammonium chloride 

(denoted as C12), hexadecyltrimethylammonium bromide (C16), octadecyltrimethyl-

ammonium bromide (C18) and dimethyldioctadecylammonium bromide (2C18). These 

cations were used as inert and photoinactive molecular spacers to suppress or to regulate the 

aggregation of dye molecules.  
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3.2 Methods 

3.2.1 Aqueous dispersions 

 Diluted aqueous dispersions of layered silicate samples were prepared by mixing the 

weight portions with water, followed by ultrasonic disaggregation treatment for 30 minutes. 

The calculated volumes of stock dispersions were then mixed with deionized water and 

aqueous TMPyP solution (c = 1.10-5 mol.dm-3) to reach the final porphyrin/silicate ratios 

(from 10, 20, … to 130 % vs. CEC).  

 For the measurements of adsorption isotherms of TMPyP/FHT, TMPyP/KF and 

TMPyP/LAP systems, a series of stock dispersions with TMPyP/silicate ratio from 10 to 

130 % vs. CEC were prepared. Dispersions were then filtrated through a Millipore filters 

(pore size 2 μm) and resulting filtered solution was measured using UV-VIS spectroscopy. 

The resulting data were corrected for the free TMPyP (i.e. not adsorbed) to get the 

representing adsorption isotherms of TMPyP.  

Basic parameters of layered silicate samples FHT, KF and LAP were calculated; 

namely SA (specific surface area), SB (surface area per one cation) and dx (average distance 

between charged sites on silicate surface) (Tab. 2). These parameters were calculated on the 

basis of unit-cell formula of the silicates as follows: 

From the unit-cell weight of silicates (Czímerová et al., 2006) the total surface area of 1g of 

clay was calculated according to the equation 1: 

SA = (2 . a. b. NA)/Mr [m2.g-1] (1) 

where a, b – the lattice constants, NA – Avogadro`s number, Mr – unit-cell weight 

 

Surface area per one cation, SB, was calculated using the equation 2: 

SB =  (SA . 1018)/CEC . NA [nm2/cation] (2) 

Finally, average distance between charged sites, dx, was calculated on the basis of 

hexagonal array: 

dx = √{(5. SB)/4} [nm]   (3) 



 29

3.2.2 Thin films 

Quartz slides were treated using Piranha solution, 7:3 (v/v) mixture of concentrated 

H2SO4 and 35% H2O2 for 30 minutes at 90 °C in order to turn the silica surface into 

hydrophilic and to remove all organic residues and impurities. The quartz slides were 

transparent in a region 190-900 nm. Aqueous colloidal dispersions of layered silicates (1 g / 

100 ml) were prepared by the mixing of the components followed by the ultrasonic 

disaggregation treatment for 30 minutes. The oriented thin films of layered silicates with 

porphyrin on quartz slides were prepared using two ways:  

 1) Spin-coating of aqueous colloidal dispersions. The samples were injected to fully 

cover the surface of slides and spin-coated at 1000 rpm / 30 sec.  

i) After drying at room temperature, the films were immersed into the excess of 

alkylammonium ions (c = 10-3 mol.dm-3) and let to achieve the equilibrium for 6 hours at 

room temperature. In order to remove the excess and weakly bound surfactant cations, 

the films were repeatedly washed with ethanol and dried overnight at room temperature. 

This procedure (`i`) was omitted when preparing the solid films without premodification 

with alkylammonium cations. 

ii) Subsequently, the films were immersed into the solution of TMPyP of desired 

concentration (c = 10-3 mol.dm-3 or 10-4 mol.dm-3) for 6 hours at room temperature. 

Prepared films were washed with sufficient amount of deionized water and dried at room 

temperature.  

2) Casting layered silicate/TMPyP mixtures. The aqueous colloidal dispersions of 

the silicates (0.5 g / 100 ml) were mixed with the solution of TMPyP (c = 10-3 mol.dm-3) to 

reach the final TMPyP concentration of 10-4 mol.dm-3. The loading of TMPyP was 0.08 

mmol.g-1, which is within the scale of a few per cent of the CEC values of the silicates. 

Relatively small amount of TMPyP should prevent molecular aggregation of TMPyP. The 

mixtures were directly cast on quartz slides and dried at room temperature.  

 

3.2.3 Spectroscopic techniques  

 In order to investigate the prepared layered silicate/porphyrin (LSP) systems, 

following spectroscopic techniques were employed: 

• UV-VIS and polarized UV-VIS spectroscopy 

UV-VIS Spectra. The absorption spectra of aqueous dispersions were recorded 1 min 

after the addition of TMPyP using a Cary 100 Varian UV-VIS spectrophotometer. In some 

cases, the additional spectra were measured 24h after mixing. The spectra of the pure 
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silicate dispersions (without TMPyP) were substracted from their TMPyP-silicate 

counterparts to eliminate the contribution of a light scattering from silicate particles. In case 

of film samples, measurements of spectra were carried out after drying of coated/cast films.  

Absorption intensities were corrected for the substrate and the host material absorptions to 

obtain absorption intensity of porphyrin chromophores only. 

Polarized UV-VIS spectra. Polarized UV-VIS absorption spectra of thin films were 

recorded in the region 350-700 nm by Cary 100 Varian UV-VIS spectrophotometer using a 

Glan-Taylor polarizer (PGT-S1G). X-polarized light, having an electric vector parallel to the 

X-axis (horizontally polarized incident light), and Y -polarized light, having an electric 

vector parallel to the Y -axis (vertically polarized incident light), were introduced into a 

specimen and absorption intensities were corrected for substrate and host material 

absorption to obtain absorption intensity due to porphyrin chromophores. The spectra were 

recorded varying the angle between the surface normal of the film specimen and the 

direction of the light propagation within the range -70° to +70° in 10º steps. Series of the 

spectra were recorded using both the X- and Y –polarized light (Fig. 7).  

 
Fig. 7. Experimental setup of polarized UV-VIS transmission spectroscopy. 

 

The orientation angles were determined by calculation using the orientational 

property of electromagnetic radiation, namely based on the dependence between of light 

absorption and orientation of transition moments. In general, the probability of the transition 

due to photon absorption is proportional to cos2Θ, where Θ represents the angle between 

electric vector of the radiation and the orientation of transitional moment. Maximum 

absorption probability occurs when the vectors are parallel; and the probability approaches 

zero, when transitional moment is perpendicular to the electric vector of radiation.  

The dichroic ratios (R) were calculated for each measured wavelength from 350 to 

750 nm according to equation 4:                                      
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                                                    R(λi) = Ax(λi)/Ay(λi)                                                       (4) 

 

Ax and Ay represent the absorption values measured using X- and Y-polarized light 

respectively. The dichroic ratio depends on the angle between the light direction and the 

transition moment. In our case, it depends on the film tilt and the orientation of the 

transition moment with respect to the surface normal, angle γ, as shown in equation 5 (Chen 

et al., 2002; Bujdák et al., 2003; Sasai et al., 2004; Bujdák and Iyi, 2005). 

 

                                      R = 
2 2 2

2

2sin (3sin 1)sin
sin

α α γ
γ

− −                                               (5)  

 

The least squares method using the data of R(λi,αj) (where λi = 350-750 nm and αj = -

70°…0°…+70°) was applied for the calculation of the angle γ. The least square method 

calculation was performed on the basis of the functional relation between R, α  and γ  in 

equation 5. Hence, the angles between the silicate surface and the transition moment 

orientation of the porphyrin molecule can be expressed as: 

Θ = 90º - γ                                                          (6) 

 

• Fluorescence spectroscopy (steady-state and time-resolved) 

The steady-state fluorescence spectra were recorded using a Fluorolog FL 11 

luminescence spectrophotometer at chosen excitation wavelengths.  

 The fluorescence decay curves were recorded on a 5000U Single Photon Counting 

setup (IBH, Glasgow, U.K.) using an IBH laser diode NanoLED-10 (440 nm peak 

wavelength, pulse width < 200ps, 1 MHz maximum repetition rate) and a cooled 

Hamamatsu R3809U-50 microchannel plate photomultiplier. The curves were recorded at a 

maximum of the steady-state emission spectrum of individual systems. Additionally, a 500 

nm cutoff filter was used to eliminate scattered light. The decay curves were fitted to 

multiexponential functions (one, two or three exponential components were used) using an 

iterative reconvolution procedure of the IBH DAS6 software. 

 

• XRD 

 X-ray diffraction (XRD) patterns were recorded on a diffractometer Bruker D8 

Discover (Cu-Kα radiation, 40kV/30 mA) in a range of 1 – 15° 2Θ. 
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• Polarized FT-IR spectroscopy  

 Linearly-polarized infrared spectra were recorded on FT-IR Nicolet Magna 750 

spectrometer in the middle infrared (IR) region (4000-400 cm-1) using ZnSe polarizer 

(Thermo Spectra-Tech). Principally the measurements were the same and the method is 

based on the same theory as in case of linearly-polarized UV-VIS spectroscopy. Spectra 

were recorded for film tilt angles of 0, 40 and 50°. Due to a more complex character of the 

IR spectra, the dichroic measurements were only qualitatively evaluated to get information 

on the orientation of some functional groups of TMPyP, which could confirm the data of 

UV-VIS polarized spectroscopy. 

 

• Confocal fluorescence and Fluorescence Lifetime Imaging Microscopy (FLIM) 

 Confocal fluorescence and fluorescence lifetime imaging microscopy (FLIM) 

were carried out on an inverted epifluorescence confocal microscope MicroTime 200 

(PicoQuant, Germany). We used configuration containing a pulsed diode laser (LDH-P-

C-440, 440 nm, PicoQuant) providing 80 ps pulses at 40 MHz repetition rate, dichroic 

mirror 505DRLP, interference filter transmitting 650-730 nm, water immersion objective 

(1.2 NA, 60x) (Olympus), and detector PDM SPAD (MPD, USA). A module Picoharp 

300 (PicoQuant, Germany) recorded the photon events in a TTTR mode enabling the 

reconstruction of the lifetime histogram for each pixel. In order to minimize the pile-up 

effects low power of 1.5 µW at the back aperture of the objective was chosen. 

 

These techniques were chosen with intention to gain the most complex overview about the 

studied hybrid systems, mainly from the viewpoint of their photoactive properties, emitting 

abilities, as well as the molecular orientations of porphyrin dyes on silicate surfaces. 
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Chapter 4: Results and Discussion 

 

4.1 Layered silicate/porphyrin systems: aqueous dispersions 
Interaction between cationic porphyrins (mostly TMPyP) and layered silicates in 

aqueous dispersions was studied using absorption, steady-state and time-resolved 

fluorescence spectroscopy. Interpretations of the spectra considered models of dye adsorption 

on clay mineral colloid particles via electrostatic forces. The spectra were compared with 

similar systems, interpreting the spectral changes to the changes in structural conformation of 

TMPyP and the formation of dye molecular assemblies. The structural changes of TMPyP, 

including flattening of the porphyrin molecule, do not fully explain all the spectral 

observations. One should mention variations of the Q bands and fluorescence spectra in 

dependence on the layer charge. The molecular association of the TMPyP molecules is 

expected to occur to a certain extent in dependence on the layer charge of a clay mineral 

template.  

 

4.1.1 Adsorption of TMPyP onto layered silicate surface 

The adsorption of TMPyP on the colloidal particles of three specimens FHT, KF and 

LAP was studied. Resulting isotherms are depicted in Fig. 8.  
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Fig. 8. Adsorption isotherms of TMPyP/FHT, TMPyP/KF and TMPyP/LAP systems. 

 

The extent of CEC saturation is usually expressed as a ratio of a number of 

adsorption sites occupied to a number of adsorption sites available (Atkins and de Paula, 
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2006). In accordance to this, the charge saturation values versus the CEC of used silicate 

hosts were plotted (Fig. 9). It is worth to note that in case of low dye/silicate ratios, all the 

dye molecules are considered to be completely adsorbed on a silicate surface. 

As can be seen (Fig. 9), in case of TMPyP/KF system, the “plateau” of the curve 

starts almost exactly at a 100 % CEC saturation by TMPyP cations, related to the CEC 

value. From this point on, the equilibrium concentration of a free TMPyP gradually 

increase. In TMPyP/FHT system (red line) and TMPyP/LAP system (blue line) the 

saturation of surface is completed at ~ 80 and 120 % vs. CEC, respectively. Hence, the 

lower CEC saturation of FHT by TMPyP cations can be explained in terms of: i) availability 

of adsorption sites - FHT particles are difficult to disperse, resulting in a lower amount of 

accessible adsorption sites as given by the CEC value, and, consequently, reaching the full 

surface coverage by TMPyP cations at lower values vs. CEC; ii) high layer charge density 

of FHT, thus causing the cation exchange below the CEC. Similar consequences can be 

deduced in case of LAP sample, as discussed in the next subchapter (4.1.2). In case of KF 

sample, the average distance between charged sites is 1.1 nm (Tab. 2), which corresponds to 

the distance between adjacent charged sites of TMPyP, which is about 1.1 nm (Takagi et al.; 

2002). Hence, the adsorption of TMPyP on KF surface corresponds to formation of 

monomolecular layer, reaching the charge saturation almost exactly at 100 % vs CEC.   
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Fig. 9. Extent of CEC saturation (charge saturation vs. CEC) of TMPyP/FHT, TMPyP/KF 

and TMPyP/LAP systems. 
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4.1.2 Arrangement of porphyrin cations on clay mineral surface  

 The distances between adjacent and opposite positive charges in the molecule of 

TMPyP are about 1.1 nm and 1.6 nm (Bos et al., 1996), respectively. The distances will not 

be significantly altered by possible conformational changes due to a relatively rigid 

character of the porphyrin moiety. Porphyrin cations cover the surface of clay mineral as 

isolated molecules lying flat with respect to the siloxane plane provided that the charge 

density is sufficiently low, like in the case of LAP. The calculated average distance between 

neighbouring negative charge sites on the LAP surface is about 1.41 nm (Tab. 2) that is 

comparable with the size of the TMPyP molecules. Hence, adsorption of isolated porphyrin 

molecules on the LAP surface is the most probable binding mode. At the surfaces of higher 

charge densities, the distances between neighboring charge sites are shorter. The highest 

surface charge density is represented by the FHT specimen; the distances between negative 

charge sites are 1.02 nm in average (Tab. 2). This value is smaller than the distances 

between positive charges within TMPyP molecule. Under these conditions, TMPyP cations 

cannot cover the clay mineral surface to saturate all negative charges. A partial overlap of 

adsorbed TMPyP would be a possible way to saturate all surface charge sites, leading to the 

intermolecular association between neighbouring porphyrin molecules.  

 

 CEC SA SB dx 

 (mmol.g-1) (m2.g-1) (nm2/cation) (nm) 

KF 1.24 722.5 0.97 1.10 

FHT 1.48 745.6 0.84 1.02 

LAP 0.78 748.1 1.60 1.41 

 

Tab. 2. Basic parameters of clay mineral samples. 

 CEC – cation exchange capacity, SA – specific surface area, SB surface area per one  

cation (related to the surface charge of one electron), dx –average distance between  

charged sites 
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On the one hand, repulsion electrostatic forces between the pyridinium groups 

would prevent this association; on the other hand, high negative charge density on the clay 

mineral surface would promote it. The extent and type of association between neighbouring 

TMPyP cations will depend on balancing of attraction and repulsion electrostatic forces. 

Further facts supporting TMPyP intermolecular association on the clay mineral surface are 

as follows. 1) Heterogeneous distribution of the layer charge leads to the occurrence of 

zones with the negative charge higher and lower than an average value (e.g. Lagaly, 1994 

and references therein). Consequently, various forms of TMPyP (isolated ions, dimers and 

aggregates) may coexist together and small fractions of the molecular assemblies can be 

formed also on the surfaces of relatively low layer charge (Bujdák, 2006). 2) More 

extensive association of adsorbed TMPyP cations can originate from association of clay 

colloid particles. Adsorption of TMPyP cations reduces the electric double layer of colloid 

particles. It leads to partial association of clay particles and flocculation of dispersions 

resulting in the formation of associates or flocs. Hence, linking of two clay particles that are 

monomolecularly covered by TMPyP produce bimolecular porphyrin layers between two 

clay mineral surfaces. 

Molecular assemblies of TMPyP on the FHT surface can be disordered molecular 

aggregates, possibly of the J-type. J-aggregates are in general characterized by a head-to-

tail intermolecular association. Anionic porphyrin, like 5,10,15,20-tetrakis(4-

sulfonatophenyl) porphyrin (TPPS), forms J-aggregates due to its zwitterionic character 

where the anionic sulfonate groups of one porphyrin molecule are attracted to protonated 

pyrroles of the second porphyrin ring. In the case of TMPyP, molecular assemblies will be 

probably disordered with only a partial overlap and association between the ions.  

The fact that J-aggregates have not been frequently observed for TMPyP can be 

explained in terms of a coexistence of such species with other forms, namely isolated 

TMPyP cations. Nevertheless, J-aggregates of TMPyP have been observed in Langmuir-

Blodgett films where the porphyrin positive charges are compensated by the carboxylic 

functions of calix[8]arene derivative (Miguel et al., 2007). In a solution, the formation of J-

aggregates is facilitated by ion pairing with BH4
- ions (Šišková et al., 2005). In this case, the 

Soret band was shifted to lower energies in a similar way as observed in the LSP 

dispersions. Similarly, J-aggregates were proved in aqueous solutions of dicationic 

analogues cis/trans-bis(N-methylpyridinium-4-yl)diphenyl porphyrin in the presence of 

electrolytes (Kano et al., 1997; Kano et al., 2000; Mallamace et al., 2000).  
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The presence of H-aggregates, characterized by a sandwich type intermolecular 

association, is not probable. It would lead to a significant shift of the absorption Soret band 

to the shorter wavelengths and considerable fluorescence quenching. The formation of H-

aggregates is not favored due to the molecular shape of the porphyrin cations, as well as due 

to the allocation of the charged groups in the TMPyP molecule.  

In summary, our interpretation of the spectra of TMPyP/FHT dispersions is based on 

the formation of assemblies of a variable structure, which coexist with isolated TMPyP 

molecules. The formation of these assemblies depends on the layer charge of the silicate 

surface. 

 

4.1.3 Effect of the layer charge on the interaction of TMPyP in layered silicate 

colloidal dispersions 

 At this stage, the spectral behaviour of tetracationic TMPyP, adsorbed onto layered 

silicates FHT, KF and LAP was investigated. The charge density of silicates increases in 

order (LAP) < (KF) < (FHT). The stock dispersions of FHT, KF and LAP were mixed with 

deionized water and aqueous TMPyP solution (c = 10-5 mol.dm-3) to reach the final 

porphyrin concentration of 10-6 mol.dm-3 and the porphyrin/silicate ratio of 0.05 mmol.g-1. 

 

4.1.3.1 Absorption spectra  

 The interpretations of the absorption spectra of TMPyP aqueous solutions (Fig. 

10a) have been described in literature (Nyman and Hynninen, 2004; Takagi et al., 2002; 

Kalyanasundaram and Spallart, 1982; Dias et al., 2000). The absorption spectra of the 

studied layered silicate/porphyrin (LSP) systems (Figs. 10a, b) are significantly different 

from those obtained for the TMPyP solution. Due to the adsorption of porphyrin onto the 

silicate colloid particles, the Soret band is red shifted from 421 to 450-455 nm and 

broadened. Similar spectral changes have been observed in various systems (Dias et al., 

2000; Takagi et al., 2001; Takagi et al., 2002).  
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Fig. 10. Absorption spectra of the LSP system in Soret band (a) and Q bands (b) regions. 

Layered silicates included Fluorohectorite (FHT), Kunipia montmorillonite (KF) and 

Laponite (LAP). 

 

As the layer charge increases in the series LAP < KF < FHT, the Q bands are shifted 

to lower energies and the absorbance of the Q bands at shorter wavelengths decreases in 

favor of those at higher wavelengths. These spectral changes might indicate increasing 

intermolecular association between TMPyP cations on the clay mineral surface with 

increasing density of the layer charge. In order to verify the effect of the layer charge on the 

absorption spectra in Q bands region, we measured characteristics of another series of 

layered silicates, reduced charge montmorillonites (RCMs) (Fig. 11). The RCMs are 

semisynthetic materials of the same composition and structure, and are different only in the 

layer charge density (Komadel et al., 2005). They were prepared from one parent material, 

Nanocor montmorillonite. The spectra in the Q bands region, shown in Figure 11, clearly 

confirm the same trend which was observed for the series with LAP, KF and FHT (Fig. 

10b). The absorbance of the Q bands at the longer wavelengths increases with increasing 

layer charge. The highest charged RCM (N60) has the charge density comparable to the KF 

specimen. The sample with the lowest charge (N300) exhibits the band at 536 nm that is 
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close to the position of the Q band of TMPyP solution (518 nm). 
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Fig. 11. Absorption spectra of the Q band region of the TMPyP/RCM systems. 

Reduced charge montmorillonites (N60, N100, N130, N300); layer charge decreases from 

N60 to N300 (see also Tab. 1). 

 

The variations of the spectra are not probably related only to the influence of the 

polarity of molecular environment. The solvent polarity negligibly affects TMPyP 

absorption spectra (Takagi et al., 2006). The changes in the spectra shown in Fig. 10 could 

be caused by the structural rearrangement of the porphyrin, the formation of molecular 

assemblies, or by other chemical transformation. The irreversible chemical reactions of the 

cations resulting to the changes in a chromophore or side groups can be excluded because 

TMPyP is chemically stable under used experimental conditions. Comparison of the spectra 

with those in acidic solutions shows similarities in the Soret band position attributed to the 

structural change induced by the protonation of pyrrole nitrogen atoms (Akins and Zhu, 

1996). In this case, the dihedral angle between the pyridinium substituents and the 

porphyrin moiety changes from a nearly perpendicular orientation to an essentially coplanar 

orientation. This structural arrangement has been considered in similar systems (Takagi et 

al., 2001; Takagi et al., 2002). Another consequence of the protonation is the steric effect of 
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neighbouring hydrogen atoms. The pyrrole rings flip up and down in alternate directions to 

reduce steric tension in the centre of the porphyrin moiety (Stone and Fleischer, 1968; 

Akins and Zhu, 1996; Liao and Ma, 2006). However, we exclude porphyrin protonation in 

dispersions of layered silicates used in this work because of neutral pH and extremely 

diluted colloid particles. Moreover, FHT and LAP exhibit rather basic pH especially at 

higher concentrations. In addition, the protonation would reduce the number of the Q bands 

to two due to the increased porphyrin symmetry (Akins and Zhu, 1996), which was not 

observed (Figs. 10, 11). 

Evidently, the electrostatic interactions between TMPyP and the silicate surface are 

the key factors for the interpretation of the absorption spectra. The positive charge in 

TMPyP cation is located at nitrogen atoms of the pyridinium substituents. The permanent 

negative charge on the silicate surface is located on basal siloxane oxygen atoms. In 

general, electrostatic attraction favors short distances between the negative and positive 

charges. Therefore, the rotation of the pyridinium substituents to a nearly coplanar 

orientation with the porphyrin moiety is favoured upon the adsorption on flat surfaces as 

directly has been proven for similar specimens using Raman spectroscopy (Dias et al., 

2000). Similar changes of the Soret band absorption were also observed after the 

immobilization of TMPyP in films of layered zirconium phosphate (Wang et al., 2005). The 

interaction of TMPyP with the zirconium phosphate matrix includes electrostatic forces and 

hydrogen-bonding leading to variable arrangements of adsorbed TMPyP, namely the 

mixture of flat bimolecular layers and tilted molecules arranged in monomolecular layers. 

These structures are caused by a significantly higher layer charge density of zirconium 

phosphate, compared to the layered silicates. The arrangement of densely packed TMPyP 

cations in monomolecular layers lying flat on the clay mineral surface (Takagi et al., 2001; 

Takagi et al., 2002; Takagi et al., 2002) is an idealized model, which occurs only in case of 

the size matching between porphyrin and silicate charge distribution. Because zirconium 

phosphate has very high charge density, the total surface charge cannot be compensated 

with isolated TMPyP cations in a monolayer arrangement and intermolecular interactions 

between neighboring chromophore units has to be considered. Hence, the probability of the 

formation of molecular assemblies increases with the charge density as the distances 

between adsorbed neighbouring TMPyP cations on the surface are reduced. This is 

analogous to behaviour of other types of cationic dyes (Shichi and Takagi, 2000; Bujdák, 

2006). Hence, the formation of molecular assemblies is the most probable on the surface of 

FHT, the specimen with highest charge used in this work. Unique properties of TMPyP in 
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FHT colloids, as indicated by the most significant changes in absorption spectra, were also 

confirmed by fluorescence spectroscopy as discussed below. 

 

4.1.3.2 Fluorescence spectra  

 The emission spectra of the LSP systems are shown in Fig. 12. For the 

dispersions with KF and LAP, the shape of the emission spectra do not change with the 

energy of light used for excitation. This is a rather common phenomenon, which relates to 

the rule of the most probable radiative transitions, from the lowest excited energy state(s), 

regardless of the energy of the excitation. The spectra indicate one kind of the fluorophore 

species in the LSP systems. One should mention that the emission spectra of the LSP 

systems are significantly different from those of a TMPyP solution (Fig. 13). The emission 

bands of the LSP systems are better resolved and red-shifted with respect to that of solution. 

Interpretations are based on the changes of the electronic properties of porphyrin due to 

flattening of the TMPyP moiety and changes of chemical environment (Chernia and Gill, 

1999; Takagi et al., 2002).  

The variation of the band positions is another interesting feature of the LSP systems 

(Fig. 12). The emission bands are slightly shifted to lower energies with the decreasing 

layer charge of silicate, which could indicate reduced molecular association between the 

TMPyP cations with decreasing layer charge.  
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Fig. 12. Emission spectra of the LSP systems upon excitation at 444 nm. 

Spectra are normalized. 
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Fig. 13. Emission spectra of TMPyP in an aqueous solution upon excitations  

at 421 and 520 nm. 
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The TMPyP/FHT system is a specific case having three resolved bands at 640, 675 

and 750 nm (Fig. 12), which was not observed for other layered silicates. The bands at 675 

and 750 nm are slightly shifted to higher energies with respect to those of the KF and LAP 

systems. The band at 640 nm can be assigned most probably to specific molecular 

aggregates. The excitation at 470 nm gives significantly lower emission intensity at 640 nm. 

Hence, the Soret band is composed of at least two overlapping components, which were not 

resolved by means of absorption spectroscopy (Fig. 10). 

Molecular aggregates initially formed from cationic dyes adsorbed on clay mineral 

colloid particles exhibit low stabilities (Bujdák, 2006). It leads to their rearrangements 

easily observable as the spectral changes with time ferquently occurring for hours or days. 

In order to test the stability of the fluorescence species in the TMPyP/FHT system, 

the emission spectra were recorded 24 h after the addition of porphyrin. The spectra of fresh 

colloids and those measured after 24 h were compared. The spectra show a decreasing 

contribution of the 640 nm species (Fig. 14a) indicating a slow transformation of the 

assemblies probably in favor of the species, which are common in other LSP systems. In 

case of excitation at 470 nm (Fig. 14b) the spectral changes were almost negligible. 
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Fig. 14. Emission spectra of the TMPyP/FHT system measured 1 minute and 24 h after 

porphyrin loading. Spectra are normalized. 
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 In the next step, we measured the excitation spectra for the emission at 640 nm (Fig. 

15a) in order to identify the components of the Soret band and the relationship between this 

specific emission and the energy of excitation. The excitation spectrum of the TMPyP/FHT 

is significantly different from those of other LSP systems. The Soret band is shifted and 

narrowed with respect of the Soret band in the absorption spectrum (Fig. 10). On the other 

hand, the excitation spectra of TMPyP/KF and TMPyP/LAP (Fig. 15a) are almost the same 

as corresponding absorption spectra (Fig. 10). The excitation spectra of FHT system 

recorded at 675 nm are similar to those of the KF and LAP systems, documenting small 

contribution of the 640 nm species at this wavelength (Fig. 15b). 
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Fig. 15. Excitation spectra of the LSP systems detected at the emission wavelength of 640 

and 675 nm. Spectra are normalized. 

 

4.1.3.3 Time-resolved fluorescence spectra 

 The fluorescence decay curves of LSP dispersions cannot be fitted by the 

monoexponential function. Up to a triple-exponential decay algorithm was applied to 

analyze the curves to get corresponding excited-state lifetimes (Table 3). The contribution 

of the shortest component (<100 ps) to the total fluorescence decay was low and neglected. 
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Two lifetime components of adsorbed TMPyP on the silicate surfaces are shorter 

(TMPyP/FHT and TMPyP/KF) or comparable (TMPyP/LAP) with the lifetime of TMPyP 

in water. The lifetime of the emission at 640 nm recorded for TMPyP/FHT system is of 0.7 

ns, which is significantly smaller value than lifetimes measured at 675 nm. It indicates the 

presence of a specific species on the surface of FHT, emitting at shorter wavelengths. 

Montmorillonile KF is produced from naturally occurring bentonite characterized by a more 

complex composition. Therefore, fluorescence can be partially quenched by Fe (III) present 

in the montmorillonite structure preferentially in octahedral sheets. Both LAP and FHT are 

synthetic iron-free materials. This fact might explain that the TMPyP/KF system has lower 

lifetimes measured at the 675 nm emission band than FHT and LAP.  

 

Sample TMPyP TMPyP/FHT TMPyP/KF TMPyP/LAP 

τ [ns] 5.22 4.66 (60%) 
1.69 ( 31%) 

3.62 (58%) 
1.75 (33%) 

5.41 (76%) 
2.87 (13%) 

 

Tab. 3. Excited-state lifetimes of TMPyP and LSP systems, excited at 440 nm and  detected 

at 675 nm. 

 
 

4.1.4 Adsorption of cis/trans-bis(N-methylpyridinium-4-yl)diphenyl-porphine onto 

layered silicate surface 

 In this part, the spectral behaviour of two dicationic porphyrins, cis- and trans- 

bis(N-methylpyridinium-4-yl)diphenyl porphyrin (cis-DPyP and trans-DPyP, Fig. 6d, e) 

upon adsorption on layered silicate templates (Tab. 1; N60 - N300) was investigated. The 

main impact was given on the influence and effect of the layer charge on the overall spectral 

properties. Owing to the fact that these compounds possess two positively charged groups 

(instead of four in case of TMPyP), repulsion forces between the cations are lower, rising a 

probability of molecular aggregation. The dispersions of Nanocor series were mixed with 

deionized water and aqueous cis-DPyP and trans-DPyP solutions (c = 10-5 mol.dm-3) to 

reach the final porphyrin concentration of 10-6 mol.dm-3 and the porphyrin/silicate ratio of 

0.05 mmol.g-1. 
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4.1.4.1 Absorption spectra 

 Figure 16a, b depicts the absorption spectra of cis-DPyP in aqueous dispersions 

of Nanocor montmorillonite systems with different layer charge. Absorption maximum of 

cis-DPyP solution is at 420 nm. It can be seen that for the samples N200 and N300 the 

absorption band maxima are situated at 435 nm. Just in case of sample N200, a very weak 

shoulder at 450 nm occurs, indicating very low extent of the adsorption of cis-DPyP on 

silicate surface. However, for the sample N300 this shoulder is not observed. This can be 

explained in terms of very low swelling ability of these samples, which results from very 

low layer charge (Tab. 1). The similar trend was observed for the N200 and N300 samples 

of trans-DPyP (Fig. 17b). For cis-DPyP, the spectral bands of N60 – N150 systems are 

systematically shifted from 420 to ~ 465 nm. The absorption intensities do not significantly 

vary, although they tend to be slightly higher for the templates with medium layer charge 

(Figure 16a).  
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Fig. 16. Absorption spectra of cis-DPyP in aqueous dispersions of Nanocore 

montmorillonite systems. 

 

 The situation is far more different in case of trans-DPyP/Nanocore systems. Upon 

the interaction of trans-DPyP with layered charge templates, very significant changes in the 

absorption spectra were observed (Fig. 17a, b). In case of N130-N150 systems, the 
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absorption band is shifted from 418 nm to 449 nm. For the systems with N60 – N120 (Fig. 

17a), i.e. layered silicates with higher layer charge, the Soret band is splitted into two 

components with the maxima at 439 and 459 nm. The higher the layer charge, the bigger the 

extent of splitting. This is very interesting phenomenon which was not observed with any 

other porphyrin in this work. Moreover, for the N130 sample the absorption band is not 

splitted, but the second derivative spectrum (not shown) showed the existence of two bands 

as in the case of systems with layered silicated of higher charge. In case of N140 and N150 

systems, the second derivative spectra show just a single component in a Soret band region.  
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Fig. 17. Absorption spectra of trans-DPyP in aqueous dispersions of Nanocore 

montmorillonite systems. 

  

 The red-shifted band at 449 nm is attributed to molecular aggregates of trans-

DPyP. The molecular aggregation in LSP systems was compared to that, occurring in 

solution. Presence of inorganic salts, such as NaCl, binds a part of water molecules, 

reducing the volume of free solvent, promoting the aggregation (Mallamace, 2000). 

Corresponding absorption spectra (Fig. 18) show the peak at ~ 450 nm, which was assigned 

to stacked trans-DPyP aggregates (Mallamace et al., 2000 and references therein). In the 
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systems with higher layer charge, however, this band splits into above mentioned 

components, i.e. with absorption maxima at 439 and 459 nm. Moreover, the extent of 

splitting corresponds to the layer charge of templates, i.e. intermolecular distance between 

neighbouring charged sites (and consequently, between the adsorbed molecules of trans-

DPyP). This indicate the formation of molecular aggregates of J-type, which was confirmed 

by fluorescence spectroscopy (see below). 
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Fig. 18. Absorption spectra of trans-DPyP solution and the effect of NaCl concentration. 

The arrows indicate the decrease of the trans-DPyP monomers in favour of the aggregates.  
 

4.1.4.2 Fluorescence spectra 

 Figure 19 depicts steady-state emission spectra of cis-DPyP/Nanocore systems, 

using excitations at 435 and 455 nm, i.e. at the wavelengths of cis-DPyP and cis-

DPyP/Nanocore systems, respectively. The relative fluorescence intensities obey the trend 

of template`s layer charge, and, relative intensities of cis-DPyP/Nanocore systems` bands 

(excited at 455 nm) are considerably more intensive than those excited at 435 nm. In other 

words, adsorption of cis-DPyP on Nanocore surface enhances its fluorescence. 
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Fig. 19. Steady-state emission spectra of cis-DPyP/Nanocore systems upon excitation at 435 

and 455 nm. 

 

 Figure 20 shows the emission spectra of trans-DPyP/Nanocore systems upon 

excitation at 424 and 439 nm. Similarly to previous systems, the relative fluorescence 

intensities follow the trend of the layer charge. The highest intensities were observed upon 

the excitation at 439 nm, followed by those at 455 nm (not shown) and the lowest ones for 

the excitation at 424 nm. The fact that the relative fluorescence intensities are considerably 

enhanced at 439 and 455 nm (i.e. the bands attributed to aggregated form of trans-DPyP), 

and that the shape of fluorescence curves does not change, indicates the presence of one 

kind of aggregate present. 

Both cis- and trans-DPyP are unique compounds and were provided by Dr. Shinsuke 

Takagi (Tokyo Metropolitan University). Owing to the fact that these compounds were 

obtained in very small amounts (a few mg), just a limited series of experiments could be 

performed and were not considered to be used for a more detailed investigation. 
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Fig. 20. Steady-state emission spectra of trans-DPyP/Nanocore systems upon 

excitation at 424 and 439 nm. 
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4.2 Layered silicate/porphyrin systems: thin films 
 

4.2.1 Molecular orientation and spectral properties of TMPyP intercalated in thin 

films of layered silicates 

At this stage, we focused on the investigation of spectral properties of TMPyP, 

intercalated in the layered silicate matrices with various layer charge. The effect of the layer 

charge of silicate hosts is expected to play a role in both the modifying the optical properties 

of embedded TMPyP and also the molecular orientation of TMPyP species on silicate 

surface. XRD analysis and polarized spectroscopies in visible and infrared region were 

applied. 

 

4.2.1.1 XRD analysis  

 Figure 21a shows the XRD patterns of FHT with and without TMPyP. 

Fluorohectorite has one of the largest values of particle diameter among expandable layered 

silicates, up to more than 10 μm (Karivatna et al., 1996), which results in sharp, well 

resolved reflections in the XRD pattern (Fig. 21a). The position of d001 peak in case of FHT 

is 1.24 nm, which is referred to the sample with one layer of water molecules including 

respective inorganic cations in the interlayer spaces (da Silva et al., 2002). After the 

intercalation of TMPyP, we observed the changes in the position of 001 reflection. The 

position changed from 1.24 to 1.90 nm. In Fig. 21b are plotted the XRD patterns for the 

film of KF before and after the intercalation with TMPyP. The values of d001 peaks are 1.26 

nm and 1.73 nm for KF and TMPyP/KF, respectively. Much lower intensity of the 

reflection peaks of the KF based films are because of the lower crystallinity and particle size 

of KF montmorillonite.  

 In the XRD patterns of LAP film (not shown), no changes in d001 spacing were 

observed for LAP treated with TMPyP solution. However, coloring of the LAP film 

indicates a sufficient penetration of TMPyP cations into the LAP film, in the amounts which 

are comparable to those in FHT and KF. Adsorption studies also showed good ability of 

LAP to adsorb TMPyP cations (e.g. Fig. 8). The changes in the interlayer spaces of LAP 

might be under a detection limit of XRD due to the lack of large reflection domains in the 

film which leads to a lower XRD signal. This is because of a small diameter of LAP 

particles, which is approximately 20 nm (Gournis et al., 2002), resulting in basal reflection 

bands of broad and low intensities. Occurrence of a relatively larger fraction of 

monomolecular layers of the TMPyP cations with flat orientation with respect to the silicate 
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plane would further decrease the sensibility of the method to distinguish the adsorbed 

TMPyP from phases of monolayer of water molecules in LAP film. The lowest charge 

density of LAP would contribute to the formation of the phases with less significant 

changes in the d001 spacing. 

 

 

 

Fig. 21. XRD patterns of the smectite films and materials obtained by porphyrin   

intercalation. 

 

XRD patterns are useful to calculate the thickness of the interlayer space occupied 

by TMPyP cations. The thickness of smectite layer is approximately 0.96 nm (Moore and 

Reynolds, 1989). Thus, the thickness of interlayer space containing TMPyP intercalated 

molecules in FHT is 0.94 nm. The thickness of one TMPyP molecule is ca. 0.5 nm (Wang 

et al., 2005). Based on the XRD measurements, one would consider the arrangement of 

TMPyP cations mainly as bimolecular layers oriented to the silicate surface in a parallel 

fashion. However, large cations of TMPyP may not fit to form ordered mono- or 

bimolecular layers under specific conditions. Indeed, if the negative layer charge of layered 

compound is too high, intercalated porphyrin cations can take a more tilted or nearly 

perpendicular position (Wang et al., 2005). The relationship between the layer charge of 

clay mineral and the arrangement of porphyrin cations is in accordance with the 

observations of Takagi and his coworkers and their theory of size-matching rules (Takagi et 

al., 2002; Eguchi et al., 2004). The highest layer charge density of FHT could contribute to 
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the arrangement of a more tilted orientation of intercalated TMPyP cations.  

In case of a middle charge KF, the thickness of the interlayer space containing 

intercalated TMPyP molecules is 0.77 nm. Taking into account lower charge density and 

lower interlayer thickness of TMPyP/KF film, TMPyP cations are not supposed to be as 

densely packed as in the film of FHT. Consequently, the arrangement should be either the 

mixture of monomers and dimers parallel to the mineral surface plane, or rather less densely 

packed bimolecular layers of TMPyP cations occurring in a disordered fashion in the 

interlayer spaces of KF. 

 

4.2.1.2 Polarized UV-VIS spectra  

 Figure 22 shows visible absorption spectra of TMPyP solution and intercalated in 

thin films of layered silicates. Intercalation of the TMPyP cations on silicate surface leads to 

significant changes in optical properties of the dye. The Soret band is red shifted (440 – 465 

nm) with respect to the absorption maximum observed for the dye solution (420 nm). The 

changes of the electronic properties of TMPyP are further supported by different spectral 

characteristics in the range of Q bands.  
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Fig. X2. Absorption spectra of TMPyP in solution (solid line) and intercalated in layered 

silicates. 

 

 

 

Series of the spectra recorded using x- and y-polarized light and applying the 

variation of the film orientation with respect to the direction of light propagation were used 
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for the calculation of the TMPyP transition moment orientation (e.g. Fig. 23). Relatively 

small total amounts of TMPyP were intercalated in the silicate films due to a relatively 

small film thickness. Therefore, only allowed transitions, namely at a Soret band in 400 – 

500 nm range, were used for the calculations. Due to lower sensitivity of the method at the 

range of Q bands, background, absorption and scattering from the silicate would interfere 

with the dichroic absorptivity of the chromophores, which could lead to a large errors in 

calculations. 
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Fig. 23. Illustrative polarized UV-VIS spectra of TMPyP/LAP film recorded at   

tilting angles 0° - 50° using x- and y- polarized light. 

 

According to the data of linearly-polarized UV-VIS spectra, the determined angles 

indicate that transition moments of chromophores exhibit slightly tilted orientation with 

respect to the surface of the silicates. The estimated angles were in the range of 25 – 35° in 

the region of a Soret band and did not significantly change in this spectral range (Fig. 24). 

Since transition moments are parallel to the plane of the macrocycle rings, the orientation of 

the transition moment reflects a good approximation of molecular orientation of the dye 

planar cation on the silicate surface. Almost parallel orientation of the dye cation would be 

expected based on the molecular structure of TMPyP molecule and the positions of charged 

groups. Four positively charged groups located in four corners of the TMPyP cation would 
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dominantly contribute to the interaction with the silicate surface. The electrostatic attraction 

between the positively charged pyridinium groups and negatively charged basal oxygen 

atoms at the silicate surface would preferentially lead to a flat orientation of the molecules. 

Determined angles 25 – 35° are in a good aggrement with this model. Slight tilt of the 

transition moments can be due to a non-homogeneous formation of bimolecular layers, or 

influenced by the changes of molecular conformation upon the dye adsorption. Dye cations 

can be at a slightly tilted position also because of the steric adjustment of the cationic 

groups to optimize electrostatic interaction with the silicate surface.  
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Fig. 24. Relationship between orientation angle of transition moment with respect to the 

silicate surface and wavelength of absorbed light for the silicate films with adsorbed 

TMPyP. 

 

In case of the system containing FHT, the estimated angles were slightly higher in a 

whole range of measured wavelengths. We assume that this deviation can be attributed to 

the high charge density of this silicate. In this case, fully packed interlayer spaces with two 

layers of the cations could have been insufficient to accommodate larger number of TMPyP 

cations per surface unit to saturate all charge sites of FHT. If compared to the other films, 

the orientation angle was in average about 2-3° higher to give values ~35°. 
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4.2.1.3 Polarized FT-IR spectra  

 One has to consider the oriented films of intercalation compounds of clay minerals 

as a non-perfect anisotropic materials. More sub-types of similar molecular orientation of 

the dye cations in the interlayer spaces may coexist and their occurrence cannot be 

neglected in the interpretation of the molecular orientation of TMPyP. Polarized FT-IR 

spectroscopy was used to verify the findings, resulting from polarized UV-VIS 

spectroscopy and XRD analysis. As a result of tilting the sample with respect to an incident 

light beam, the intensity of some vibrational modes increases or decreases, which depends 

on the vibrational transition moment orientation. The vibrational modes with the moment 

either randomly oriented or inclined at 35.26º would exhibit no change of the dichroic ratio 

(eq. 4) with tilting (Bujdák et al., 2003). Dichroic ratio would increase in case of more 

perpendicularly oriented vibrations upon tilting and would be weakened for the vibrations 

oriented in a parallel fashion.  
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Fig. 25. IR absorption spectra of TMPyP (a) and LAP (b) in KBr. 
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Fig. 26. Polarized difference IR spectra of TMPyP/LAP film (a, b, c) and spectrum of non-

tilted film (d). Shown are difference spectra, substracted at 0° inclination angle (a), 40° (b) 

and 50° (c). 

 

Figures 25 and 26d shows spectra of pure single components measured using KBr 

method and representative IR spectrum of TMPyP/LAP film perpendicularly oriented with 

respect to light beam and measured using x-polarized light, respectively. The assignments of 

the bands observed in Fig. 25 and 26d are given in Table 4.  

 

Wavenumber [cm-1] Band assignments 
  

3690 ν(OH) silicate  
3500-3200 ν(OH) water 

3320 ν(NH) pyrrole 
3020 ν(CH) pyridyl rings 
1637 ν(C=N) pyridyl rings  

1600-1200 ν(C=C) porphyrin rings 
 ν(C=N) porphyrin rings 
 ν(C=pyrrole)  
 ν(RSO3-) 

1100-1000 ν(Si-O) silicate 
815 out-of-plane (CH) porphyrin rings 
700 out-of-plane δ (aromatic rings) 
650 δ(OH) silicate 

 

Tab. 4. IR absorption band assignments of TMPyP/LAP system. 
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Due to an orientation of the film, some vibrations, which were more perpendicular to 

the film surface, could be inactive and invisible in the spectrum regardless the light 

polarization. Calculated difference spectrum, obtained by the subtraction of x-polarized 

spectrum from y-polarized one led to a linear, constant value line with no peak (Fig. 26a). 

That fact can be attributed to parallel orientation of the electric vectors of both the x-and y-

polarized light to film surface. It means no vibration was enhanced or suppressed as a 

consequence of light polarization change; i.e. there was no preferential orientation in either 

x- or y-directions on silicate surface. Tilting the film led to only slight changes in an x-

polarized spectrum, which were due to the alterations of light beam trajectories crossing the 

film (spectrum not shown). However, substantial differences in the spectra obtained using y-

polarized light were observed in dependence on film tilt, which are due to changes of the 

angle between the film surface and the electric vector of electromagnetic radiation. 

Difference spectra for the film inclinations at angles 40 and 50º are shown in Fig. 26b and 

26c, respectively. They clearly indicate strengthening of some of the bands and the decrease 

of the others. Direct evidence of the preferential orientation of silicate layers is the 

appearance of –O-H stretching vibrations at 3690 cm-1, which is otherwise invisible in the 

spectrum of a non-tilted film (Fig. 26d). Perpendicular orientation of hydroxyl structural 

groups with respect to the layer plane is a typical feature of trioctahedral minerals (Farmer, 

1974). Positive values of the difference spectra for 40 and 50º are also observed for Si-O 

stretching vibrations (two broad bands near 1005 and 1090 cm-1), especially for the higher 

energy one assigned to the perpendicular Si-O vibrations. Bands of lower positive 

absorbance include those at 650, 700, 815, 1637 cm-1 and a broad absorption around 3200-

3500 cm-1. The latter broad band is assigned to the vibrations of adsorbed water molecules 

which overlap a weak band of an N-H stretching vibration at 3320 cm-1. Band at 650 cm-1 is 

assigned to the –OH bending vibrations of structural OH groups, but together with those at 

700, 815 cm-1 can include transitions due to out-of-plane deformations of aromatic rings and 

of C-H vibrations, respectively (El-Nahaas et al., 2005). Strong and sharp band at 1637 cm-1 

is assigned to a C=N vibration of pyridinium rings (Qu and Fredericks, 2000; Nový et al., 

2005). Contribution of the deformation vibrations assigned to water molecules at 1637 cm-1 

is probably negligible considering absorption of the porphyrin cations as is clear from the 

comparison of the spectra of pure components (Fig. 25). Positive absorption of the band at 

1637 cm-1 probably relates to the tilting of the pyridinium group with respect to the 

porphyrin macrocycle plane. Vibrations within the region of 1600-1200 cm-1 (Table 4) 

exhibit negligible changes. Most negative values in difference spectra are shown for a 
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strong SO3
- vibrations at 1194 cm-1 (Nový et al., 2005). There is no vibration assigned to the 

porphyrin macrocycle indicating perpendicular orientation of the porphyrin moiety. Such 

vibration would have to be strengthened in y-polarized spectrum upon tilting of the film and 

absent in the standard mode of the measurement with the film perpendicular to the light 

incident beam. Vibrations perpendicular or strongly tilted with respect to the silicate plane 

have been assigned to only O-H and Si-O vibrations, occurring in the structure of inorganic 

component. Some of partially tilted vibrations were assigned to be originated at pyridinium 

rings. Most of the vibrations from the TMPyP cation were relatively weakly affected with 

variation of direction of the light polarity. Consequently, only slightly tilted orientation of 

the cations with respect to the substrate plane is expected.  

 

4.2.1.4 Fluorescence spectra 

 Steady-state fluorescence emission spectra of TMPyP/silicate intercalation 

compounds were recorded upon excitations at 440, 460 and 520 nm (not shown). In all 

cases, relative fluorescence intensities of intercalated TMPyP cations were extremely low. 

The effective quenching of fluorescence can neither be assigned only to a scattering of 

emitted light by layered silicate particles, nor quenching by the active moiety in the silicate 

structure. Only KF, clay mineral of natural origin, contains a small amount of Fe in its 

structure, which can partially quench fluorescence. However, this effect was found to be 

rather negligible for the case of TMPyP/layered silicate colloids (e.g. Fig. 12). Quenching of 

TMPyP fluorescence can be assigned to the structure of intercalated phase. Whereby the 

TMPyP cations are adsorbed on silicate surface in colloids in a way of a monolayer 

coverage to saturate efficiently the surface negative charge, bimolecular layers are formed 

in the films. Bilayer arrangements with sandwich-type assemblies can probably efficiently 

quench excited states of TMPyP cations. As mentioned above, polarized UV-VIS spectral 

data support the assumption about the interaction between adsorbed TMPyP cations. Similar 

properties have been observed for solid silicate films with intercalated dyes of other types 

(Czímerová et al., 2007). Overall above mentioned conclusions indicate that more 

promising materials based on dyes and silicates could be prepared by premodifying layered 

materials with alkylammonium cations, as well as by lowering the concentration of 

porphyrin. The properties of this type of materials are described in next subchapter. 
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4.2.2 Layered silicate films with photoactive porphyrin cations 
 
 In our previous work (see 4.2.1), we studied the hybrid materials based on 

TMPyP/layered silicate films. We observed significant fluorescence quenching of TMPyP that 

was interpreted by the formation of sandwich-type porphyrin dimers, oriented in a parallel 

fashion to the basal surface of the silicate particles. In order to improve the photoactive 

properties of TMPyP, we present the hybrid films prepared by the premodification of the 

inorganic hosts with organic surfactants of variable hydrophobicity and molecular size, as well 

as by lowering the concentration of used TMPyP solution by one order of magnitude (from 10-3 

to 10-4 mol.dm-3). The presence of the surfactant modifiers as the third component, as well as 

the lowering of the concentration of TMPyP may prevent molecular aggregation and 

significantly improve the photoactive properties of TMPyP. Taking into account all the above 

mentioned factors, our primary objective was to prepare variable hybrid silicate/TMPyP films, 

to characterize their spectral properties, and to achieve a sufficient photoactivity of the materials 

by minimizing the molecular aggregation. The second objective was to control the spectral 

properties (the energy of light absorption and emission) of the materials. 

Throughout the text, the films prepared by spin coating are denoted by suffix ‘SC’. 

For example, TMPyP/FHTSC relates to the film prepared by spin coating of FHT followed 

by the intercalation of TMPyP. The same film premodified with C12 is denoted by 

TMPyP/C12/FHTSC. 

In case of cast dispersion films, the loading of TMPyP was 0.08 mmol.g-1, which is 

in the scale of a few per cent of the CEC values of the silicates. It prevents molecular 

aggregation of TMPyP. The names of the films are marked with the suffix ‘CAST’. For 

example, the film prepared by casting of the TMPyP/FHT colloidal dispersion is denoted by 

TMPyP/FHTCAST. 

 
4.2.2.1 Films without alkylammonium cations  

4.2.2.1.1 Absorption spectra 

  Figure 27 shows representative absorption spectra of TMPyP in aqueous solution, 

colloidal dispersion with KF, and representative films. The spectra of TMPyP/KF systems 

are systematically red-shifted. The extent of the shift depends on the type of a TMPyP/KF 

hybrid system. The shift increases in the following order: aqueous colloidal dispersion, the 

spin-coated film, the film prepared by casting the dispersion.  
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Fig. 27. Absorption spectra of TMPyP/KF systems. Spectra are normalized. 

 

The TMPyP/KFCAST film is characterized by the Soret absorption maximum at the 

significantly lower energy (487 nm). The shift with respect to the solution equals to an 

energy difference of about 3200 cm-1. In the case of solid films, the Soret bands are 

broadened that may reflect the distribution of the TMPyP molecules in heterogeneous 

chemical environment.  

The Q band region is significantly changed. The spectral changes can be assigned 

either to the formation of molecular aggregates or structural changes of TMPyP. The 

protonation of porphyrin pyrrole nitrogen atoms can be excluded due to a non-acidic nature 

of the silicate hosts. The molecular aggregation of TMPyP in films can be excluded because 

of a very low loading. 

The most plausible explanation of the spectral variations is based on the structural 

changes of the porphyrin molecules. The trends of the Soret band shifts (Fig. 27) can be 

explained by the flattening of the TMPyP molecules in dependence on properties of the 

chemical environment. The flattening of the TMPyP molecules occurs via the changes of 

the dihedral angle between the pyridinium substituents and the porphyrin moiety from a 

tilted to an essentially coplanar orientation (Takagi et al., 2006; Ou et al., 2007; Eguchi et 

al., 2007). The driving force of the flattening in the colloids is electrostatic attraction 

between dye cation and the planar surface of colloidal particles. The flattening enables 

electrostatic association between the surface and TMPyP cations via decreasing the distance 

between positively charged nitrogen atoms of the pyridinium substituents and negatively 
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charged oxygen atoms of the siloxane layer. This effect can be even more significant in 

solid films because TMPyP cations are intercalated between two adjacent silicate layers and 

interact electrostatically with both adjacent surfaces. Therefore, the Soret absorption bands 

are more shifted to lower energies.  

The TMPyP/KFSC film is likely composed of monomolecular layers of flatly 

arranged dye cations between the silicate layers. The XRD patterns (not shown) confirms 

this structural model with an interlayer distance of 0.59 nm (d001=1.55 nm), which 

approximately equals to the thickness of TMPyP cation. Based on the shift of the Soret band 

(470 nm), the flattening in this film appears to be more significant than in the dispersion. As 

mentioned above, the largest shift of the Soret band was observed for the TMPyP/KFCAST 

film and can also be interpreted in terms of the flattening of the TMPyP molecules. The 

amount of porphyrin in this film with respect to that of the inorganic component is much 

lower. Only a minor part of the silicate surface is covered by the porphyrin molecules; the 

majority of exchangeable Na+ cations remains unchanged. The basal spacing d001 (1.27 nm) 

determined from the XRD patterns (not shown) indicates an interlayer distance of about 0.3 

nm. This value is typical for dry Na+-saturated smectite reflecting the presence of Na+ 

cations with monomolecular layers of water. The sites with TMPyP cations, which would be 

characterized by significantly larger spacing, were not observed. The low interlayer 

expansion in Na+-saturated montmorillonite (KF) further contributes to the flattening of the 

TMPyP molecules. If TMPyP ions did not change their structure to a more flat 

conformation, two sites of more and less expanded interlayers representing TMPyP and 

hydrated Na+ ions would have to coexist, which might not be favorable from the viewpoint 

of the energy of the system.  

The similar shifts of the Soret bands (464 and 486 nm) with respect to the solution 

were also observed for the LAPSC and LAPCAST films (not shown). The interlayer distance 

could not be determined by XRD because of a low signal due to a lack of large LAP 

scattering domains, which is related to the small size of LAP particles.  

An interesting spectral feature is observed in the FHT films. The comparison of the 

TMPyP/FHTSC and TMPyP/FHTCAST films is shown in Fig. 28. The spectrum of the 

TMPyP/FHTCAST film indicates the presence of more than one spectral form of TMPyP 

characterized by two well-resolved Soret bands absorbing at 434 and 475 nm. The 

TMPyP/FHTSC film has the absorption band only at a lower wavelength of 440 nm. The 

presence of two porphyrin forms in the TMPyP/FHTCAST film is specific to this silicate. 

This anomaly could be explained by the properties of FHT, such as a high layer charge and 
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low expandability (Fossum, 1999). The low expandability of FHT might contribute to a 

more heterogeneous distribution of adsorbed TMPyP cations. The FHT colloidal suspension 

used for the casting of the films is not probably composed of single FHT layer particles but 

rather of crystallites and layer aggregates. This could cause a larger local concentration of 

TMPyP cations at the fraction of accessible surface, which might lead to the formation of 

molecular assemblies. The high layer charge of FHT (see CEC value in Table 1) could also 

induce the formation of the molecular assemblies. Due to the high charge density, 

negatively charged sites are not efficiently saturated by adsorbed individual TMPyP cations 

inducing dimerization necessary for the balancing of the total charge. 
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Fig. 28. Absorption spectra of the TMPyP/FHTSC and TMPyP/FHTCAST films. Spectra are 

normalized. 

 

Using linearly polarized spectroscopy in UV-VIS region, we compared the 

orientation angles of the transition moments of TMPyP cations. Applying X-polarized light 

at a film tilting angle 70º (Fig. 29), the absorption of the band at the lower wavelengths 

decreases less than that at the longer wavelengths. The molecules represented by the band at 

the longer wavelengths are more planarly oriented with respect to the silicate surface than 

those at the lower wavelengths. Although the difference is rather small, the larger 

inclination of the porphyrin ring can indicate a partial dimerization between TMPyP cations. 
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Fig. 29. Linearly-polarized absorption spectra of the TMPyP/FHTCAST film at a film tilting  

angle 70°. 

 

In order to verify the molecular flattening effects, solution, colloidal dispersions and films 

were prepared using another tetracationic porphyrin isomeric to TMPyP with N-methyl 

substituents in the ortho-position (o-TMPyP), as well as the tetracationic porphyrin of 

different type, 5,10,15,20-tetrakis(4-trimethylammoniophenyl) porphyrin (TMAP). The 

methyl substituents in o-TMPyP sterically prevent or minimize the rotation of the 

pyridinium rings, i.e., minimize the flattening of the molecule. Evidently, in case of o-

TMPyP, the electrostatic interactions between cationic substituents and silicate surface are 

favored with tilted pyridinium rings. The flattening of o-TMPyP is not favorable, and, for 

the dispersions and the films much lower spectral changes can be expected. Indeed, much 

lower shifts of the Soret and Q bands were observed independently on the silicate template. 

The same trend was observed for the systems containing TMAP. The Soret band of o-

TMPyP aqueous solutions is slightly shifted from 413 nm  to 421 nm in the KF 

montmorillonite dispersions (Fig. 30). The Soret bands are shifted to 425 and 428 nm for 

the o-TMPyP/KFSC and o-TMPyP/KFCAST films, respectively (Fig. 30). The largest shift for 

o-TMPyP films presents the energy decrease of ~ 850 cm-1, which is almost four times less 

than the largest shift observed for TMPyP. Similar changes were observed for the films 

based on o-TMPyP and FHT and LAP reaching the positions of the Soret bands at 423 and 

428 nm, respectively. Interestingly, less significant changes of Q bands region were 

observed. 
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Fig. 30. Absorption spectra of o-TMPyP/KF systems. Spectra are normalized. 

 

4.2.2.2 Films premodified with alkylammonium cations  

4.2.2.2.1 XRD analysis  

The XRD patterns of FHT, KF and LAP premodified with alkylammonium cations 

are shown in Figs. 31-33. The high layer charge of FHT causes the accumulation of the 

cationic surfactants in large quantities leading to a large basal spacing. For example, FHT 

modified with 2C18 cation is characterized by heterogeneous alkylammonium arrangement 

with a main basal reflection of d001 = 3.8 nm determined by XRD (Fig. 31). The large d001 

value is assigned to perpendicularly oriented alkylammonium cations in the interlayer 

space. The surface of FHT is densely occupied by cationic head-groups of the surfactant 

molecules due to the large charge density keeping the hydrophobic phase in the middle of 

the interlayer space. There is a little space for TMPyP cations adsorbed in the second step, 

unless a part of the surfactant is replaced. LAP is an antipode to FHT concerning the layer 

charge density. The cationic groups of the surfactants are less dense and likely provide a 

sufficient surface for the adsorption of TMPyP cations. In this case, the direct interaction of 

secondarily adsorbed TMPyP cations with the silicate basal surface is more probable. This 

could induce a more significant flattening of the TMPyP moiety as reflected by a larger red 

shift of the Soret bands, as discussed in next subchapter.  
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Fig. 31. The XRD patterns with corresponding basal spacings [nm] of FHT premodified 

with alkylammonium cations. 
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Fig. 32. The XRD patterns with corresponding basal spacings [nm] of KF premodified 

with alkylammonium cations. 
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Fig. 33. The XRD patterns with corresponding basal spacings [nm] of LAP premodified 

with alkylammonium cations. 

 

4.2.2.2.2 Absorption spectra 

 Figure 34a, b shows the TMPyP absorption spectra of the films based on FHT and 

LAP pre-intercalated with alkylammonium cations. The cations were used as inert and 

photochemically inactive molecular spacers to regulate the TMPyP intercalation. The 

premodification can be important in preventing the molecular aggregation of the 

chromophores, thus preserving their photoactivities (Bujdák, 2006).  
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Fig. 34. Absorption spectra of the TMPyP/FHT (a) and TMPyP/KF (b) films premodified 

with alkylammonium cations. 

 

The absorbances of the Soret bands continually decrease as the size of alkylammonium 

surfactant cations increases. The trend can be explained by the fact that larger 

alkylammonium cations cover a larger fraction of the silicate surface or occupy the the 

larger fraction of interlayer space. Then a little space is available for the intercalation of 

TMPyP cations. The positions of the Soret bands are not significantly changed in the 

FHT or LAP series. The Soret bands of the FHT films are at shorter wavelengths (440 

nm) than those of the LAP films (465 nm) (Fig. 34) that could indicate differences in the 

conformation of the TMPyP moiety. TMPyP cations in the alkylammonium-modified 

LAP films have a flatter molecular conformation than those in the films based on FHT, 

which may be related to the layer charge density.  

 

4.2.2.2.3 Fluorescence spectra  

 Figure 35 depicts the steady-state emission spectra of TMPyP aqueous solution, 

TMPyP/KF aqueous colloidal dispersion, and TMPyP/KFCAST film. Similar to the 

absorption spectra, there are red shifts of the emission bands of the hybrid systems. The 

spectra are composed of two bands with the maxima at (690, 755 nm), and (715, 790 nm) 
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for the TMPyP/KF colloidal dispersion and TMPyP/KFCAST film, respectively. If the 

energies of the TMPyP electronic transitions for the dispersion and the film are compared, 

the shifts of both bands are similar (~ 520 cm-1). The shifts of the absorption and emission 

bands to longer wavelengths are not likely related to the formation of dye molecular 

aggregates, although a red shift of the absorption bands (Fig. 27) could be also interpreted in 

terms of the formation of J-type assemblies (Bujdák, 2006; Takagi, 2006). The systematic 

decrease of the energies of absorbed and emitted light indicates the structural changes of the 

TMPyP molecules as discussed above. The spectra indicate the presence of one dominant 

species in TMPyP/KF systems. If any other species is present, it is not discerned by 

absorption or fluorescence spectroscopy.  
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Fig. 35. Fluorescence spectra of TMPyP solution, TMPyP/KF aqueous dispersion, and the 

TMPyP/KFCAST film. Spectra are normalized. 

 

On the other hand, two Soret bands were recognized in the TMPyP/FHTCAST films 

(Fig. 28). The emission spectra significantly depend on the excitation wavelength in the 

Soret band region (Fig. 36b). The excitation at 430 nm leads to the emission characterized 

by the band at 720 nm with two broad shoulders at shorter (∼ 660 nm) and longer 

wavelengths (∼ 780 nm). The excitation at 475 nm leads to a marked change in the emission 

spectrum. The shoulder nearby 660 nm disappears in favor of two equally intensive 

emissions at 720 and 780 nm. The excitation spectra were measured to identify the 



 70

absorption spectra of fluorescently active species in the film (Fig. 36a). The emission at 660 

nm is associated with the species having the absorption band at 434 nm. This spectrum is 

similar to the absorption spectrum of the TMPyP/FHTSC film (Fig. 28). Hence, the film 

prepared by the casting of the FHT/TMPyP dispersion contains two TMPyP species; one of 

them is present in the film prepared by the dye intercalation (TMPyP/FHTSC). The emission 

at 780 nm (Fig. 36b) is associated with the component absorbing at longer wavelengths. The 

excitation spectrum recorded at 780 nm indicates significantly different electronic 

properties of the second species: both the position of the Soret band and the spectral shape 

in the Q band region are different.  
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Fig. 36. The spectra of the TMPyP/FHTCAST film. a. Absorption (Abs) and excitation (Exc) 

spectra. b. emission spectra (Em). 

 

The films prepared by the intercalation of TMPyP into organically premodified 

samples exhibit different fluorescence properties. The fluorescence emission appears to be 

dependent on inorganic template properties. Figure 37a, b shows the representative spectra 

of the films prepared by the TMPyP intercalation into the FHT and LAP films premodified 

with C12 and 2C18. The films based on FHT exhibit a slight variation with the size of the 

surfactant used for the modification. It can be seen that the emission spectra (Fig. 37a) 
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consist of two resolved bands, although the emission intensity of the second band is lower. 

The films modified with the same surfactants but based on LAP exhibit different properties 

(Fig. 37b). The emission spectra are less resolved and have only one broad peak envelope at 

700-715 nm with a tailing at longer wavelengths.  

600 650 700 750 800

 FHT_C12
 FHT_C16
 FHT_C18
 FHT_2C18

exc.440 nm

a

Fl
. i

nt
en

si
ty

 [a
rb

. u
ni

ts
]

Wavelength [nm]

 LAP_C12
 LAP_C16
 LAP_C18
 LAP_2C18

exc. 460 nm

b

 
Fig. 37. Emission spectra of the TMPyP/FHTSC (a) and TMPyP/LAPSC films  

(b) premodified with C12 - 2C18 cations. Spectra are normalized.  

 

4.2.2.3 Confocal fluorescence and fluorescence lifetime imaging microscopy 

 (FLIM) 

 After determining the integral fluorescence properties, we apply confocal 

fluorescence microscopy to specify the fluorescence intensity (Figs. 38a, b) and lifetime 

distributions in the bulk of the hybrid films. The intensity images indicate that LAP and KF 

films are mostly homogeneous with some small regions of larger intensity that can be 

explained through the presence of more concentrated areas of fluorescent porphyrin. The 

homogeneous distribution of TMPyP in LAP is evidenced by the homogeneous intensity 

image with no indications of porphyrin aggregation within the microscope resolution 

(lateral ~250 nm) (Fig. 38a). The fluorescence emission decays with at least two lifetimes of 

0.9 and 2.3 ns and their homogeneous spatial distributions are not affected by the presence 

of the surfactants while the values slightly increase to 1.2 and 3.5 ns in the 
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TMPyP/C38/LAPSC film. The lifetime values are comparable with those of 0.7, 3.2, and 3.8 

ns recorded for TMPyP in synthetic clay Sumecton SA (Takagi et al., 2002). The 

TMPyP/LAPCAST is more heterogeneous as documented by the intensity image (Fig. 38b).  
 
a)      b) 

 
Fig. 38. Fluorescence intensity image of the TMPyP/LAPSC (a) and TMPyP/LAPCAST (b) in 

the colour scale recorded at the surface (50 x 50 μm, x-y scan, z = 0). The film is excited at 

440 nm and fluorescence intensity is recoded within the 650-730 nm region. 

 

The fluorescence decays are characterized by two fluorescence lifetimes of 1.2 and 

4.3 ns. The KF films also appear relatively homogeneous with two fluorescence lifetimes of 

0.7 and 2.1 ns not affected by C12. These values are similar to those recorded in LAP and it 

might indicate that TMPyP fluorescence reflects similar environment in both spin-coated 

films based on LAP and KF. The FHT films are characterized by heterogeneous TMPyP 

distributions and lifetime components of about 0.9, 2.2, 3.5, and 4.8 ns. The z-scans of all 

hybrid films show that the thickness of the fluorescent spin-coated films slightly varies from 

2.1 to 2.4 μm while the cast films are more thick (4-6 μm). 
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Conclusions 
 
TMPyP cations interact with the surfaces of layered silicates via electrostatic interactions. 

The extent of adsorption in colloidal dispersions is influenced by the CEC values and 

swelling ability of silicates. 

 

Interaction of porphyrins with layered silicate hosts leads to significant changes of dye 

spectral properties. One of the key parametres that has a crucial impact on this interaction is 

the layer charge of silicate template. However, there are also the other factors that have to 

be taken into account, i.e. the method of hybrid material preparation, the material`s type 

(colloid, film), as well as the modification of the silicate host. In the systems of aqueous 

colloidal dispersions, the spectral properties of studied porphyrins were qualitatively 

different from the dye solution, but photoactivity was at similar levels. In these systems, 

fluorescence spectroscopy also revealed the presence of more structural forms of TMPyP in 

the system with fluorohectorite, which was due to high layer charge of this silicate.  

Adsorption of dicationic porphyrins, cis-/trans DPyP in silicate colloids leads to aggregation 

of these dyes, as confirmed by UV-VIS and fluorescence studies. The dye aggregation in 

these systems is most probably of the J-type, judging from the preserving of the 

fluorescence properties. 

Molecular orientation studies using linearly-polarized spectroscopies in VIS and IR regions 

revealed that TMPyP molecules are oriented in almost parallel fashion with respect to the 

silicate surface plane. Slightly higher values of the orientation angle of TMPyP transition 

moment were observed for the TMPyP/FHT system. Thus, flattening of the guest TMPyP 

molecules is the next important factor (mainly in the systems with lower layer charge), 

influencing its spectral properties upon the interaction with layered silicates. The flattening 

was reflected in a large shift of the energies of absorbed and emitted light, achieving several 

thousands to hundreds cm-1, respectively. However, the effect of flattening was suppressed 

in the systems with other tetracationic porphyrins, o-TMPyP and TMAP, resulting in the 

lower shift of absorption and emission bands. These effects are related to the structure of the 

dyes and the location of charged groups in their molecules. N-methylpyridyl group in case 

of o-TMPyP and trimethylammoniophenyl group in TMAP interact with silicate surface 

without flattening of the molecules upon the adsorption on the silicate surface.  
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Fluorescence was effectively quenched in the systems based on solid films prepared from 

the high concentration of the dye (10-3 mol.dm-3). The quenching is the most probably 

related to the structure of the intercalated phase with possible formation of bimolecular or 

mixed mono-/bimolecular arrangements of TMPyP cations. Fluorescent films were prepared 

by adsorption from lower concentrated solution (10-4 mol.dm-3), from dye/silicate colloids 

with adjusted dye/silicate ratio and by premodification of the silicates with alkylammonium 

cations. 

Premodification of hybrid films with alkylammonium cations influences the intercalation of 

TMPyP by raising the interlayer distances, acting also as the efficient spacers and in 

preventing the undesired aggregation, and can be used to regulate the amount of intercalated 

TMPyP.  

 

Spectral properties (fluorescence intensities and excited-state lifetimes) of modified films 

and spectral homogeneity observed by means of fluorescence microscopy indicate that these 

materials could be perspective for potential photochemical applications.  
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Abbreviations 
 
TMPyP 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin 

o-TMPyP 5,10,15,20-tetrakis(N-methylpyridinium-2-yl)porphyrin 

cis-DPyP cis-bis(N-methylpyridinium-4-yl)diphenyl porphyrin 

trans-DPyP trans-bis(N-methylpyridinium-4-yl)diphenyl porphyrin   

TMAP  5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin 

RCMs  reduce charge montmorillonites 

C12  dodecyltrimethylammonium chloride 

C16  hexadecyltrimethylammonium bromide 

C18  octadecyltrimethylammonium bromide 

2C18  dimethyldioctadecylammonium bromide 

CEC  Cation Exchange Capacity 

LSP  layered silicate/porphyrin system 

FLIM  Fluorescence Lifetime Imaging Microscopy 

 


