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Chapter 1

Introduction

One of the most interesting and promising trends in material science of recent years

is the development of the principles of the preparation of polymer nanocomposites

and the methods of their study. Especially there is a need for non destructive in-

vestigation methods, due to complexity of studied systems that is associated with

complicated manufacturing and the highest purity of starting materials. Samples

that have not lost their physical integrity during the investigation process can be

used for their direct purpose.

By definition [1], composite materials consist of two or more phases with a clear in-

terface. Liquid polymer substance inside a nanoporous medium is a simple model

system for a nanocomposite material [2], [3]. Two nanoporous media that are

often used for production of nanocomposites are controlled porous glass (CPG)[4]

and porous aluminium oxide (AAO) [5]. These materials have contrasting and

well-documented [4],[5] geometric properties.

There are still many aspects of the production and properties of nanocomposites

on the basis of AAO and CPG that require particular attention. Evaporation of

volatile liquid guest phase from porous host is a key factor in processes such

as production of nanoporous polymer membranes by thermally-induced phase sep-

aration and by swelling-induced morphology reconstruction[6],[7]. Evaporation of

liquid phase generally plays an important role in filling a solid phase with different

functional materials[8], like infiltration of high viscous polymers into the porous

matrix using ethanol or any other solvent. The process of evaporation of volatile

liquids from porous membranes has not been sufficiently studied up to date. Here

two non destructive methods are presented that allow to study this process in real

time using combined TGA/DSC analysis and real time confocal microscopy using

1



Chapter 1. Introduction 2

fluorescing markers.

Optical and acoustical properties of porous nanocomposites differ signif-

icantly from the properties of empty porous membranes of the same type. Being

infiltrated with non-volatile component, such as liquid polymer melt, porous mem-

branes change their phononic properties[9]. These properties where not studied for

a system consisting of CPG with infiltrated liquid polymer melt. Here an exten-

sive study is presented for empty CPG membranes with different pore diameters

and CPG membranes infiltrated with liquid polymer melt.

The physics of self-diffusion of infiltrated non-volatile polymer melts inside

porous nanocomposites differ significantly from those in free volume [10], [11].

Existing methods such a variety of NMR techniques are limited to relatively short

diffusion time. When it comes to very long observation of diffusion process at low

temperatures and for long chain length, a new method is needed that is presented

in the framework of this thesis. This method is based on the observation of fluo-

rescence recovery after bleaching using confocal microscopy in 1D and evaluating

these data using specially taylored mathematical model.

This thesis is divided into eight chapters. In the following second chapter the

nanoporous model host systems are described and characterized. Main properties

of porous materials are defined and it is shown, what do the two investigated sys-

tems (CPG and AAO) have in common and where are the main differences. It is

shown, how these materials are created and what are their main applications.

The third chapter describes in detail the experimental methods that have been

used in the framework of this thesis. All these methods are united by the fact that

they can be used or modified to the extent so as not to destroy the integrity of

the investigated samples.

The chapters four and five deal with evaporation kinetics of volatile fluids from

two different porous hosts with completely different morphologies - AAO and CPG.

The fourth chapter describes the results of a study of the dynamics of evapo-

ration of ethanol from a controlled porous glass. The studies were conducted by

confocal microscopy using fluorescent molecules as well as directly by thermo-

gravimetry and DSC methods.

The fifth chapter describes the results of a study of the dynamics of evaporation

and behaviour of fluorophores in self ordered porous alumina. The research was

conducted by confocal microscopy. During the investigation of the behaviour of
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the solution of fluorophores, the focus was shifted from the dynamics of evapora-

tion on the behaviour of fluorophores because a non-linear effect of fluorescence

enhancement was observed in the last phase evaporation.

Chapters seven and eight deal with non-volatile fluids inside AAO and CPG.

Polydimethylsiloxane (PDMS), was studied extensively with BLS method in the

sixth chapter. Pure and infiltrated CPG membranes with different mean pore

diameters are studied. It was shown that BLS method can be applied as a destruc-

tion free technique to study different properties of optically transparent nanocom-

posites.

The seventh chapter deals with the Fluorescence Recovery After Bleaching

(FRAP) method inside AAO. It was shown that using the same mapping tech-

nique, as in the fourth and fifth chapter, it is possible to collect fluorescence data

from special polymer mixture. A mathematical model is developed to evaluate

the results of the quasi one-dimensional diffusion. The eights chapter is the

summary and outlook.



Chapter 2

Nanoporous model hosts systems

2.1 Nanoporous materials

2.1.1 Morphological properties

In general, a nano-porous material can be defined as a solid containing in its volume

free spaces in form of cavities, channels or pores with dimensions of few nanometer

up to hundred nanometer [12]. The first important parameter that characterizes

the structure of a porous body is porosity. Porosity is the proportion of pore

volume of the total volume of the porous body. It is a dimensionless quantity that

varies from 0 to 1 (or 0 to 100%). 0 corresponds to a material without pores. A

100% porosity is unattainable, but there are materials (such as aerogels [13]) that

are approaching this value. The second parameter is the degree of openness of

the pores. Regarding this factor there are two main types of porous materials -

with open and enclosed pores, as is illustrated on Figure 2.1. In the case of open

pores the porous structure is connected with environment. The second type of

porous material, which will not be discussed in detail in this thesis, are samples

with enclosed pores. The porous structure does not border with surface, pores

are separated. Porous structure defines some physical properties such as density,

thermal conductivity, acoustic properties and so on. Figure 2.1 illustrates the

principle of ordered and disorder, enclosed and open pores.

4
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Figure 2.1: Types of pore morphologies. (a) Ordered pores with non penetrat-
ing character, (b) disordered pores with non penetrating character (c) ordered
pores with penetrating character, (d) disordered pores with penetrating char-

acter (for instance controlled porous glass).

Figure 2.2: Schematical illustration of two pore morphologies - sponge like
and parallel cylindrical

The structure of the porous body in case of opened disordered pores is divided

into the granulate and spongy type. Granulate porous body (eg, silica gel) consists

of fused particles of different shapes and sizes, and pores are gaps between these

particles and their ensembles. It is not possible to distinguish individual primary

particles in the spongy bodies (e.g. porous glass) and pores therein constitute

a network of channels and cavities of different shape and variable cross section.

Figure 2.2 illustrates the main difference between the two materials that are used

as host systems in the framework of this thesis - the sponge like pores (a) and

parallel cylindrical pores (b). The main difference between these two types of

porous membrane is the interconnection of the pores. In the first time the porous

phase builds a network of interconnected empty spaces, in the second type each

single pore is a well separated cylinder. Therefore one can easily study the behavior

of liquids in both, totally interconnected and well separated morphologies.
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2.1.2 Applications of nanoporous materials

A closer look at the properties of nanoporous materials reveals following important

factors:

• High adsorption capacity is caused due to the very large surface-area-to-

volume ratio (both inner and outer surfaces) [14].

• High selectivity can be explained with two parameters - the surface chem-

istry [15] and highly monodisperse distribution of the average pore diameter

[16]. The surface chemistry allows for instance to control the wetting abil-

ity and therefore the types of attached molecules. The high monodispersity

of the pores allows to control the geometrical properties of the infiltrated

materials, limiting their maximum size.

• Controllable adsorption follows from the chemical properties of the sur-

face. First, as mentioned above, chemical properties of the surface define

the adsorption capabilities of the material. Second, those properties can be

modified selectively by adding different molecules to the functional groups,

which makes the surface for instance wetting or non wetting.

• Mechanical properties of porous materials include such important pa-

rameters as hardness, strength and ductility. The combination of these

parameters provides a variety of geometric shapes and sizes of outcoming

materials.

• Optical properties of nanoporous materials are expressed in their trans-

parency to radiation of different wavelength allowing investigation with sev-

eral optical techniques such as confocal microscopy.

• Finally, high stability and durability of specimen, caused by their chem-

ical and physical structure opens a wide field of application for this class of

materials, both in fundamental research and for solving practical problems.

Porous permeable materials are widely used as filters for mechanical purification

of liquids and gases, their drying and heating, for selective filtering, separation and

enrichment of gases [17]. They can also be used as a dust collector, desalination,

nuclear membrane filters and so on. Nature and kinetics of the flow of gases

and liquids through porous system is mainly determined by the ratio of the pore
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size and size of molecules of the penetrating phase. Effect of adsorption and

electrostatic forces, concentration, orientation and distribution of pore size of the

material also plays a very important role.

2.2 Self ordered anodic aluminium oxide (AAO)

2.2.1 General information

Anodization [18] [5] is technologically simple and effective method for synthesis of

self-organized nano-structured materials with a periodic pore arrangement. Porous

anodic oxide film may be grown on materials such as silicon, indium phosphide, ti-

tanium [19], niobium, tantalum, tin, etc. However, aluminium is the only material

that yields stable membranes. Self ordered anodic alumina (schematic represen-

tation on Figure 2.3 [20]) has straight aligned cylindrical pores that are uniform

in diameter with a tortuosity of 1, unique nanoscale cellular porous structure,

high mechanical stability and interesting dielectric and optical properties[21]. By

changing the anodizing process one achieves a large variety of different morpholo-

gies and electrophysical properties.

Figure 2.3: Idealized structure of anodic porous alumina and a cross-sectional
view of the anodized layer. Figure taken from [20].

Anodic alumina can be used as a matrix for creating nano-size structures and

composite materials [22], [23]. Filling the pores with dielectric materials makes it
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Figure 2.4: Two types of anodic films: barrier (left) and porous (right). a -
outer oxide layer, b - inner oxide layer, c - aluminum.

possible to create a layer with very low permittivity [24]. The use of such materi-

als as substrates of integrated circuits allows to considerably reduce the capacitive

coupling between the elements and thereby increase the speed of developed de-

vices. Another very common application of porous alumina oxide is template

synthesis [25], [26] and filtering [27], [28]. These two applications are possible due

to the pore morphology of self ordered porous alumina [20] - the pores are straight

aligned, cylindrical and uniform in diameter, which makes it possible to fill the

pores or to use them as filtering system in case when both, the bottom und top of

the AAO membrane is opened. The narrow and separated nature of the pores of

AAO is well illustrated in Figure 2.3

The surface of aluminium is oxidized spontaneously in air [29]. It happens due to

large negative change in Gibbs free energy. Oxidation also occurs when a surface

is wetted with water [30]. The oxide layer formed on the metal surface has a small

thickness (5 to 20 nm) and prevents the metal from further oxidation. It is possi-

ble to control the process of surface oxidation using the electrochemical oxidation

method [31] - anodizing aluminum in aqueous electrolyte solutions. Thus it is pos-

sible to obtain a thicker layer of aluminum oxide. The growth of oxide occurs at the

anode (the aluminium substrate) and hydrogen ions are reduced at the cathode.

The reaction intensity depends on the electrode potential, temperature and the

pH level, which in turn are determined by the electrolyte used. Depending on the

synthesis conditions, particularly on the electrolyte used, two kinds of anodic films

can be formed - barrier type and porous type [32] (see Figure 2.4). Barier type

can be obtained using electrolytes which do not dissolve the oxide, for instance

boric acid solution. Porous film type [5] are formed in slightly soluble electrolytes,

such as sulfuric [33], phosphoric [34] and oxalic [35] acid. The aluminum oxide
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Figure 2.5: Kinetics of current density at a constant potential at the initial
stage of the anodization process.

films, both the porous and barrier type, are composed of two parts [36] - inner and

outer layer(fig. 2.4 a and b). The inner layer (b) is a pure alumina while the outer

layer (a) contains various impurity ions. The most important parameters affecting

the thickness of the porous film are the temperature, the electrolysis time, current

density and the electrolyte used. With increasing temperature, current density

increases. However, this does not lead to a significant increase in the rate of film

growth since the dissolution rate of the oxide at the interface between the oxide

and the electrolyte also increases. When the temperature is too high dissolution

rate of the oxide becomes greater than the rate of its formation. As a result,

the surface of the aluminum becomes smoother which is called an electrochemical

polishing. Figure 2.5 demonstrates current density of oxide layer formation at the

initial stage of the anodization process. Current density decreases exponentially

with time in case of a formation of barrier type oxide layer (jB). Transport of ions

through the oxide layer is the limiting stage. Increasing the thickness of barrier-

type oxide coating reduces the electric field intensity and leads to the cessation of

growth of the film.

The current density rapidly decreases during the first stage of film formation of

a porous type (jP ). It passes through a minimum, reaches the maximum value

and get to the stationary mode. The current density jP can be described as a

sum of the current density jB and hypothetical current density jDIF which is the

difference of porous and barrier current densities. jB is defined only by the used

electrolytes and the magnitude of the applied voltage and jDIF depends on the
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Figure 2.6: Four stages of pore formation [20].

used electrolytes, magnitude of the applied voltage and the temperature. The

mechanism of pore formation is shown schematically in Figure 2.6. There are four

main stages of formation of the porous structure. Aluminum surface is covered

with non-conductive film of aluminum oxide barrier type at the beginning of oxi-

dation (fig 2.6a). In this area, the current densities jP and jB behave identically.

The electric field intensity is distributed non uniformly across the surface of the

sample. Localization of field lines on the surface points that are close to the con-

ductive substrate of aluminum leads to increased dissolution of oxide formed in

these places( 2.6b). This occurs due to the increase of the voltage of the electric

field and the local heating. Not all nucleated pores can continue to grow due to the

competition of the next points of dissolution of oxide(Figure 2.6c). This leads to

a certain reduction in the current density. Ultimately jP comes to an equilibrium,

which implies the uniform growth of the pores(Figure 2.6d).

Self-assembled pore growth occurs during prolonged anodic oxidation [37]. The

driving force of this process is the mechanical stress that is caused by repulsive

forces between neighbouring pores. There is a two steps procedure for obtaining

high alumina ordered arrangement of pores first reported by Masuda and Fukuda

[38]. To prepare for this process, a high-purity aluminum surface is purified by

acetone and by etching in an acid mixture. Then the aluminum substrate is an-

nealed at a temperature of 500◦C [39] for the growth of aluminum metal grains.

The grain size of the metal after recrystallization annealing may be more than five

millimetres. Increased grain size leads to an increase in the sizes of the domains

of the porous film [40]. Mechanical or electrochemical polishing is usually carried

out to reduce the surface roughness. Polishing and large grain size contribute to

obtaining an ordered porous alumina structures with larger domains. First anodic

oxidation is carried out after the pre-treatment. Pores that are formed at the ini-

tial stage phase are poorly ordered. Self-ordered porous structure is the result of

the repulsive forces between adjacent pores through a long first oxidation. Periodic
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structure with a dense hexagonal packing is formed at the interface of the metal

oxide. After the first anodic oxidation the oxide film is dissolved in a mixture of

Cr2O3 with phosphoric acid, without affecting the aluminum substrates to obtain

a replica of the bottom of the oxide film that has a self ordered structure. In

the subsequent, second anodic oxidation under the same conditions as in the first

oxidation, it is possible to obtain an alumina film with a high degree of ordering of

pores. If necessary, the pores can be isotropically widened with chemical etching,

for example, using 0.5 molar solution of phosphoric acid.

Currently, the basic model to explain the formation of highly ordered hexagonal

structure of pores, is the model of mechanical stress [41]. Oxidation takes place at

the metal-oxide interface due to migration of oxygen-containing ions of the elec-

trolyte. Dissolution, i.e. reduction in the thickness of the oxide layer is mainly

due hydration of formed alumina. Part of Al3+ ions diffuse through the oxide

layer into solution and do not contribute to the growth of the oxide film in the

formation of porous alumina. Growth of the pores perpendicular to the surface

of aluminum is the result of the equilibrium of two processes - oxide formation on

the oxide-electrolyte interface and the formation of oxide at the oxide metal inter-

face. The oxidation of aluminium metal to the oxide results in an increase in unit

cell volume per atom of aluminum. The volumetric expansion in the formation of

oxide at the interface metal-oxide leads to a compressive stress in the film plane,

which is the driving force in the ordering of the pores. Expansion in the vertical

direction contributes to the pore walls growth to the top.

It should be noted that the pores in the macro-scale ranked largely depends on the

purity of the starting material. Technical aluminum enables to obtain hexagonal

lattice with a low degree of ordering, but the material is advantageous in terms of

cost and production in an industrial scale. High-purity aluminum with a purity

of more than 99% provides a highly ordered structure, however, is very expensive

in terms of material cost.

2.2.2 AAO membranes used for experiments

For evaporation experiments conducted in the framework of this thesis(Chapters

4 and 5), AAO membranes with 60 nm pore diameter and 60 µm membrane

thickness where used. These parameters have been chosen because of practical

reason. 60 nm diameter is big enough to quickly infiltrate the ethanol solution
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Figure 2.7: (left) Picture of a membrane with 100 µm thickness and 100 nm
average pore diameter, (right) SEM picture of the surface of AAO with 60 nm

pore diameter.

with fluorescing dye molecules but its lattice constant (105 nm) is small enough

to prevent different scattering effects such as Mie scattering that would make the

surface of AAO opaque (as is shown in Figure 2.7 left, for 100 nm AOO).

Mie scattering, or light scattering by a spherical particle is a classical problem of

electrodynamics that was resolved in 1908 by Gustav Mie for spherical particles

of arbitrary size [42]. The scattering depends on the ratio of the particle size

and wavelength that falls on the particle. In case when the particle size is much

smaller than the wavelength of the incident light, the scattering is a particular

case of Rayleigh scattering. This effect would disturb the measurement because

the membrane should be optically transparent (all the details can be found in

the corresponding chapter 5). The thickness of 60 µm is optimal because of the

technical limitations of used confocal microscope setups, this is also going to be

discussed in details in chapter 5. The surface of a typical membrane that was used

as host system for ethanol evaporation experiments is shown in Figure 2.7 on the

right. One can see the well ordered pore morphology. The pore diameter is 60 nm.

For FRAP experiments (Chapter 7) AAO membrane with 60 nm pore diameter

and 30 µm thickness where chosen. The pore diameter should be wide enough to

decrease infiltration time but narrow enough to prevent Mie scattering due to the

smaller lattice constant. 60 nm is an optimal solution. 30 µm thickness allow to

decrease infiltration time of polymers.
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2.3 Controlled Porous Glass (CPG)

2.3.1 General information

Nanoporous borosilicate glasses [4], also called controlled porous glasses(CPG),

hold a special place among the solid nanoporous materials, as they have many

interesting and unique properties, such as high mechanical [43] and radiative en-

durance, high absorption capacity and chemical stability (which can be used for

oil spills clean up [44]), high transparency in the visible and near-infrared regions

of the spectrum [45], the possibility of implementing a wide range of pore sizes

and porosities [46], the possibility of obtaining monoliths of various geometrical

sizes [47], possibility of producing composite materials with a work material in the

form of individual nanoparticles dispersed in macro volume [48]. CPG membranes

are very special, unique in its kind tools for studying physicochemical processes

in a limited volume, commensurate with the scale of the processes and the size

of the studied objects: space constraints and effective contact with the pore walls

cause significant features of state of the guest material compared with the case of

its location in the bulk materials. This ability determines the increasing interest

in nanoporous glass and is currently the subject of various studies. In the field of

nanotechnology, especially that investigates several properties of the liquid phase

of guest materials, special attention is attracted to the use of CPG for the study

of hydrodynamic processes in nanoscale areas commensurate with the distance

between the molecules and the spatial scale of the intermolecular forces. CPGs

are often used as a substrate in studies of the thermodynamics of confined systems

[49], especially liquid-vapor (capillary) equilibria [50] and liquid-liquid equilibria

[51]. Physical processes on the nanoscale occur differently than in macroscopic

scale, which leads to striking effects, the physical meaning of which is only par-

tially understood: the condition of phase transition is modified, the viscosity of

the liquid is changed and other interesting effects. More can be taken from the

review article [4]

The starting material for the preparation of CPG is a two-phase sodium borosili-

cate glass, which is shown in Figure 2.8 that illustrates spherical templates with 0.3

- 0.5mm in diameter. The initial glass can have various compositions, for instance:

SiO2 - 70w%, B2O3 - 23w% and Na2O - 7w%. This composition is typical of glass,

which is formed by two interpenetrating phases. The first phase is chemically

non resistant borate phase. The second one is the chemically stable silica phase.
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Figure 2.8: Spherical sodium borosilicate initial glass (70wt.% SiO2 , 23 wt.%
B2O3, 7 wt.% Na2O) 0.3–0.5 mm in diameter (0.3-0.5 mm in diameter) [52]

The borate phase is easily destroyed by the acid solution while the silica phase

remains almost unchanged. The production of nanoporous glasses can be divided

into several phases. The first phase is melting of the initial glass substrate and

forming the desired shape. After that the temperature is hold above the annealing

point but bellow the point that would cause physical decomposition. The molten

glass is cooled down, the temperature is between 500 and 750 circC, which leads

to two continuous phases. The first one is almost pure silica and the second one is

a mixture of borosilicate and alkali. The time in which the system is in the liquid

state during the two phase stage (so the coarsening can happen) determine the

average pore size. The next step is treatment with hot dilute acid solution that

removes the borate phase and leaves the silica phase. The end product consists

almost of pure silica with some colloidal silica nanoparticles. They are removed

with a treatment with NaOH and water. More detailed information can be taken

from the book writen by J. Scheve [53]

Mechanism of formation of porous structure under the given conditions is called

near-critical spinodal decomposition [54]. So called ”‘spinodal”’ is a line or

surface in the phase diagram which separates the metastable states (phases) of

the unstable states. Quenching of a mixture of two liquids that are near their

critical composition leads to a dynamic phase separation [55]. A forming of the

two phases takes place. This is a highly connected network structure, its spacial
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Figure 2.9: A model for the pore size distribution inside porous glass. Point
x can be covered with the smallest circle, pont y is covered by the smallest and
midsize circles, and z can be covered with all three. The largest covering circle
for every point in the void space is helps to determine the pore volume and pore

radius. Taken from [59]

dimension growth in time according to a power law.

Using different experimental methods, such as positron anihilation lifetime spec-

troscopy (PALS) [56] or small-angle scattering [57] or gas absorption chromatog-

raphy [58] , one can identify several basic properties of porous glasses. The first is

the average size of the pores, also called the average diameter in case of spherical

approximation of the void. It should be noted that the pore size can be specified

only in the averaged value, since the production process leads to a rather wide

distribution of this quantity around the average value. Computer simulations,

such as shown in this article [59] provide insight into the nature of the distribution

of diameter values. A model for the pore size distribution inside porous glass is

illustrated in Figure 2.9. This Figure shows a 2D model of an area of porous glass

that can be covered with three circles with different diameters. Based on this

model one can identify two parameters that characterize the size of the pores - the

average pore diameter that is calculated by summing up all diameters, determined

by a circle approximation and divided by the amount of the circles and the most

probable diameter, which is the value(or better to say a short value range) that

occurs most often. The second feature is the porosity. This value characterizes

the sample volume that is not occupied with silica. This value determines the
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absorption capacity of porous glass. Another feature is the specific pore sur-

face. It characterizes the overall surface normalized to the weight or volume. Last

important feature is the spectral transmittance of radiation.

Figure 2.10: (left) picture of typical CPG membrane, the colour is white due
to the large average pore diameter which is 110 nm (righ) SEM picture of the

surface of CPG membrane with 110 nm pore diameter.

Figure 2.10 shows a typical CPG membrane with 110 nm pore diameter and its

surface under the SEM.

The sample with an average pore size up to 26 nm have been chosen because

of their transparency to visible laser radiation. Samples with the average pore

size more than 26 nanometers are opaque. This effect can be explained by Mie

scattering. That is the reason, why CPG membranes with pore diameter close to

100 nm are not usable for optical experiments. The pore walls that play the role of

the colloidal particles are so thick that the Mie scattering leads to an opaqueness

of the sample.

A scanning electron microscopy study has been performed in order to understand

the outer and inner morphology of the CPG membranes that have been used as

host systems for the non destructive experiments performed in the framework if

this thesis(Figure 2.12). There are two hierarchically placed structures that can

be seen on a different level of magnitude. The first structure has dimensions of

micrometer scale, which is the surface roughness. The irregularities that occur

during production, storage and cutting the samples are clearly visible on Figure

2.12 a, b and c. This surface roughness does not depend on any specific feature

of the sample because at this scale CPGs can be considered as bulk object. The
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Figure 2.11: CPG membrane used for the TGA/CLSM experiments. a) the
SEM picture of CPG with 57 nm average pore diameter (the scale bar corre-

sponds to 200 nm) b) the frequency density

second structure has a size on the nanometer scale and is decisive for the porous

glass. One can see it at higher magnification (Figure 2.12 d, e and f). The porous

structure is formed by the interlacing of glass walls. As a result, empty spaces are

formed with certain mean volume (or diameter in case of spherical approximation).

2.3.2 CPG membranes used for evaporation dynamics mea-

surements

Controlled porous glass with pore diameter about 60 nm (see Figure 2.11) was

used as host membranes.
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Pore size distributions, porosities and specific surface areas were determined by

mercury intrusion using Pascal 140 and 440 devices from Porotec (Thermo Finni-

gan). Prior to the measurements, the CPG membranes were dried at 120 ◦C for

8 h and degassed for 20 minutes. It was decided to control pore size distribution

with the help of graphical analysis. For this purpose, images of both types of

membranes were analysed for the average pore size. The results of this analysis

can be seen on Figure 2.11 . The average pore size of CPG membrane used in the

experiments is 57 nm.

2.3.3 CPG membranes used for the BLS experiments

Figure 2.12: SEM pictures of 2 nm (a,d) , 9 nm (b,e) and 26 nm (c,f) CPG
membranes that were used in the framework of this thesis. The top row shows
the macroscopic roughness of each sample, the bottom row shows the porous

structure.

Pore size distributions, porosities and specific surface areas were determined by

nitrogen gas nitrogen physisorption using Quantachrome ASiQwin device. Prior

to the measurements, the CPG membranes were dried at 120 ◦C for 8 h and de-

gassed for 20 minutes. The scanning electron microscopy (SEM) images of the

CPG membranes displayed in Figure were acquired with a Zeiss Auriga Scanning

Electron Microscope using in-lense secondary electron detection at an acceleration
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Table 2.1: Morphological properties of investigated samples. The pore size,
the porosity and the specific area was determined by the nitrogen physisorption.
The density was calculated after weighting the samples and measuring their

dimensions.

Pore Size (nm) Density ( g
cm3 ) Porosity (%) Specific Surface Area ( cm

2

g
)

2 2.098 21.7 247

9 1.548 38 161

26 1.081 51.7 73

voltage of 5.00 kV.
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Experimental methods

3.1 Confocal laser scanning microscopy (CLSM)

3.1.1 General information

Confocal fluorescence microscopy differs from the conventional fluorescence mi-

croscopy by significantly improved resolution along the z-axis [60]. This is achieved

by using the principle of confocal fluorescence filtering emitted by the sample [61].

In standard configuration, a light source that excites fluorescence is a mercury [62]

or xenon lamp [63]. The modern approach is to use a laser source. Advantages

of lasers are obvious - monochromaticity and small divergence [64]. Monochro-

maticity of light enables to expand the spectral range of recorded fluorescence and

improve the rejection of light scattering at the excitation wavelength. Small diver-

gence facilitates more efficient operation of the microscope optical system, reduces

the number of reflections, improves the accuracy of focusing the beam of light and

reduces the volume in which the light can be focused on the sample. The laser

beam is put on the sample using a selective mirror. The schematic construction

of a CLSM setup that was used for the experiments conducted in this thesis is

shown in Figure 3.1.

Laser beam does not illuminate the whole field of view on the sample and is fo-

cused only to a single point. Fluorescence emission excited by the laser is going

to same objective. A selective mirror reflects laser light scattered by the sample,

letting trough only the fluorescence signal. Fluorescence that is emitted by layers

above and beyond the focal point is unfortunately being registered together with

20
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Figure 3.1: Schematic construction of a confocal laser scanning microscope.

a main signal which reduces the resolution of the optical system. To improve reso-

lution a confocal aperture is used [65] which is placed in the conjugate focal plane

of the the objective that is in the plane where the microscope focuses fluorescence

collected through the objective lens. Only small amount of fluorescence photons

passes through the aperture - those that are excited in the immediate vicinity of

the laser spot under the objective. Fluorescence above and beyond focal area is

being defocused on the confocal aperture and is not allowed to the photo electri-

cal multiplier. The diameter D of the aperture can be varied. This changes the

thickness of the optical layer ∂Z near the focus of the objective from which the

signal is measured. The ∂Z can be approximated using following equation( [60]):

∂Z =

(
0.88 · λfl

n− (n2 − A2)0.5
+ 2 · n2 ·

(D
Γ

)2

A2

)0.5

with λfl - the wavelength of emitted fluorescence, A - numerical aperture of the

objective, n - the diffraction number of the medium between the objective and the

cover-slip of the sample, Γ - magnification of the optical system of the microscope

between the the objective and the focal plane conjugate to the focal plane, in

which confocal aperture is located.

The higher is numerical aperture of the objective, the smaller is ∂Z. Immersion

objectives have the biggest numerical aperture that is why they are widely used

in the high resolution CLSM. Reduction of D also lowers the value of ∂Z but it

also leads to an increase of the the fluorescence intensity that is collected on the
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photomultiplier. The positions of the absorption and emission maxima are very

unfavourable in biological samples. It is therefore necessary to find a compromise

between the diameter of the aperture and signal / noise ratio in confocal images.

In the study of strongly fluorescent systems, such as artificially dyed with synthetic

dyes molecules, this problem does not arise.

The CLSM method was used in the framework of this thesis mainly for the detec-

tion of the fluorescence signal in the studied host systems. The equipment used

allows the detection of both static images and the dynamics of distribution of

fluorophores in the X-Y and the X-Z plain. In addition, the method of confocal

microscopy is the launching pad for such experimental techniques as fluorescence

lifetime measurement and the fluorescence recovery after photobleaching, which

will be discussed below. More can be taken from an overview article [66].

3.1.2 Fluorescence mapping in porous media

Fluorescence mapping is widely used in biology, however this method is mostly

applied to observe the dynamics within flat regions in the virtual x-y plane [67].

Direct observation of evaporation or diffusion also implies observing processes

along the x-z plane. The stack of these mapping pictures along x-z plane as a

function of time is what is called time resolved fluorescence mapping. Indirect

observation was made with the help of fluorescent molecules that are dissolved in

the corresponding volatile or non volatile liquid. The choice fell on rhodamine 6G

in case of volatile liquid like ethanol, since this dye has established itself as a stable

at relatively high quantum yields [68], and there is no fluorescence quenching in

ethanol at reasonably small concentrations [69]. Thus it can be assumed that if

in the process of evaporation fluorescence is observed in the test volume, the dye

molecules are dissolved in a solvent, and we observe the dynamics of the solvent

by monitoring the fluorescence of the dye. In other words - bright regions on

a mapping picture indicate the presence of a solvent, dark regions indicate its

absence.

For non-volatile liquids, when it comes to the investigation of diffusion, a dye-

labelled (perylene) polymer is used. A schematic arrangement of the key elements

of the experiment shown in Figure 3.2. The main elements of the investigated

system are:
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Figure 3.2: Schematic representation of the elements included to the investi-
gation with confocal microscopy.

• A piece of porous membrane that is sufficiently small to be placed on a glass

slide

• The porous membrane is fixed on a glass slide with small amount of hot glue

that does not fluoresce in the same interval as R6G or perylene.

• Transparent round cover slip that is fixed on an objective.

• Immersion oil is used to average the refractive index between the objective

glass and the glass slide.

Each scan in the x− z plane covers certain distance in (usually not more than 250

µm) z direction and certain distance (also not more than 250 µm, which is the

limitation of controlling piezo) in the x direction. The choice of x−z representation

is obvious - evaporation dynamics is a process that should be observed in the

parallel direction to the normal axis of a setup, since the air phase leaves the

system mainly from the top.

3.1.3 Experimental setup

For the acquisition of fluorescence intensity an Olympus LSM FV1000 confocal

laser scanning microscope was used equipped with a He Ne laser (excitation wave-

length 515 nm) and with a 60x oil immersion objective. This confocal laser scan-

ning microscope set-up consists of a fully motorized microscope, the CLSM unit

FV1000 from Olympus and a the compact Lifetime and FCS upgrade kit from

Picoquant to measure fluorescence lifetimes using two picoseconds pulsed laser
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diodes and single photon Avalanche detectors. Regarding the humidity standard

conditions were accepted.

3.2 Time resolved 3D orientation spectroscopy

3.2.1 General information

Time resolved 3D orientation spectroscopy is experimental method that allows

to determine the angular distribution of dipole moments of fluorescing molecules.

Due to the defined orientation of the absorption/emission dipole with respect to

the molecular frame, three-dimensional (3D) orientation resolved single-molecule

detection (SMD) in principle allows for determination of molecular orientations

and thus of conformational dynamics in macromolecules ( [70], p1). Figure 3.3

shows a schematic arrangement of the elements used in the construction of the

Figure 3.3: ”‘Outline of the excitation/detection scheme based on a confocal
microscope. After the dichroic beam splitter, the annular and polarizing beam
splitters are used to detect three orientation-dependent components of fluores-
cence dipole emission from single molecules. Furthermore, a 50/50 beam splitter
is introduced in the rim intensity pathway for the measurement of the emission
spectra. (b) Sketch of a dipole located in the focus indicating the angles used in
the text, the polar angle Θ with respect to the optical axis z, the cutoff angle αc
given by the annular beam splitter, and the rim angle αr given by the numerical
aperture of the used microscope objective. (c) Used coordinate system. Optical
axis is set to z, while the x-y-plane represents the confocal plane. The red arrow
indicates the orientation of the dipole.”’ Description and Figure taken from [70]
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experimental apparatus. In the framework of conducted experiments this method

was used to determine the spacial and angular distribution of dye molecules inside

porous alumina. This method in its actual form does not allow to determine the

exact angle, instead it is possible to divide the angles into two classes - the outer

and inner angle. Thus, the only useful information is not a static angle distribu-

tion, but a dynamic change of the angles during the observation. The direct use

of this method and analysis of the results is described in Chapter 4.

3.2.2 Experimental setup

The experiments were performed on a home-built scanning confocal optical micro-

scope. The light of a 470 nm pulsed laser diode (repetition rate of 20 MHz, LDH-

P-C-470, PicoQuant, Berlin, Germany) was fed through a polarization conserving

optical fiber (SMC-400-3, Schaefter and Kirchhoff, Hamburg, Germany),collimated

by an apochromatic microscope objective (UplanApo 4x/0.16, Olympus, Tokyo,

Japan) and directed by a dichroic mirror (Z488RDC, Chroma Technology Cor-

poration, Bellows Falls, US) into the back aperture of the oil-immersion micro-

scope objective (100x Plan Apochromat, NIKON, Melville, NY) with a numerical

aperture of 1.4, corresponding to a detection cone featuring an aperture angle of

αr,oil = 67◦. A quarter and a half wave plate in front of the optical fiber en-

ables complete control of the polarization state of the excitation light, which was

set to circular polarization throughout all experiments. The fluorescence light

was collected by the same objective and passed the dichroic mirror as well as a

500 nm long pass filter (HQ500LP, Chroma Technology Corporation) to block

the backscattered and -reflected laser light (description of the experimental setup

taken from [70]).

3.3 Brillouin Light Scattering Spectroscopy

3.3.1 General information

Brillouin light scattering is a scattering process based on adiabatic density fluctu-

ations of condensed matter [71]. Adiabatic density fluctuations can be represented
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as consequence of an interference of propagating elastic waves along all possible

directions with different frequencies with random phases and amplitudes. A plane

light wave that propagates in such a medium is scattered in all directions due to

these elastic waves. The theory of elasticity of solids is described in detail in the

work of Landau and Lifshitz [72]. This theory is used to describe the scattering

of laser light [73] in solid bodies. The electromagnetic field in a non homogenous

medium with permitivity ε = ε0 + δε can be represented in following form [74]:

~E = ~E0 + ~E ′ (3.1)

~H = ~H0 + ~H ′ (3.2)

with ~E0, ~H0 - field components of the incident light and ~E ′, ~H ′ - field components

of the scattered light.

In the case of a weak inhomogeneity of a medium it is possible to write following

equations:

∇× ~H ′ − ε0
c

∂ ~E ′

∂t
=

4π

c

∂

∂t
δ ~P (3.3)

∇ · ε ~E ′ = −4π∇ · δ ~P (3.4)

∇× ~E ′ − 1

c

∂ ~H ′

∂t
= 0 (3.5)

∇ · ~H ′ = 0 (3.6)

with δP = δε
4π
· ~E0

These equations show that the medium can be considered as homogenous with the

permittivity ε0. The influence of the existing inhomogeneities is equivalent to the

presence of additional sources of electromagnetic waves. Each volume element dV

of the medium is a source for additional radiation as a Hertz-dipole with dipole

moment δ ~PdV . We denote this additional radiation as scattered light.
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The equations 3.3, 3.4, 3.5 and 3.6 are linear and homogenous regarding the fields

~E ′, ~H ′ and δε. Therefore, δε can be represented as a sum of smaller elements:

δε =
∑

δiε (3.7)

This representation means that the scattered electromagnetic radiation, in the

case of linear approximation, can be obtained as by a simple superposition of the

fields that are scattered by the local inhomogeneities δiε.

Thus, we can first consider the case with only one irregularity δiε where δε is a

simple superposition of the entire set of δiε.

Let us first deal with a case, where δε consists of only one elements:

δε = a · exp(−i ~K~r) (3.8)

with a, ~K - constants.

The incoming wave is a plane wave with:

~E0 = ~A exp(i(ωt− ~k~r)) (3.9)

~H0 = ~B exp(i(ωt− ~k~r)) (3.10)

We divide the medium in equidistant planes that are perpendicular to the vector

~K. The distance between planes is:

Λ =
2π

K
(3.11)

Figure 3.4 illustrates this concept. The medium is divided into four layers with a

distance Λ, the wave-vector of the incident light is ~k and the wave-vector of the

scattered light is ~k′. The angle Θ is a scattering angle between the incident and

scattered field.

The phases of the secondary sources of the equidistant planes are the same. If

the inhomogeneity would be only in the layer 1, than the incident wave would

experience a partial reflection from this layer and would partially pass on. Having

the inhomogeneity only in the second layer would lead to another reflected wave
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Figure 3.4: A schematic representation of a light scattering in a medium
divided into four layers with a layer distance Λ.

with the same amplitude but a different phase. The same applies for the layer 3

and so on. In the linear approximation the scattered field is a simple superposition

of the reflected waves.

The Bragg condition must apply so the waves are enhanced:

2Λ · sinΘ

2
= mλ (3.12)

where Θ is a scattering angle and m - the order the diffraction spectrum.

All plane waves reflected on different layers create and additional wave:

~E ′ = ~A′ exp(i(ωt− ~k~r)) (3.13)

where ~k′ defines the propagation direction of the scattered wave. And additional

polarization of the medium can be expressed as:

δ ~P =
~Eo
4π
δε =

a ~A

4π
exp(i(ωt− (~k + ~K)~r)) (3.14)

Substituting these expressions into the equation 3.4 one can easily get an expres-

sion ~k′ − ~k = ~K that leads to:

2Λ · sin(
Θ

2
) = λ (3.15)

The mechanism of light scattering on the inhomogeneities in the permittivity is

similar to the mechanism of x-ray scattering on the crystall lattice.

Up to now we only considered the spacial change of the function δε, but not
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the temporal change. Taking the temporal change into account leads to a new

important factor in the light scattering process.

Let ε be only the function of the the density ρ. One can write in the linear

approximation:

∆ε =

(
dε

dρ
∆ρ

)
(3.16)

Every fluctuation in the density of a medium is a source of acoustic waves. ∆ρ can

be expanded in Fourier series and one should take only those acoustic waves that

are important for wave scattering in an observed region. Every inhomogeneity of

a medium can be represented as a superposition of plane sinus inhomogeneities

in different directions, according to the Fourier theorem. The sinusoidal inhomo-

geneities scatter the light independently. Assuming the fixed direction of scattered

radiation, not all sinusoidal irregularities are effective, but only those, which wave

vector ~k is directed along the bisector of an angle additional to Θ up to 180◦. Now,

we can define the acoustical frequency Ω that corresponds to the wave vector ~K.

There are two possible directions of the acoustic wave distribution: along ~K and

against ~K. The inhomogeneity δε that causes the light scattering in the observed

direction can be presented as a sum:

δε = δε1 + δε2 (3.17)

where δε1 and δε2 are plain acoustic waves:

δε1 = a1 exp(i(Ωt− ~K · ~r)) (3.18)

δε2 = a2 exp(−i(Ωt+ ~K · ~r)) (3.19)

The corresponding vectors of additional medium polarization are:

δ ~P1 =
~E0

4π
δε1 =

a1
~A

4π
exp(i((ω + Ω)t− (~k ~K) · ~r)) (3.20)

δ ~P2 =
a2
~A

4π
exp(i((ω − Ω)t− (~k ~K) · ~r)) (3.21)
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Thus the source of a scattered light and therefore the scattered light itself modulate

in time with frequencies ω+Ω and ω−Ω. That is the modulation of electromagnetic

radiation by an acoustic wave.

In the spectrum of of scattered light one should observe a doublet with those

frequencies. This phenomenon is called the fine structure of a Rayleigh scattering

or the Brillouin scattering. The frequency shift is:

Ω = K · v =
2π

Λ
· v (3.22)

with v - sound velocity in a medium, Λ - sound wavelength. Based on the equation

3.15 one can write:

Ω =
4πv

λ
· sinΘ

2
= 2ωn

v

c
· sinΘ

2
(3.23)

with c - speed of light in vacuum, n -refraction index of a medium.

There are several approaches how to interpret the presence of the frequency shift.

The first approach is to assume that this effect is caused by a Doppler effect: when

the acoustic wave is propagating along the light wave, an increase in a frequency

occurs.

Relative shift of the photon frequency in BLS spectroscopy (108− 1011Hz) is very

small compared to the initial light frequency of 1014Hz (six orders of magnitude).

Thus an extremely precise method of measurement is required, which in this case

is Fabri Perot interferometer. We use a system of two Fabri-Perot interferometers

with multipass.

Fabry-Perot interferometer is a spectral device with high resolution and is widely

used in various applications. It is mainly used for investigating the fine structure

of spectral lines and is also an important component of almost every laser, where

it plays a role of an optical resonator.

Fabry-Perot interferometer( [75], [76], [77] and [78]) consists of two glass or quartz

plates P1 and P2. The inner surface of those plates is highly polished with a

accuracy of 10−2λ and are installed plane parallel to each other. The polished

inner surface is covered with a highly reflective material such as Ag, Al (reflectivity

is about 0.9) but also modern artificial layers which reflectivity as above 0.99.

This type of interferometer can be considered as a plane parallel air plate on which

occurs multiple reflections and interference of light. The interference pattern that

is observed in the focal plane of a lens L consists of concentric circles with constant

inclination.
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Figure 3.5: Two parallel mirrors with reflectivity R and distance L. The
distance can be varied.

Two parallel beams that are propagating between the mirrors of the interferometer

at an angle Θ have the path difference determined by the expression:

∆ = 2LcosΘ (3.24)

where L is a distance between mirrors. The equation 3.24 is a special case of a

well known equation for a plane parallel plate with a refractive index n:

∆ = 2Lncosψ (3.25)

where ψ is the refraction angle of the light beam inside the plate.

Let r and t be the coefficients of reflection and transmission of the interferometer

mirrors. The amplitude of a falling wave is A0. Than the amplitude of the first

beam that passed through the interferometer is A0t, the second beam has the

amplitude A0tr, the third A0tr
2 and so on. In the complex representation the

amplitudes of these beams build an infinite geometrical progression:

A0t, Atre
ik∆, Atr

2ei2k∆, Atr
3ei3k∆, ..., (3.26)

where k = 2π
λ

. Ratio of the progression equals reik∆. In the focal area of a lens all

beams are summed up. The resulting amplitude equals:

A =
A0t

1− reik∆
(3.27)

The intensity of the passed light beam is than:

I = AA∗ =
I0t

2

1 + r2 − 2rcos(k∆)
(3.28)
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with I0 = A2
0 - the intensity of the incident light beam.

When the reflection coefficient is large enough (r≥ 0.9) the interference pattern

consists of thin bright circles, divided by large dark intervals. This is a consequence

of multiple beam interference. When the reflectivity is small (r≤ 0.1) one can

observe a poorly visible alternation of maxima and minima, which is characteristic

for the two beam interference pattern that strongly differ in the amplitude.

Let us investigate the diameters of the diffraction pattern assuming for simplicity

that the angle Θ is quite small. We take to interference rings which have the order

of interference ∆/Λ - mi and mj. The bright circle of the order m is build when

the following relation is true:

∆ = 2L cos(Θ) = mλ (3.29)

where m is an integer number. The order of interference increases with interference

rings with smaller diameter which mean smaller Θ. Assuming small Θ we can

write:

2L

(
1− Θi

2

2

)
= miλ (3.30)

2L

(
1− Θj

2

2

)
= mjλ (3.31)

We subtract the second equation from the first one and assume that the order of

interference has a difference of 1 between two neighboring interference rings. That

one can write:

L(Θj
2 −Θi

2 = (mi −mj)λ = (j − i)λ (3.32)

The numbers of interference patterns i and j are counted from the center.

The diameter D of the interference ring in the focal area of the lens is related to

its focal distance f due to following relation:

D = 2fΘ (3.33)

Therefore one can write:

λ =
L

4f 2

Dj
2 −Di

2

j − i
(3.34)

This equation is used for measuring the wavelength of light with Fabri-Perot in-

terferometer or for elucidating the constant L with known value of λ.
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Lets assume that we observe a system of two circles for two spectral lines that are

very close to each other: λ and λ+ dλ. Differentiating the equation 3.29 for small

Θ we can write:

− 2LΘdΘ = mdλ (3.35)

that leads to the following expression:

dλ = −2LΘ

m
dΘ ≈ −λΘdΘ = −λD

4f 2
dD (3.36)

D is the mean diameter of the interference rings, dD is the difference of interference

rings diameters for spectral lines with wavelength λ and λ+dλ for the same order

of interference.

There are three important factors that define the usability of interferometer for the

given application - the dispersion, the dispersion region and spectral resolution.

The dispersion of the interferometer or the linear dispersion D∗ is the relation of

the distance dl between spectral lines in the plane of a spectrum and the difference

dλ of those lines. The linear dispersion can be easily transformed into angular

dispersion:

D∗ = f
dΘ

dλ
=
dD

2dλ
=

2f 2

λD
(3.37)

High dispersion value is the main advantage of the Fabri-Perot interferometer.

The dispersion region of a spectral device is a maximal wavelength interval ∆λ

where the is no overlay of interference patterns of adjacent order. The width of

this area is defined by the overlapping condition of the ring with the order m+ 1

for the wavelength λ with the ring of the order m with the wavelength λ+ ∆λ:

m(λ+ ∆λ) = (m+ 1)λ (3.38)

which leads to:

∆λ =
λ

m
≈ λ2

2L
(3.39)

The order of interference is very high for Fabry Perot interferometer. That means

that the spectral interval that can be analysed with this kind of interferometer is

quite small. One possible solution is to place a colour filter or any other spectral

device that cuts out the spectral area that do not exceed ∆λ.

The spectral resolution of any spectral device is defined by the following equation:

R =
λ

δλ
(3.40)
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with δλ is a minimal difference of wavelengths that is visible with a spectral device

near the wavelength λ. A conditional criterion defined by Rayleigh is used to define

δλ and it is based on a distance between two lines - they are visible if their maxima

are spaced apart by half of their width. Defining the width of the line on the level

full width on half maximum one can obtain following equation:

R ≈ 2πL
√
r

λ(1− r)
(3.41)

The definition ofQ-factor or the quality factor of an oscillating system as analogous

to the resolution factor R of the spectral device:

Q =
ω

δω
;R =

lambda

δλ
=

ω

δω
(3.42)

It is generally known that

Q = 2π
W

∆WT

(3.43)

with W - stored energy of the oscillating system, ∆WT energy loss during the

period of oscillation.

We shall find the value Q for Fabri-Perot interferometer considering this as an

optical resonator device. For this purpose we observe the scattering of optical

energy in an excited resonator.

Consider the moment of time when some electromagnetic energy W is stored

between two mirrors of interferometer. The radiation inside the interferometer

has the character of two waves traveling in opposite directions. Due to the limited

transparency of the mirrors the energy of the waves is attenuated (1 − r) times

during the time τ = L
c
. Therefore:

∆Wτ = (1− r)W (3.44)

And the loss during the time T = λ/c is:

∆WT =
T

τ
∆Wτ =

λ(1− r)
L

W (3.45)

Thus we can write the Q-factor as:
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Q ≈ 2πL

λ(1− r)
(3.46)

One can come to a conclusion that the Q-factor is almost infinite for r → 1. In

the real case the limiting factor is a light scattering due to the inhomogeneities of

the mirror surface.

As already mentioned in the text above, the relative shift of the photon frequency

in BLS spectroscopy (108 − 1011Hz) is very small compared to the initial light

frequency of 1014Hz (six orders of magnitude).

As discussed by Still [79], the single pass FP delivers non sufficient contrast for

resolving signals with low intensity and in general leads to complicated spectra

due to the interference between neighbouring spectra. Sandercock [80] has solved

these problems by developing a system that is based on the multi-pass tandem

FP.

For adequate resolution of closely spaced spectral lines it is necessary that the

mirrors are placed far from each other. In this case, the free spectral range between

adjacent interference order is very small. Lines of adjacent orders may overlap.

Therefore, a technique is required that allows the sufficient free spectral range

with a high resolution. ”‘Two FP’s with slightly different FSR are connected in

series (tandem). An intelligent use of additional mirrors assures that the light

passes each FP several times (multi-pass). In the tandem operation, both FP’s

must transmit the same wavelength simultaneously by an appropriate scanning

technique. Due to the differing FSR’s of both individual FP’s, always one of the

FP’s blocks the neighbouring interferences.”’ [79] p.39.

As discussed by Sato [81], the change of optical length ∆L of two interferometers

with spacings L1 and L2 that are arranged in series and transmit simultaneously

is

∆L1

∆L2

=
L1

L2

(3.47)

That would also be the case for the FP interferometer shown in Figure 3.6, the

axes are inclined at an angle Θ.

Therefore one can write
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Figure 3.6: Tandem interferometer with mechanical coupling of the movable
plate. Figure taken from [81]

L1

L2

=
∆L1

∆L2

=
1

cosφ
(3.48)

The wavelength transmitted by two FP arranged in series must satisfy following

conditions:

L1 =
1

2
m1λ (3.49)

L2 =
1

2
m2λ (3.50)

for integral values of m1 and m2.

FP1 and FP2 are spaced slightly different as shown in Figure 3.6 therefore they

must have different free spectral range. The neighboring transmission peaks do

not coincide, which leads to the combined transmission of light that is illustrated

in Figure 3.6d.

Since many investigated samples can be considered as films (for instance the CPG

membranes), there are two possible scattering geometries - the transmission and

reflection geometry, their sketch is shown in Figure 3.7. Therefore, the q-parallel

means the Brillouin shifts are measured in transmission mode, q-perpendicular -

in reflection mode.
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Figure 3.7: ”‘Principle BLS scattering geometries for a film sample (view atop
the scattering plane). a - Transmission geometry b - Reflection geometry. On
the right side the vector decomposition for the wave vector q in its components

perpendicular (qperp) and parallel to the film plane (qpara).”’ [79]

The magnitude of the scattered wave-vector q in transmission mode is:

q =
4πn

λ
sin

[
1

2

(
sin−1

(
1

n
sin(θ − α)

)
+ sin−1

(
1

n
sinα

))]
(3.51)

where α and θ are given in Figure 3.7a.

There is a special transmission geometry, when q equals qpara for θ = 2α:

q = qpara =
4π

λ
sin

θ

2
(3.52)
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This special geometry is very useful because the refractive index n has not to be

taken into account.

For the case, when n has to be figured out, is is possible to use the function for

reflection geometry, which is:

q =
4πn

λ
cos

[
1

2

(
sin−1

(
1

n
sinα

)
+ sin−1

(
1

n
sin(θ + α)

))]
(3.53)

There is a special case for:

α =
180◦ − θ

2
(3.54)

In this case the scattering vector is identical to its component perpendicular to

the membrane, which means q = qperp. This is used to determine the refractive

index in further experiments with porous glasses.

Another important parameter is the polarization of incident light. Before passing

the sample, the light beam passes a so called Glan polarizer (with an extinction

ration 1E-5). The polarization is vertical (V). That ensures the fully polarized

incident light. After passing the sample, the V polarized beam is collected by the

aperture and is focused into the tandem Fabry-Perot. A Glan-Thompson analyser

with an extinction ratio of 1E-8 selects the polarization of of this beam. The po-

larization can be vertical (V) or horizontal (H). Vertical means it is perpendicular

to the scattering plane, horizontal means it is parallel to the scattering plane. The

VV configuration measures longithudinal waves, the VH configuration measures

transversal waves.

3.3.2 Experimental setup

During the experiments conducted in the framework of this thesis a six pass tan-

dem Fabry-Perot interferometer was used. The optical path of the interferometer

is illustrated in Figure 3.8 taken from [79]. Transmission geometry takes place

when the light passes trough the sample and is scattered from the other side, than

the incident light. The reflection geomtry takes place, when the light is scattered

from the same side as the incident light. The Nd:YAG laser (COHERENT, 100

mW, λ = 532 nm) was used as the light source. The laser beam, which is vertical

(V polarization) relative to the scattering plane adjusted by a polarizer, was fo-

cused with a lens to a spot size of about 200 µm on the sample. The scattered light
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Figure 3.8: Schematical representation of six pass Fabri-Perot interferometer
used in the experiments. Original picture taken from [81] p.23

Figure 3.9: Schematical representation of the BLS experimental setup. Orig-
inal picture taken from [81]
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was collected and focused by two lens into the pinhole (P1) of the Tandem Fabry-

Perot interferometer. The plane of polarization of the scattered light, which is

either vertical (V polarization) or horizontal (H polarization) relative to the scat-

tering plane, is adjusted with an analyzer. A single-photon Avalanche photodiode

(APD) detected the scattered light passing through the Tandem Fabry-Perot in-

terferometer. The scattering angle Θ is changed by rotating the goniometer on

which the light source is mounted. Scattering angles from 25◦ to150◦ could be

measured.

3.4 Thermal Analysis

3.4.1 General information

3.4.1.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is an experimental method which allows

to measure the heat flow that is needed to change the temperature of a test-

sample and reference-sample as af function of temperature and/or time. During

the experiment the test-sample and reference-sample are maintained at the same

temperature. Normally, during the experiment the temperature increases linearly

as a function of time, however in the framework of the conducted DSC/TGA ex-

periments the temperature was kept constant. The heat capacity of the reference-

sample should be well known. The principle behind this experimental method is

that when the studied material experiences a physical change such as phase tran-

sitions, more or less heat will need to flow to it than to the reference, so both of

them can have the same temperature. Whether less or more heat must flow to the

sample depends on whether the process is exothermic or endothermic.

If a solid sample melts there is a need for more heat flowing to the sample to

increase its temperature at the same rate as the reference. Differential scanning

calorimeters are able to measure the amount of heat absorbed or released by ob-

serving the difference in heat flow between the sample and reference. The result

of a DSC experiment is a curve of heat flow vs. time or temperature. Only

isothermal experiments where conducted in the framework of this thesis, because

isothermal conditions are normally used for desorption, vaporization and drying
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experiments. Isothermal DSC curves are easier to interpret because the investi-

gated effect can be observed almost in isolation (since other effects are observable

at other temperatures). More information can be found in [82].

3.4.1.2 Thermogravimetric analysis (TGA)

Thermogravimetry or Thermogravimetric analysis (TGA) is a method of thermal

analysis, wherein the change in mass of the sample is recorded as a function of

different parameters. TGA method is based on the observation of the mass of test

substance when changing its temperature or while the temperature is constant as

a function of time. The result of this analysis are so called TG-curves - the depen-

dence of the mass (or weight changes) form temperature or time. To interpret the

results of the TG analysis one requires the processing of TG curves. In particu-

lar, the derivative of the TG signal (rate of mass change) represented by a curve,

allows to determine the time or temperature at which the weight change occurs

most rapidly. Thermal analyzer consists of a precision balance with the crucible

(usually platinum), which are placed in a small chamber furnace. In the vicinity

of the sample, for example, under the bottom of crucible, a control thermocouple

is placed to accurately measure the temperature. Usually one uses a controlled at-

mosphere [83], for instance argon or controlled air (a controlled mixture of oxygen

and nitrogen). To control measuring equipment and readout a computer is used.

In the process of analyzing the temperature rises at a constant rate. The change

in mass is recorded as a function of temperature. The upper temperature limit is

limited only by the capabilities of the device and may reach 1500C or more. High

resolution is achieved due to the presence of feedback loops between the weight

of the sample and its temperature. Heating slows down as the sample weight

change, and thus, the temperature at which the weight changes can be set with

high accuracy. Thermogravimetrical analysis has a wide range of applications in

the metallurgy, mineralogy, organic and inorganic chemistry, and so on [84], [85],

[86] . Some of the many applications of this method are: thermal decomposition of

organic, inorganic and multimineral substances, a solid phase reaction, calcining

minerals, moisture determination and investigation of the reaction kinetics.
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Figure 3.10: An example for the measured mass loss and velocity as function
of time with thermogravimetrical set up.

3.4.2 Experimental setup

Figure 3.11 shows a fotography of the simultaneous thermal analyzer NETZSCH

STA 449 F3 Jupiter that was used for the combined TGA DSC experiments on

evaporation dynamics in porous glasses. Experiments were performed with a Net-

zsch STA 449C Jupiter device. A piece of a CPG membrane was weighed and then

located in an aluminium crucible. 10 µ L of pure ethanol were dropped onto the

sample surface using an Eppendorf syringe. The m(t) and ˙Q(t)/m0 traces were

acquired at a constant temperature of 25◦ C while the samples were purged with

a mixture consisting of 20% oxygen and 80% nitrogen at a flow rate of 65 ml/min.

The TGA measurements started about 30 s after ethanol deposition as soon as

the covering of the TGA device had closed; m0 corresponded to the sample mass

at the start of the TGA measurement.

Comparisons of the initial total amount of ethanol inside the CPG membrane

pieces and the progress of mass loss apparent from the m(t) profiles allowed es-

timating the point of time beyond which the CPG membranes were no longer

submerged in ethanol and evaporation of ethanol out of the membrane occurred.

The time resolution of the TGA measurements was 100 ms (10 data points per

second), the mass resolution 0.0005 mg, the heat flow resolution 0.00243 mW/mg

and the enthalpy resolution 0.0005 mJ.
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Figure 3.11: The simultaneous thermal analyzer NETZSCH STA 449 F3
Jupiter used for the combined TGA DSC experiments on evaporation dynamics

in porous glasses.



Chapter 4

Evaporation of volatile guests

from hosts with sponge-like

continuous pore systems

4.1 Introduction

The evaporation of ethanol, which is the model system for the volatile guest sub-

stance, has been investigated inside CPG (Section 2.3.1) membranes that play the

role of the solid guest system, using two different experimental methods - confocal

fluorescence microscopy (Section 3.1.2) and combined TGA/DSC method (Section

3.4). These methods has been applied that way that the physical structure of the

investigated systems has not been damaged, which makes the applied methodol-

ogy non destructive. In the framework of this thesis it was shown shown that

the evaporation process can be divided into two different modes - the first is the

linear evaporation that happens isothermal and the second that is characterized

by burst-like jumps that have adiabatic nature. The results of this investigation

where published (see Ichilmann et. al. [87].

Evaporation of the liquid guest phase from the porous host [88] (also

called drying) is a key factor in different mechanisms for instance in the sol-gel

process that is connected with the drying of gels [89] or during the production

of nanoporous polymer membranes [6]. In general, the process of drying can be

described as a process of removing the liquid phase from the solids, gases, or other

liquid phases [90].The classic process, in which the liquid phase is removed, is

44
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evaporation. Evaporation is the process of phase transition of a substance from a

liquid state to a vapour or gas that occurs on the surface of the substance. The

evaporation process is the reverse process of condensation (transition from liquid

to vapor state). In the evaporation from the surface of the liquid or solid body fly

(detached) particles (molecules, atoms), with their kinetic energy should be suffi-

cient to carry out the work needed to overcome the forces of attraction of other

molecules of the liquid. The particles (molecules, atoms) are emitted (detached)

at the time of evaporation from the surface of the liquid or solid body, their kinetic

energy should be sufficient to carry out the work needed to overcome the forces

of attraction of other molecules of the liquid. Evaporation from different porous

materials has been studied on different scales, from the macropores, for instance

the study of moisture movement in porous materials under temperature gradient

[91], the study of evaporation of water from soil [92] or study of evaporation driven

process of growth of large crystallized salt structure in macroporous medium [93],

to the nanopores, like the study of evaporation induced self assembly for the cre-

ation of nanostructures [94], or the process of solar evaporative cooling in context

of well ordered nanoporous materials for low temperature water phase changes

[95].

Despite its apparent simplicity because of the constant observation of this process

under home conditions, the mechanisms behind the evaporation especially in terms

of nano confinement has not been understood completely. There are many the-

oretical and experimental studies that consider different effect that occur during

evaporation of volatile liquids from porous model system, for instance the study

of evaporation from porous media that is based on the capillary model of a pen-

etrating front [96], the study of evaporation in capillary porous media with the

main focus on drying rates [97] or phase distributions [98].

Classic model, which describes the drying of porous materials is invasion percola-

tion [99]. When modelling of invasion percolation one usually uses the concepts

of immiscible displacements in porous media that is driven by mass transfer, like

Tsimpanogiannis et. al. does in his manuscript [100], the calculations are mostly

performed for 2D models. The direct imaging of process in 3D model systems is

rare due to the difficulties that are combined with the direct imaging of porous

systems. Instead of direct measurements, one uses different indirect methods, such

as ultrasonic attenuation and light scattering [101] or electrical resistance during

mercury injection [102]. It is possible to deduce important information from the
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results obtained with these indirect methods, however it is not possible to investi-

gate such phenomenons, like flow patterns, abrupt bursts and redistribution of the

liquid, for instance the Haines jump which require a method for direct non destruc-

tive investigation of the evaporation processes of volatile substances in 3D porous

materials. Haines jumps [104] are rapid reconfigurations of invasion fronts dur-

ing drainage process on time scales typically ranging from 1ms to 10ms [105].

Haines jumps (as illustrated in Figure 4.1) in the course of drainage processes are

initiated as soon as the Laplace pressure of the invading non-wetting fluid exceeds

the breakthrough value at the largest morphological restriction. Then, the config-

uration of the air invasion front gets unstable.

The Laplace pressure is the pressure difference between the inside and the outside

Figure 4.1: ”‘Sequence of scans during drainage, at time intervals (∆t) of 16.8
s and with a voxel size of 3 µm. The volume change (∆V ) from time steps 3 to

4 was 14 nL.”’ (Figure taken from [103])
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of a curved surface. The pressure difference is caused by the surface tension of the

interface between liquid and gas.

Rapid redistribution of the receding wetting liquid by local liquid flow through

hydraulically coupled pores displaces the mensici at the invasion front from nar-

rower pores to wider pores where they have smaller curvatures [106]. The capillary

pressure rapidly decreases following by spacial redistribution of the liquid. The

process comes to an equilibrium after reaching the new stable configuration of

air invasion front. Figure 4.1 taken from [103] illustrates Haines jump observed

with high-speed, synchrotron-based X-ray computed microtomography. One can

see the redistribution of the fluid inside porous membrane, but the fluid does not

leave the porous host, it just redistributes. Haines jumps do not involve burst-like

mass transfer of the evaporating guest species out of the porous host medium.

4.2 Evaporation dynamics of ethanol in Controlled

Porous Glass observed with confocal microscopy

The CPG samples that are used in this experiments are characterized in Section

2.3.2. The experimental method is described in Section 3.1.2. R6G exhibits an

absorption maximum 530 nm and an emission maximum at 552 nm (cf. Pho-

tochemCAD package, version 2.1a). 50 µL of a 20 µM solution of R6G in ethanol

were dropped onto the surface of the CPG membrane while the CLSM was al-

ready scanning. To capture fluorescence intensity mappings, the focal volume of

the CLSM was displaced along the x direction for every z position starting at the

bottom of the image field below the CPG membrane/glue/cover slide interface.

The scanned area extended 250 µm (481 pixel) in z direction perpendicular to the

CPG membrane/glue/cover slide interface and 52 µm (256 Pixel) in x -direction

parallel to the CPG membrane/glue/cover slide interface. The duration of a scan

and, therefore, the time resolution was 2 s. Sets of thus-obtained fluorescence

intensity mappings were processed using the program ImageJ. Different phases of

evaporation are shown in Figure 4.2. The first picture shows the distribution that

occurred 20s after the infiltration. The bottom half is almost completely bright,

the upper half shows a non homogeneous distribution of R6G molecules and there-

fore a non homogeneous distribution of ethanol molecules. Because the structure

of porous glasses in many ways resembles the structure of sponge, it is logical to

expect uneven local distribution of liquid and thus uneven evaporation process
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that can be seen on the first frame of 4.2. Second and third frame from Figure 4.2

shows the inhomogeneity of evaporation. Last three frames show how suddenly

fast the evaporation process may occur in the CPG. The 4th and 5th slides show

a quick loss in of the intensity signal in the observed region. Since it is assumed

that the presence of the intensity signal is correlated with the presence of ethanol,

one can say that the 4th and 5th slides illustrate quick evaporation process. This

quick evaporation process is defined as burst event, because the evaporation hap-

pens burst like, compared to the slow linear evaporation process observed in the

first three slides. There are two seconds between them, however the mass loss is

significantly higher than between the first two frames. The evaporation process is

non homogeneous, we observe jumps, burst like mass losses. The air invasion front

moved by about 100 µm towards the CPG membrane/glue/cover slide interface.

Right after the jump between the 4th and the 5th frame, the R6G molecules are

located at the bottom of the CPG membrane in the immediate vicinity of glass

slide.

Evaporation process has ended and the system has reached equilibrium in which

the dye molecules have reached the bottom of the membrane and settled on it.

Figure 4.2: Different phases of evaporation of R6G-ethanol solution from
CPG.
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4.3 Spatio-temporal mapping of fluorescence in-

tensity/evaporation using stacks of CLSM

images

In order to demonstrate the dynamics of the process of evaporation complete burst

events is visualized by averaging each frame to one 1D pixel array. The fluorescence

intensity is integrated along x-direction parallel to the CPG membrane/glue/cover

slide interface for every single z value. Thus one-dimensional intensities profiles

are obtained where the fluorescence intensity codes a colour of single pixel along

the z direction. Free-ware software imageJ (version 1.47v) is used for extracting

the data from stack pictures. A Macro-script (Listing 4.1) is used to read the data

automatically and save it as a stack of 2D data - measured averaged intensity along

the x-axis vs z-axis. If you add these profiles along the time axis in chronologi-

cal order an evaporation mapping profile is obtained, as demonstrated on Figure

4.3a. This is called spatio-temporal profile, because it shows simultaneously three

parameters - the spacial distribution of fluorescence intensity along z-axis and

averaged along x-axis and chronological development of this process. The spa-

cial distribution is the y-axis on Figure 4.3, the time evolution is the x-axis and the

fluorescence intensity is coded with a colour. Figure 4.3b shows the numerically

calculated derivative of the average z position of the invasion front with respect to

t, which is mean displacement rate (in µm/s). Since the position of evaporation

front is known for each moment of time during the observation process, one can

for (i=1; i<= endFrame; i++) {

run("Clear Results ");

setKeyDown ("alt");

profile = getProfile ();

for (k=0; k<profile.length; k++)

setResult ("Value", k, profile[k]);

updateResults;

Plot.create (" Profile", "X", "Value", profile );

if (i<10) {

nr = "000"+i;

} else if(i<100) {

nr = "00"+i;

} else if(i <1000) {

nr = "0"+i;

}

filename = "..\\T"+nr+".xls";

saveAs (" Measurements", filename );

run("Next Slice [>]");

}

Listing 4.1: imageJ automation script for converting a stack of jpg data (flu-
orescence mapping pictures) into a stack of 2d intensity vs. distance profiles



Chapter 4. Evaporation from hosts with sponge-like continuous pore systems 50

Figure 4.3: (a) Evaporation mapping of R6G/ethanol from CPG (b) First
derivative of the average z position of the invasion front.
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easily calculate the current displacement rate for each moment of time as ∆z
∆t

with

∆z = zi+1 − zi and t = tt+1 − ti and plot this as a function of t.

The graphs of first derivative show how significantly the evaporation speed, which

is the same as the change of z position of the air invasion front, changes as a func-

tion of time in very short time period. A process of slow air invasion is interrupted

by a blasting process at 25s that is shown on Figure 4.3b as a peak in the mean

displacement rate profile. Taking into account the isotropic nature of the CPG

pore system, it is reasonable to assume that the membrane volume affected by a

burst-like mass loss event has similar extensions in all space directions. Hence, a

CPG membrane volume of at least 106µm3 was affected by the captured burst-like

mass loss event. The CPG membrane volume affected by the burst-like mass loss

event may extend beyond the scanned area.

4.4 Investigation with thermal analysis (combined

TGA/DSC)

The combined TGA/DSC method is discussed in the corresponding Section 3.4. In

order to understand the nature of observed burst-like evaporation profiles detected

with confocal microscopy, the evaporation process was monitored with combined

TGA/DSC methods under constant temperature T = 25◦C (isothermal condi-

tions). It is possible to measure the mass m(t) and the heat flow Q̇ that is re-

quired to keep temperature constant, independently from each other. There are

no fluorescent markers used, because it is not a microscopy method.

Figure 4.4 shows the mass as function of time m(t) and heat flow Q̇(t)/m0 for an

infiltrated CPG membrane for the whole period of evaporation. The last phase

of evaporation is highlighted by in Figure 4.4a. Inside the highlighted rectangle

you can see several step transitions. The heat flow curve does not show this be-

haviour(Figure 4.4b). Figure 4.5a shows enlarged marked sector of Figure 4.4a,

stepwise mass losses can be interpreted as blast evaporation observed with CLSM

method. Figure 4.5b shows the first derivative curve dm(t)/dt of the mass loss

observed in Figure 4.5a. Linear evaporation profile is replaces with a stepwise

evaporation.

Figure 4.4 shows the mass as function of time m(t) and heat flow Q̇(t)/m0 for an

infiltrated CPG membrane for the whole period of evaporation. The last phase

of evaporation is highlighted by in Figure 4.4a. Inside the highlighted square
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Figure 4.4: a)The result of TGA analysis of burst like mass loss events dur-
ing evaporation of ethanol from CPG b) The result of DSC analysis during

evaporation of ethanol from CPG

you can see several step transitions. The heat flow curve does not show this be-

haviour(Figure 4.4b). Figure 4.5a shows enlarged marked sector of Figure 4.4a,

stepwise mass losses can be interpreted as blast evaporation observed with CLSM

method. Figure 4.5b shows the first derivative curve dm(t)/dt of the mass loss

observed in Figure 4.5a. Linear evaporation profile is replaces with a stepwise

evaporation, huge amounts of mass are lost within milliseconds.

The burst like mass losses where not accompanied by burst like heat flow changes,

as can be seen on Figure 4.5c and d, showing the Q̇(t)/m0 and Q̈(t)/m0 profiles.

m0 corresponds to the sample mass at the start of the TGA treatment.

dm(t)/dt is considered as a more realistic measure of the burst velocity than the

displacement rate of the air invasion front derived from the CLSM mappings be-

cause the time resolution of the TGA device used here is one order of magnitude
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Figure 4.5: TGA and DSC analysis of burst-like mass loss events during
evaporation of ethanol from CPG a)Sample mass m as a function of evaporation
time t. The constant sample mass after evaporation of ethanol finished was set
to o mg b)dm/dt as function of time t, result of numerical differentiation of
m(t) profile from panel (a) c)Heat flow profile as function of t measured at
the same time as mass loss d)Change in heat flow, calculated by numerically
differentiating the heat flow profile from (c) with respect to t as a function of

time t
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Figure 4.6: Statistical evaluation of adiabatic evaporation bursts captured in
10 independent TGA experiments. The cut-off size to separate adiabatic evap-
oration bursts from noise was set to 0.01 mg/s. a) Frequency density of the
velocities dm/dt (mass loss per time interval) of overall 298 adiabatic evapo-
ration bursts. b) Frequency density of time intervals between burst-like mass
loss events during evaporation of ethanol from CPG. Overall 297 time intervals

were considered.
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better than the time resolution of the CLSM measurements and because the CLSM

scans only capture a fraction of the CPG volume affected by a jump of the air

invasion front.

The evaluation of 298 burst-like mass loss events 4.6a captured in 10 independent

TGA experiments revealed that the frequency density f of v can be fitted by a

power law of the type

f = a · vb

with the pre-exponential factor a=0.003 (s/mg) and scaling exponent b = −2.6.

The largest burst-like mass loss event we captured was associated with a burst

velocity of 0.1275 mg/s. This evaporation velocity corresponds to 27 µg liquid

ethanol in the volume of 3.4 · 107µm3 that is converted to gas phase. The fre-

quency density of time periods between burst-like mass loss events is shown in

4.6b. Frequency maximums occur at 2-3 s and at around 20 s.

4.5 Calculation of enthalpy of evaporation

The enthalpy of evaporation, also known as the (latent) heat of vaporization or

heat of evaporation, is the enthalpy change that is needed to transform substance

from a liquid state into a gas state at certain pressure value.

The experiment was conducted under conditions in which the temperature is kept

constant and the volume changes during evaporation so one can define an isother-

mal and non isochoric system.

The molar enthalpy of evaporation of ethanol is 42.32kJ/mol at 25◦C [107]. The

Q̇/m0 profile that was directly measured, was compared with with the Q̇/m0 pro-

file calculated from the mass change data between 3.5 and 4.5 minutes that is

shown in Figure 4.5a. Figure 4.7 shows calculated Q̇/m0 profile and time deriva-

tive Q̈/m0. If the evaporation of ethanol from CPG was purely endothermic, than

the heat flow diagram would reproduce the same curve course as the mass dia-

gram, because the curve curse of the endothermic process is basically the function

of mass change multiplied with enthalpy of evaporation. Therefore one would ex-

pect the same spikes in the heat flow diagram as calculated and shown on Figure

4.7 that are measured in the mass change curve. These spikes can not be seen in

the measured heat flow curve as can be seen in Figure 4.5c and d. The heat flow

is therefore not directly correlated with the mass change. The process of evapo-

ration is not purely endothermic. Hence, the burst like mass loss events must be
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Figure 4.7: Simulation of purely endothermic evaporation based on the m(t)
trace of 4.5a. a) Heat flow Q̇ normalized to the initial sample mass m0 as func-
tion of evaporation time calculated for the experimental m(t) profile displayed in
4.5a using the molar enthalpy of vaporization of ethanol at 25◦C. b) Change in
heat flow Q̈ normalized to m0 calculated by differentiating the ˙Q(t)/m0 profile

of panel a) with respect to t.

adiabatic since they were not accompanied by spikes in the heat flow.

The absolute enthalpy of vaporization expected for evaporation exclusively occur-

ring in the classical endothermic evaporation mode between t = 3.50 minutes and

t = 4.50 minutes amounted to 275.6 mJ and was calculated by numeric integration

of the Q̇/m0 profile seen in Figure 4.7a. In striking contrast, numerical integration

of the directly measured Q̇/m0 profile displayed in Figure 4.5c between t = 3.50

minutes and t = 4.50 minutes yielded an actual evaporation enthalpy of only 143.2

mJ.
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4.6 Discussion

Three main points should be discussed based on the obtained results to understand

the nature of of adibatic and non endothermic evaporation bursts:

• the nature of the liquid phase in the porous media with a pressure below the

pressure range of thermodynamic stability;

• the reasons, why the observed jumps are not the classical Haines jumps;

• discussion of the mechanisms that initiate the observed adiabatic evaporation

jumps.

4.6.1 Adiabatic conversion of an unstable liquid phase into

a gas phase

Since there is there is a presumption that the observed quick mass losses with

TGA/DSC or correlated intensity jumps with CLSM have adiabatic and not en-

dothermic nature, it should first be discussed, how these processes differ and what

is the nature of adiabatic evaporation.

A classical endothermic evaporation is a process, where the partial pressure of the

evaporating species in the gas phase is below the value in the equilibrium phase.

The partial pressure of the gas is measured as the thermodynamic activity of gas

molecules. Thus, those molecules of ethanol, which carry a higher mean value of

the kinetic energy, leave the liquid phase and pass into the gaseous phase. Liq-

uid phase loses molecules with high kinetic energy, and thus loses temperature.

Under isothermal condition, the described scenario would be accompanied by the

heat flow from the surrounding environment to the liquid that is driven by non-

equilibrium partial pressure of the evaporating species.

During the TGA/DSC experiments described in the section 4.4 evaporation of

ethanol from CPG membranes where observed by measuring the weight and the

heat flow simultaneously. According to a classical evaporation scenario that is

purely endothermic, one would expect that whatever happens with a mass of

ethanol during the evaporation process and detection of m(t), this would have di-

rect influence on the heat flow curve. Which means, the observed spikes in Figure

4.5a and b would also be some sort of spikes in Figure 4.5 c and d. Interestingly,
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this is not the case that means the heat flow is not a linear function of the mass

change. The calculated evaporation enthalpy(value 275.6 mJ) that correspond to

the theoretical heat flow displayed in Figure 4.7 differs from the real measured

evaporation enthalpy(value 143.2 mJ) that correspond to the heat flow from Fig-

ure 4.5c. Almost the half of ethanol evaporates without heat transfer from the

surrounding, which means adiabatically. Adiabatic conversion of the liquid phase

into a thermodynamically stable gas phase may happen when the pressure of the

liquid phase is below the range in which the liquid would be thermodynamically

stable.

There are experimental results, showing that the liquids confined to nanoporous

systems indeed have very low pressure, for instance for water in nano-channels

[108], [109], [110]. Theoretically this effect was confirmed in a simulation for

capillary-pressure-induced cavitation probability in nano-channels [111].

The reason for a very low pressure of liquid confined to the nanopores can be

rationalized as follows. The air invasion front consists of menisci that are concave

with respect to the receding wetting liquid and convex with respect to the invading

non-wetting gaseous fluid.

According to the Young-Laplace equation, the pressure in the receding wetting

liquid must be lower than the pressure in the invading non-wetting gas phase.

The capillary pressure PC is the resulting difference accross a meniscus according

to [112]. Changing curvature of the meniscus leads to an increase in the cap-

illary pressure. The structure of controlled porous glass is inhomogeneous (see

section 2.3.1), it is possible to define average pore diameter, however this value

scatters around average value(Figure 2.9), therefore there are narrow pores and

larger pores. When having the same contact angle, it must be that way that

menisci in the narrow pores are more curved than in wider pores. Therefore the

capillary pressure PC is larger in narrow pores. Pressure differences in the receding

wetting liquid caused by different meniscus curvatures draw the receding wetting

liquid from wider pores into narrower pores [113], [114, 115]. That leads to further

increase in capillary pressure and decrease in liquid pressure.

Finally, the air invasion front gets unstable and relaxes. The observed burst-like

mass loss events can be considered as adiabatic evaporation bursts, which push

the system towards equilibrium along an adiabatic but non-isochoric route.
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Figure 4.8: Relaxation mechanisms of an unstable air invasion front (black,
porous host; red, evaporating liquid). a) In the course of drying, the menisci
at the air invasion front are drawn in narrow pore segments (pore necks). As a
result, the curvatures of the menisci and the Laplace pressure across their in-
terfaces increase. Eventually, the air invasion front gets unstable. b) Hydraulic
relaxation of the unstable air invasion front by classical Haines jumps involves
local liquid flow at the air invasion front so as to realize meniscus configura-
tions characterized by lower meniscus curvatures and lower Laplace pressures.
However, no mass transport away from the air invasion front takes place. c) In
narrow nanopores, the curvature of the menisci is so pronounced that the liquid
in the vicinity of the menisci has a pressure below the pressure range in which
the liquid would be stable. Relaxation of the air invasion front thus occurs by
adiabatic burst evaporation converting unstable liquid to gas. The conversion
front propagates avalanche-like into the liquid-filled volume of the nanoporous
host until a new stable air invasion front characterized by low meniscus cur-
vatures and low Laplace pressures forms. The beige area indicates the liquid
volume converted to gas. As adiabatic burst evaporation is associated with
volume expansion, the formed gas is pushed out of the porous host that cor-
respondingly looses the mass of the converted liquid in a burst-like mass loss

event.

4.6.2 Evaporation bursts vs. classical Haines jumps

In general, one can consider the evaporation process of liquid from a nanoporous

host as drainage of air phase into the liquid phase. Rapid reconfiguration of the

liquid phase in porous medium on the time scale from 1ms to 10ms [105] is well

known from the literature and is called after the discoverer - Haines jumps [104].

If one assumes that the observed evaporation bursts are based on the Haines

jumps, it is still not clear, why the evaporation velocity is so high. One possible

explanation for enhanced evaporation rate would be the presence of thin wetting

layer of evaporated liquid after the Haines jump occurred. The increased air/liquid

interfacial area related to the presence of the thin wetting layer could be considered

as possible origin of enhanced evaporation rates. However, while the thin wetting
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films would have been generated by a jump-like event, evaporation of thin wetting

films as such would not be burst-like. The thin wetting layer would evaporate in

the classical endothermic mode. Which leads to a conclusion that adiabatic mass

losses can not be explained by at least classical haines jumps.

4.6.3 Initiation mechanisms of adiabatic evaporation jumps

Analysis of the TGA/DSC experiments has shown that the adiabatic evaporation

process has discrete nature, which means there must be a mechanism that initi-

ates this process. A common mechanism for the formation of gas menisci within

liquids is cavitation [116], which is initiated by homogeneous or heterogeneous nu-

cleation. Cavitation occurs as a result of local reduction of pressure in the fluid,

which can occur either by increasing its speed (hydrodynamic cavitation), or by

passing the acoustic waves of high intensity during the half-period of rarefaction

(acoustic cavitation), there are other causes of the effect. Moving with the flow in

the area of higher pressure or during the half-cycle compression, cavitation bubble

collapses, with emission of a shock wave.

However, it is reasonable to assume that adiabatic evaporation bursts are not ini-

tiated by classical nucleation of a gas phase within a liquid phase due to a fact

that cavitation initiated by classical nucleation in the liquid phase while confined

to pores leads to a meniscus pinning, as shown in [117]. Consequently, the stan-

dard situation would be the presence of large gas bubbles that are surrounded by

infiltrated liquid accompanied by pinning of the menisci at the air invasion front.

The series of CLSM images did not show any evidence of meniscus pinning, in-

stead, CLSM monitoring indicated that adiabatic evaporation bursts start at air

invasion fronts and propagate away from the initial positions of the air invasion

fronts into initially liquid-filled regions of porous media. At the air invasion front

there is a sufficient amount of gas bubbles that topologically correspond to a semi

sphere or a ”‘half bubble”’. In contrast to homogeneous nucleation, heterogeneous

formation of bubbles on the outer surfaces [118] reduces the required amount of

free energy, which must be overcome in order to form a thermodynamically stable

nuclei.

Analogous to external surfaces initiating heterogeneous nucleation, the meniscus

interfaces at the air invasion front may facilitate initiation of adiabatic evapora-

tion bursts. However, as meniscus interfaces are permanently present, initiation

of adiabatic evaporation bursts by heterogeneous nucleation should be a sporadic
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process. This is evidently not the case.

The statistic analysis of time intervals between burst-like events seen in Figure

4.6b shows the presence of two frequencies, there are two process which occur on

average at two different time intervals. The initiation of adiabatic burst evapo-

ration must be coupled to another process that determines the duration of these

time intervals. The build up of capillary pressure that destabilizes the meniscus

configuration at the air invasion front corresponds to this process. Menisci at the

air invasion fronts of microporous and mesoporous media as well as of media with

small macropores just above the mesoscopic size range are strongly curved. Thus,

the corresponding capillary pressures are high and the liquid pressures close to

the menisci are so low that the liquid may be metastable. Under these conditions,

jump-like relaxations of air invasion fronts will occur by adiabatic burst evapora-

tion rather than by Haines jumps.

The burst evaporation events and the avalanche like intrusion of the air into the

pores are coupled events. The air invasion front moves due to the vaporization of

metastable infiltrated ethanol and not due to the redistribution of the liquid inside

the porous system as it is reported in case of Haines jumps. The rapid adiabatic

conversion of receding wetting liquid to gas is a non-isochoric process associated

with significant volume expansion. The evaporated liquid is pushed out of the

porous system as a gas which reduces the total mass of the porous system-liquid

composite stepwise in a jump-like process. Hence, Haines jumps and adiabatic

burst evaporation are competing mechanisms for the reconfiguration of unstable

air invasion fronts, and it is straightforward to assume that in nanoporous media

adiabatic evaporation bursts prevail. However the stopping criterion for the rapid

jump-like evaporation might be the same as for the Haines jumps process - the

process stops as soon as liquid pressure prevails over the capillary pressure which

leads to stabilization of a new configuration of the air invasion front.

4.7 Conclusion and outlook

Using ethanol as evaporating model liquid and controlled porous glass as nanoporous

model matrix, it was possible to show that adiabatic burst evaporation signifi-

cantly contributes to the evaporation of volatile liquids from nanoporous media
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with nano-pore diameters of a few 10 nm and sponge-like bi-continuous morphol-

ogy. The comparison of experimentally measured vaporization enthalpies and va-

porization enthalpies expected for exclusively endothermic evaporation calculated

from liquid mass loss revealed that nearly half of the liquid evaporated adiabati-

cally. Adiabatic burst evaporation is accompanied by burst-like mass loss events

during which liquid volumes of up to 107µm3 are converted to gas.

Adiabatic burst evaporation occurs because liquid in the vicinity of strongly curved

menisci inside nanopores has low liquid pressures and is, therefore, metastable.

Burst-like conversion of metastable liquid to gas is triggered by unstable meniscus

configurations at air invasion fronts caused by the build-up of high capillary pres-

sures. Adiabatic evaporation bursts propagate avalanche-like through sponge-like

nanopore systems until a new stable configuration of the air invasion is reached.

The experimental results indicate that in nanoporous media adiabatic evaporation

bursts prevail over Haines jumps, another mechanism for the relaxation of unstable

air invasion fronts that involves reconfiguration of the menisci at the liquid-air in-

terface by local liquid flow without mass transfer away from the air invasion front.

These insights may improve the understanding of drying processes in bottom-up

syntheses of nanoporous materials based on sol-gel chemistry or spinodal decom-

position in solution, of solution impregnation of porous media with functional

materials and of desorption processes in nanoporous media.



Chapter 5

Evaporation of volatile guests

from hosts with straight

cylindrical pores

5.1 Introduction

In the previous chapter it was shown that the dynamics of evaporation from porous

glass (which was chosen as model system for a sponge like porous host systems)

observed with fluorescence microscopy using fluorescence mapping and combined

TGA/DSC method has avalanche-like features that could be interpreted as adia-

batic evaporation bursts, which largely occur due to the geometric properties of

investigated porous membranes. In order to prove this statement, porous hosts

where chosen, which geometrical properties are in striking contrast to CPG - the

porous alumina membranes, also called AAO, with aligned, straight, cylindrical

pores uniform in diameter with closed pore bottoms. Figure 2.2 illustrates the

main schematic differences between CPG and AAO. The evaporation dynamics of

ethanol is studied in the abscence of effects related to the local variations in the

Laplace pressure. In addition to the dynamics of evaporation, the behaviour of

dye molecules inside the pores of AAO should be studied as a function of time and

space revealing possible effects due to the presence or absence of the solvent and

the internal structure of the pore walls of AAO.

Evaporation from AAO is of particular interest from the point of view of practi-

cal application and fundamental knowledge. Penetration of the polymer melts and

63
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solutions in the porous alumina is a preliminary step necessary for the production

of nanoporous composite materials [23]. The infiltration of polymer solutions into

AAO can be done directly with polymer melts or using the polymer solution in

an appropriate solvent [119]. Each method has its advantages. The first, direct

method makes it possible to skip the process of dilution but is very slow and de-

pends on the viscosity value of the investigated matter. The second process that is

based on a dilution process makes the infiltration process much faster, but it needs

to be repeated many times, because every time only small amount of polymers is

infiltrated after the solution has completely diluted.

The properties of R6G in different solvents (in this case it is R6G/ethanol)

have also been studied extensively over decades. Fluorescence quantum yield of

rhodamine 6G in ethanol as a function of concentration [120] was studied with

thermal lens spectrometry and it was shown that the quantum yeld is indepen-

dent of concentration in certain interval. The fluorescence quenching of rhodamine

6G was studied in methanol at high concentration [69]. The main reaseon for the

rapid reduction of fluorescence lifetime above 10−2 mol/l is mainly due to energy

transfer to quenching centres. Absorption behaviour of methanolic rhodamine 6G

solutions at high concentration [121] was measured and it was found that there is

huge deviation from the Beer’s law at high concentrations, which is explained by

the mutuial interaction of neigbouring molecules.

5.2 Evaporation dynamics of ethanol in AAO

observed with confocal microscopy

The AAO membranes that are used in this experiment are characterized in Section

2.2.2. The evaporation dynamics from AAO, which is a model system for a guest

membrane with discrete cylindrical pores, in contrast to CPG that was a model

system for sponge-like porous membrane, was detected with the same method

that was used in a previous chapter - fluorescence mapping with CLSM. The

description of this methodology can be taken from 3.1.2. Three different phases

of evaporation are shown in Figures 5.1 and 5.2. Figure 5.1 show three phases

of fluorescence intensity mapping of R6G distributed along the volume of AAO.

Figure 5.2shows corresponding fluorescence intensity as function of space (more

specially, as function of distance z, see Figure 3.2). The fluorescence mapping
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.

Figure 5.1: Intensity mapping of R6G molecules distributed in the volume of
AAO membrane. The position of AAO membrane is shown that way that the
pore openings border on the air that is on top (top) and the pore bottom borders
with glue layer/glass slides (bottom). Three different phases of evaporation of
ethanol from AAO are shown t1) The moment of time when the evaporation
front reached the surface of AAO and all the evaporating ethanol is completely
inside the membrane t2) The moment of time when the evaporation front reaches
the middle of the AAO pores t3) The moment of time when the evaporation
process is almost completely over since all R6G molecules are on the bottom of

AAO pores

pictures are displayed that way that the pore openings are on the top and border

the air phase and the pore bottom are on the bottom and border the glue/glass.

The evaporation front is straight in x-direction as can be seen in Figure 5.1. This

is due to the straight aligned and separated nature of the pores.

Three different phases of evaporation of ethanol from AAO are shown.

• The point of time when the evaporation front reached the surface of AAO

and all the evaporating ethanol is completely inside the membrane is marked

as t1. One can see linear profile in x-direction, which is due to well ordered

morphology of the pores. The corresponding intensity mapping from Figure

5.2t1 shows linear intensity distribution along the z-axis. Since all the R6G

molecules are uniformly distributed inside AAO membrane except the small

amount that is on to of the membrane, there is no reason for any density

gradient of R6G molecules, which is confirmed by the intensity graph.

• The moment of time when the evaporation front reaches the middle of the

AAO membrane is marked with t2. One can see that the surface is marked
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Figure 5.2: Intensity vs. distance diagram that is spatially correlated with
the intensity distribution shown in 5.1. Three different phases of evaporation
of ethanol from AAO are shown t1) The moment of time when the evaporation
front reached the surface of AAO and all the evaporating ethanol is completely
inside the membrane t2) The moment of time when the evaporation front reaches
the middle of the AAO pores t3) The moment of time when the evaporation
process is almost completely over because all R6G molecules are on the bottom

of AAO pores

with two straight lines. The first line might really be the layer of R6G

molecules that are on top of the AAO membrane, the second line is due to

the optical effects because of the differences in refractive index between AAO

and air. There is still no intensity gradient and therefore no density gradient

of R6G molecules, as can be seen in corresponding intensity distribution on

Figure 5.2t2.

• The last moment of evaporation, when all the ethanol almost completely

evaporated and the intensity reaches its maximum, as can be seen in the

corresponding intensity profile in Figure 5.2t3.

The position of evaporation front and numerically calculated displacement rate

or evaporation velocity is shown in Figure 5.3. The position of evaporation front
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Figure 5.3: Position of evaporation front and numerically calculated displace-
ment rate of ethanol in AAO based on the fluorescence intensity data shortly
above the AAO membrane and completely inside. The area outside the AAO
membrane is marked grey. Squares is the data for distance, circles represent

displacement rate.

was determined for each moment of time from the moment when the evaporation

front reached the focal are to the end of evaporation and plotted as function of

time. One can see linear nature of evaporation process, which occurs without

any unpredicted displacements or jump, as was observed and discussed in the

previous chapter for CPG membranes. The evaporation velocity was determined

by numerically integrating the distance vs. time curve and also shows linear nature

with some fluctuation around the mean value. The slope inside AAO membrane is

vin= 3.772 µm/s, the slope outside AAO membrane, or better to say in a droplet,

is vout= 1.794 µm/s. The apparent evaporation velocity inside AAO membrane is

therefore almost twice as fast as outside, even though no evaporation jumps could

be observed (if the fluorescence redistribution really corresponds with the actual

presence or absence of ethanol molecules).

5.3 Intensity redistribution of R6G molecules in

AAO as function of time and space

Now the behaviour of R6G molecules should be considered directly since their

presence or absence is a direct indication for the presence or absence of ethanol.
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First, two quantities should be defined - the maximal fluorescence intensity

and the integral fluorescence intensity.

The maximal fluorescence intensity (Imax) is, as the name suggests, the max-

imal intensity that is measured in a single fluorescence mapping picture, like in

Figure 5.1. When the intensity is plotted vs. distance (the z-position) like in cor-

responding Figure 5.2, the maximal intensity is the maximal plotted value. This

value characterizes the density of R6G molecules in a given area but it also might

characterize the fluorescence efficiency of R6G molecules in a given area.

The integral fluorescence intensity (Iint) is an integral value of the intenisty,

it is calculated by summing up all measured intensity values along the x direction.

It characterized the fluorescence efficiency of R6G in the whole scanned area in-

dependent of their density.

Figure 5.4 shows the whole dynamics of R6G distribution inside AAO membrane

from the moment when the evaporation front reaches focal area (like in Figure

5.2t2), to the moment when the evaporation front reached the bottom of AAO

(like in Figure 5.2t3) and several seconds after.

Like it was done for CPG membranes in Section 4.3, the fluorescence intensity

was integrated along the x-direction parallel to the AAO/glue/cover slide interface

(which is shown in Figure 3.2) for every single z-value. This way it was possible to

condense every CLSM image into a one-dimensional array of pixels that is oriented

parallel to the z axis and normal to x axis and experimental set-up. It is possible

to average the intensity along the x-direction because of the homogeneity of the

fluorescence signal in AAO membrane along the x axis, due to the homogeneous

evaporation profile along this direction.

Figure 5.4 shows horizontally oriented one-dimensional pixel arrays. The time line

is directed upwards. Thick dotted vertical line divides the image into two regions

- on the left is a glass substrate, the right side shows AAO membrane and the

processes occurring in it. The right side is subdivided conditionally into three

periods of time by two thin horizontal dashed line. These time periods are marked

with Roman digits.

It should be mentioned that this is a representative result. All experiments show

the same results. Phase I shows the infiltration and evaporation process before

the evaporation front reaches the focal volume. The intensity is relatively low

because of the low initial concentration of R6G and high amount of ethanol in the

membrane.

Phase II shows the evaporation process right after the evaporation front entered
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the focal volume up to the moment when ethanol completely evaporated. The

amount of solvent in the pores decreases at a higher rate.

Phase III shows the unexpected behaviour of the fluorescence signal after all the

solvent has evaporated. The observed profile of evaporation signal after the 3rd

phase has a half of a maximal intensity of the last pixel array of the 2nd phase,

but much higher average or integral intensity than during the whole evaporation

process.

It should be mentioned that since the pores of AAO are closed, the R6G concen-

trates within the membranes.

While there is nothing unusual in the evaporation process, which resembles the

evaporation from a glass substrate and shows linear nature( 5.3), the fluorescence

signal shows quite unexpected behaviour and should be taken into the details.

As one can see from Figure 5.4III, there is a change in the fluorescence profile af-

ter the solvent has completely evaporated. The fluorescence signal becomes higher

Figure 5.4: Representative result of evaporation dynamics of ethanol/R6G
from AAO summed up to a stack of 1D pixel array (see Section 4.3). Vertical line
separates the glass from the porous alumina. The two horizontal lines indicate
the three phases of the experiment. First (I) - First phase of evaporation, the
evaporation front is not yet visible. The second (II) - evaporation front is visible
in the investigated area, evaporation occurs in a few seconds. The third phase
(III) - the ”‘broadening”’ of the fluorescence signal after ethanol completely

evaporated.
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and is distributed along the whole imaged area in contrast to the processes ob-

served during the 5.4II, when only area with present R6G molecules fluoresce.

Time resolved 3D orientation spectroscopy (see Section 3.2) experiment was per-

formed in order to understand the dynamics of angular distribution of R6G molecules

during the evaporation.

The angular distribution of the dipole emission of R6G was analysed defining the

angular distribution of the two classes - the outer and inner angle. In this experi-

ment had to show if there is a dominant emission dipole distribution in one of the

observed systems.

The results are shown on Figure 5.5 for both systems - ethanol/R6G solution on

glass and inside AAO membrane. Figure 5.5 (a) shows signal intensity for exte-

rior and interior angles of R6G on glass, one can see that during the evaporation

process, the exterior angle (black) slightly dominates, but right after the disap-

pearance of the solvent, the ratio of exterior to interior angle (red) changes with

the strong dominance of the exterior angle (the intensity ratio is almost 1:2). Fig-

ure 5.5 (b) shows signal intensity for exterior and interior angles of R6G inside

AAO. Here we see the same dynamics as on glass - almost no difference during

the evaporation process and strong dominance with the ratio of almost 1:2 of the

exterior angle. The overall enhancement of the fluorescence signal and therefore

the amount of counts happens occurs uniformly for both, exterior and interior

signals.

Therefore it can be concluded that the spacial and angular distribution of the

emission dipoles of R6G molecules shows the same ratio of signal intensities in

both investigated systems. That means that the angular distribution of dipoles

has seemingly no effect on the fluorescence enhancement. In order to understand

the observed broadening of the signal and increase of the integral intensity a con-

trol experiment with drying of dye solution on a glass substrate was performed.

The experimental set-up is the same as described on Figure 3.2 with only excep-

tion that the glue and AAO membrane were removed. Each mapping picture was

reduced to an 1D pixel array. The integral and maximal intensities of every pixel

array were plotted as a function of time (figure 5.6a). One can see that the integral

and maximal intensities show similar behaviour. They both grow up to a certain

normalized value and then rapidly fall after the solvent completely evaporated.

The same evaluation method was applied to the experiments with AAO (figure

5.6b). During the first phase of evaporation that takes almost 25 seconds the dy-

namics resembles the one from a control experiment with a glass plate. After that
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the integral intensity drops to almost zero and immediately regenerates to a value

almost twice as high as right before the drop. The maximal intensity shows similar

dynamics but different absolute values. There is a drop at the same moment of

time as in the integral intensity.

5.4 Discussion

Based on the collected experimental data from the evaporation dynamics and dye

distribution dynamics following conclusions can be made:

• The evaporation profile inside and outside (on top) of the AAO membrane

is linear as shown in Figure 5.3.

Figure 5.5: The distribution of the angles location of the dye molecules during
the experiment. As part of the experiment you can define two types of polariza-
tion - polarization signals can be detected in the internal and external volume

of the sensingseparating polarization into two classes.
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Figure 5.6: Normalized maximal and integral intensity during the evaporation
of ethanol-R6G solution from a glass surface(a) and AAO membrane(b).

• The measured displacement rate inside AAO is almost twice as high as out-

side

• The behaviour of R6G inside AAO shows common features with the dynam-

ics observed on the glass up to the moment, when the solvent evaporates

completely. The maximal and integral intensities grow during the evapora-

tion from glass surface due to the increase of the molecules density.

• The signal intensity reaches its maximum shortly before the disappearance

of the solvent and falls to almost zero right after.
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• There is a strong signal suppression and regeneration shortly after ethanol

evaporates completely.

• Dipole orientation measurements show that there is no difference between

R6G molecules on a glass surface and inside AAO. That means, 3D orien-

tation of R3G molecules has no influence on the observed magnification of

integral intensity and regeneration of the signal.

Figure 5.4III shows that there is a fluorescence signal distributed along the whole

scanned area, which is not the case for region II that takes place while the solvent

evaporates. At first glance it seems like the fluorescing molecules are redistributed

along the whole volume of the pores with decreasing particle density (when in-

terpreting the fluorescence signal literally) after the disappearance of the solvent.

However, it is necessary to understand that the design of the experiment and

the location and the role of the key elements play an important role. Figure 5.7

illustrates what might happen inside an AAO membrane during the phase III illus-

trated on Figure 5.4. After ethanol completely evaporates, all the R6G molecules

are placed on the bottom of AAO. Being illuminated, they emit fluorescence signal

that goes to a detector, which is placed below the AAO membrane, glass slice and

glue layer. The position of a pixel that corresponds to a fluorescing point of a

system, depends on the position of mechanical elements that move the focal area.

In this case, the elements are placed that way that the focal area is focused on

the bottom of AAO in z-direction, therefore one detects strong fluorescence signal

from this layer.

One possible explanation to what happens in the case, when the focal area is above

R6G molecules, on the top of the sample, is what can be called the ”‘fluorescence

echo”’, which is illustrated on Figure 5.7 c and d. The focal volume is located in

the AAO membrane in such a way that AAO pore sections away from the pore

bottom are illuminated that do not contain R6G molecules. The laser light is

focused on the top of the membrane. Since the refractive index of AAO is above

1, the light is scattered by pore walls, so the scattered light propagates along the

pores. AAO membrane acts as a waveguiding medium. The light reaches the

bottom of the pores of AAO and excites R6G molecules, however the intensity

of this excitation is much smaller than that from direct illumination, when light

is focused directly on the bottom. This weak fluorescence signal reaches the de-

tector. The position of mechanical element that moves the system in z-direction

and the fluorescence signal from an actual bottom of the membrane is interpreted



Chapter 5. Evaporation from hosts with straight cylindrical pores 74

by a software as if the top of the AAO membrane would emit fluorescence and is

displayed that way (figure 5.7d) and Figure 5.4, phase III).

In case when the AAO membrane is filled with EtOH, like for instance on Figure

5.4 (phase II), there no scattered radiation except that from the focal volume be-

cause of the lateral Propagation of the scattered light, which is caused because of

the interface between air and evaporating EtOH. During the phase III there is no

such interface and the scattered light moves radially into every possible direction.

It is not possible to observe this process directly on a glass surface because there

is no modulation of refractive index and therefore no internal reflection.

Let us consider in details to maximal and integral intensities that are displayed

Figure 5.7: Illustration of the processes that takes place inside an AAO mem-
brane after the solvent completely evaporated (not up to scale). (a) The red
points on the bottom of AAO are R6G molecules. When they are directly il-
luminated with a laser light, so that a focal plane (red dashed horizontal line)
is focused on the bottom of the membrane, they emit fluorescence signal that
is registered by a detector, which is placed below. (b) The measured data is
interpreted by software and fluorescence signal is displayed as function of the
position of mechanical elements that move the system and change the focal
plane in x- and z-direction. (c) The focal plane (red dashed horizontal line)
has changed its position and is now above the bottom of AAO. The walls of
AAO scatter laser light, the scattered light reaches the R6G molecules on the
bottom, they emit fluorescence signal, which is then detected. (d) The position
of mechanical element in z-direction is above the bottom of AAO, the software
interprets the measured signal from the bottom of AAO, as if it came from the

top and displays it on a wrong position as fluorescence ”‘echo”’.
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on Figure 5.6b.

In the case of maximal intensity, there is a growth up to a moment, when the

solvent completely evaporates. This process is associated with the concentration

of R6G molecules, which gets higher with decreased amount of ethanol, therefore

there are more and more fluorescing molecules per volume. Then it is possible to

observe a slight drop (which nature has not yet been understood) and regeneration

of the signal to almost half of the maximal value. The integral intensity shows

similar behaviour. It slightly grows up to a moment when the solvent disappears,

which can be explained by better fluorescence conditions when the density gets

higher. After the drop the integral intensity reaches much higher value, than be-

fore ethanol evaporated. This is linked to the ”‘fluorescence echo”’ effect. When

the intensities along the z-direction are summed, it is like one would multiply the

fluorescence intensity from the bottom layer which leads to an increase in the over-

all intensity.

The last open question is the nature of the drop and regeneration of the signal

that is observed several seconds after the complete evaporation. R6G, as every

fluorescing substance, shows best fluorescence in surrounding medium, such as wa-

ter or ethanol. When in a dry state, laser light is strongly scattered on the R6G

crystals. Right after the disappearance of ethanol, the infiltrated R6G molecules

are in a dry state, therefore it is possible to observe short drop that occurs in the

transition from phase II to phase III on a Figure 5.4 and on a Figure 5.6b. It

might be water that is absorbed from the surrounding air that plays a key role in

the regeneration process, however this has to be proven in the further research.

A. Penzkofe and and W. Leupache [122] show that the fluorescence quantum ef-

ficiency drops significantly with a higher concentration, however it is still higher

that that in the dry state.

5.5 Conclusion and outlook

Evaporation dynamics in AAO was studied with fluorescence mapping method,

the same method that was applied to the evaporation dynamics from CPG. In

contrast to CPG, the evaporation profile from AAO is linear, without any jumps

and irregularities.

Besides it was possible to demonstrate the ”‘fluorescence echo”’ effect that leads

to a seemingly higher integral intensity during the evaporation experiment, after
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the solvent completely evaporates. The ”‘echo”’ effect is based on a fact that pore

walls scatter laser light that reaches to bottom of AAO, where R6G are placed

during the last phase of experiment. This secondary light leads to a fluorescence

signal from the bottom that goes directly to a detector that is placed below the

membrane. The system interprets this signal as if it came from the focal point

and not from the real source, which is the bottom, and falsely displays this signal

on a wrong position. Therefore, integral intensity after the disappearance of the

solvent is in real multiplied fluorescence intensity from one single fluorescing layer,

where R6G are physically placed.

An important conclusion that can be taken from this experiment, is the fact that

each single CLSM experiment that is based on a fluorescence and scattering effect

must be analysed very carefully, because the physical appearance of fluorescing

substance and measured position of fluorescence signal do not always correlate, as

had been shown in this experiment.

It is still necessary to understand the nature of fluorescence quenching and regen-

eration right after the complete evaporation of the solvent.



Chapter 6

Non-volatile liquid guests in

nanoporous hosts:

characterization by BLS

spectroscopy

6.1 Introduction

While morphological and structural properties of bi-continuous hosts as well as the

surface chemistry of their pore walls have extensively been probed by porosimetry,

inverse gas chromatography and analytical spectroscopy, much lesser efforts have

been devoted to the study of wave propagation through such disordered media.

This lack of interest is mainly caused by the perception that, even if adsorption

can be neglected, wave propagation is either hampered by Mie scattering (if the

wavelength matches the characteristic feature size of the nanoporous medium) or

by the fact that the wave simply probes an effective medium (if the wavelength is

larger than the characteristic feature size of the nanoporous medium). The prop-

agation of sound waves through nanoporous media and nanocomposites might be

even more relevant than propagation of electromagnetic waves because phonon

management underlies heat management as well as vibration management, thus

determining the extent to which a material is noise–insulating or thermally insulat-

ing [123]. On the other hand, information acquired by probing sound propagation

through a disordered medium may be complementary to information accessible by

77
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classical characterization methods [124].

Within the framework of this thesis it has been shown that elastic waves may

propagate through an isotropic nanoporous medium with bicontinuous morphol-

ogy along different pathways even if the characteristic structural feature size of the

porous medium is more than order of magnitude smaller than the phonon wave-

length. In the case of isotropic nanoporous materials with characteristic features

sizes smaller than the phonon wavelength the propagating phonons should probe

an apparently homogeneous, effective medium. Hence, in phononic band diagrams

a single acoustic mode should appear. As revealed by Brillouin light scattering

(BLS) spectroscopy, hypersonic band diagrams of controlled porous glass (CPG)

employed as nanoporous model medium and of CPG/poly(dimethylsiloxane)

(PDMS) employed as model nanocomposite may show several acoustic modes even

though all structural feature sizes were at least one order of magnitude smaller

than the phonon wavelengths. Since the slopes of the acoustic modes correspond

to sound velocities, the occurrence of more than one acoustic mode in the phononic

band diagrams indicates that the medium trough which the phonons propagate

provides a number of propagation pathways with differing elastic properties cor-

responding to the number of acoustic modes.

The PDMS infiltrated CPG membranes are a good model to investigate the nature

of so called polymer interphases, the nature of which inside a porous matrix or sur-

rounded by filler particles has been studied extensively with different experimental

methods during the last two decades. The inter-phase is, as a name suggests, the

phase or mostly the layer of PDMS that has strikingly different properties than

the bulk material. It is a structure that exhibits restricted mobility and therefore

different mechanical properties due to the interaction of the polymer molecules

with the pore walls or surrounding filler particles.

Litvinov et. al. [125] has shown using 2H NMR study that there is restricted

motion near the surface of the filler particles for PDMS polymer chains. The

thickness of restricted layer is considered to be about 0.8 nm. Kirst et. al. [126]

investigated the linear trimethylsilyl terminated PDMS with broad band dielectric

spectroscopy and was able to show, there are different degrees of interaction be-

tween PDMS chains and the filler surface. The kind of interaction can be divided

into directly bound state, interfacial and nanoadsorbed layer. The thickness of

nanoadsorbed layer that covers the surface uniformly is considered to be about

1nm, the thickness of a non uniform layer is 2.6 nm due to dense packing of filler

particles. Tsagaropoulos et. al. [127] investigated PDMS filled with very fine silica
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particles with dynamic mechanical study and was able to show that the interac-

tion of polymer chains with very fine silica particles of high surface area restricts

the mobility of the polymer chains and leads to the formation of tightly bound

and losely bound polymer, which leads to a new glass transition. Cosgrove et. al.

[128] studied the adsorbtion of PDMS on silica with NMR relaxation and diffusion

and showed, similar to the results from [126] that the structure of adsorbed poly-

mers can be devided into three different states, such as bound polymer, free bulk

polymer and the layer that is restricted by the surface. Evmenenko et. al. [129]

used synchrotron X-ray reflectivity method to confirm the formation of immobi-

lized layer of PDMS near silica surfaces. Fragiadakis et. al. [130] used thermaly

stimulated depolarization currents, broadband dielectric spectroscopy and differ-

ential scanning calorimetry to investigate the thickness of immobilized interfacial

PDMS layer and found out that the thickness of this layer is between 2.1 and 2.4

nm with correlates with the results from other groups discussed above. Horn and

Israelachvilli [131] investigated the force between two molecularly smooth mica

surfaces immersed in liquid PDMS and found out that the polymer has a viscosity

equal to its bulk value, however there is a layer next to each surface only about

one radius of gyration thick that does not slow, is completely immobilized.

All these experiments lead to two important conclusion - there is always an immo-

bilized layer of PDMS in the presence of an oxidic surface and this layer is between

0.8 and 2.4 nm.

Up to now mostly silica was investigated, however, Sato et. al. studied phononic

phenomena at gigahertz frequencies in self-ordered anodic aluminum oxide contain-

ing hexagonal arrays of cylindrical nanopores with submicron periodicity. Using

high-resolution Brillouin spectroscopy Sato reported the first realization of direc-

tional flow of elastic energy parallel and perpendicular to the pore axes, phonon

localization, and tunability of the phononic band structure [132]. As reported by

Sato, a new phononic branch was observed in the PDMS filled AAO that seems to

relate to the presence of thin interphase with enhanced elasticity, which is about

2 nm thick.

6.2 Results

The experimental setup is described in Section 3.3.2. Empty (filled with air) and

PDMS infiltrated CPG membranes with average pore diameter of 2 nm, 9 nm and
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26 nm where investigated. The CPG membranes are characterized in the corre-

sponding Section 2.3.3. Figure 2.12 shows these membranes. PDMS was ordered

from Sigma Aldrich, Mn=550 and is OH terminated.

The Brillouin spectra where measured for different scattering angles. In order to

get maximal information about the structure, both, q-parallel and q-perpendicular

configurations were measured (transmission and reflection geometries, see Figure

3.7).The same dispersion relations was observed in both configuration since there

is no preferable direction in the CPG membranes because of the isotropic distribu-

tion of the porous network. Rayleigh scattering that occurs between -5 and 5 GHz

was filtered out since it does not deliver any useful information for understanding

the spectra. Only Stokes shifts are shown, because the Brillouin spectra are abso-

lutely symmetrical due to the nature of the phenomenon. To determine the exact

position of each peak Lorentzian approximation was used that was applied to the

raw data.

Figure 6.1 shows Brillouin shifts for non infiltrated CPG membranes with aver-

age pore diameter of 2 nm, 9 nm and 26 nm. The exact position of each shift as

marked with a semitransparent circle. The letter L denotes that the marked shift is

longithudinal mode. More then one shift was measured, each is marked with a cor-

responding number. Both, q-parallel and q-perpendicular orientations are shown,

but since there is no preferable or defined direction in the investigated samples,

both orientations lead to the same dispersion diagram. The difference of intensities

of L1 and L2 for CPG2 and CPG26 is more intense in the q-perpendicular orienta-

tion. So is the resolution of L1 and L2 peaks for CPG26 - in q-parallel orientation

it seems like a one bright peak, in q-perpendicular orientation one can see a peak

and a hump. L2/3 looks like one bright peal in q-parallel for CPG9 but one can

differ to peaks in q-perpendicular configuration. The intensity of L1 is higher that

L2 for CPG2 and CPG26. Figure 6.2 illustrates the Brillouin shifts for infiltrated

CPGs with average pore diameter of 2 nm, 9 nm and 26 nm. There are two peaks

for 2 nm sample, the one that never changes its position (flatband, marked with

gray area), and one that is dependent on the scattering angle (acoustic mode).

The first peak can be considered as back scattering energy. The q-perpendicular

configuration shows only one peak for CPG2 and CPG9, however one can see two

shifts for CPG26.

As one can see on both Figures 6.1 and 6.2, the q-parallel spectra differ signifi-

cantly from the q-perpendicular spectra even for the same scattering angles. As

explained in the end of Section 3.3, q-parallel corresponds to a transmission mode
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and q-perpendicular to a reflection mode. The reason for such a discrepancy of

the spectra regarding their maximal intensity and the overall appearance might be

the fact, that the initial intensity of the incident light is reduced in the reflection

mode due to reflection and scattering of light on the rough surface of CPG. The

roughness of studied CPGs is shown in Figure 2.12 a, b and c. Figure 6.3a shows

dispersion relations for non-infiltrated 2 nm, 9 nm and 26 nm CPGs. The presence

of more that one longitudinal mode for each empty sample leads respectively to

more that one dispersion curve. Based on the dispersion diagram it is possible

to calculate the sound velocity, therefore each longithudinal or transversal branch

is designated as CL or CT . The measured Brillouin shifts for transversal modes

are not shown. There is only one transversal mode for CPG2 but two modes

for CPG9 and CPG26. The calculated longitudinal sound velocities, transversal

sound velocities and refractive indices for each measured mode for CPG2, CPG9

and CPG26 are shown in Table 6.1. Figure 6.3b shows the dispersion diagrams

for filled CPGs. There is only one longitudinal sound velocity for 2 nm and 9 nm

samples and two sound velocities for 26 nm sample. There is also one transversal

sound velocity for CPG2 and CPG26, it was not possible to measure transversal

sound velocity for CPG9.

Table 6.1: Longitudinal and transversal sound velocities and calculated re-
fractive indices (longitudinal mode) for investigated non infiltrated CPGs.

Sample Name Longitudinal Velocity m
s Transversal Velocity m

s Refractive Index

CPG2
CL1 = 3940
CL2 = 2900

CT = 2360
n1 = 1.41
n2 = 1.22

CPG9
CL1 = 4120
CL2 = 3180
CL3 = 2920

CT1 = 1980
CT2 = 1810

n1 = 1.37
n2 = 1.23
n3 = 1.19

CPG26
CL1 = 3910
CL2 = 3470

CT1 = 2420
CT2 = 2140

n1 = 1.22
n2 = 1.19

Table 6.2: Longitudinal and transversal sound velocities and refractive indices
(longitudinal mode) for investigated infiltrated CPGs.

Sample Name Longitudinal Velocity m
s Transversal Velocity m

s Refractive Index

CPG2 CL = 4280 CT = 2440 n = 1.37

CPG9 CL = 3000 CT n.a. n = 1.27

CPG26
CL1 = 3460
CL2 = 2780

CT = 1780 n = 1.35
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The calculated longitudinal sound velocities, transversal sound velocities and re-

fractive indices for infiltrated 2 nm, 9 nm and 26 nm samples are sumed up in

Table 6.2

6.3 Discussion

6.3.1 Mode-guiding vs. effective medium

The phonon band structures of empty CPG membranes show common features for

all examined pore diameters, both longitudinal (hard and soft mode) and transver-

sal (two modes with increasing distance when pore diameter increases). Experi-

ments on blank CPGs revealed the presence of two phononic modes in the BLS

spectra for 2 nm and 26 nm samples and three modes for 9 nm spectra (see Figure

6.1). That leads to the conclusion that there are simultaneously different ways,

how the sound wave propagates through the empty membranes, which leads to

multiple measured sound velocities (Figure 6.3a). The measured phononic modes

are called the hard mode L1 (higher frequency, higher sound velocity) and the

soft mode L2 (lower frequency, lower sound velocity). In case of 9 nm samples, an

optimal correlation between raw data and fitting curve is found, when suggesting

the presence of two soft modes, even though their distance in the frequency space

is minimal. The model that would explain the presence of soft mode and hard

mode is based on an assumption that two different ways of how the sound propa-

gates through the sample are observed at the same time (Figure 6.5) - the guiding

of the sound waves selectively through the pore walls and therefore the higher

sound velocity for the hard mode L1 and the passing of the sound wave through

the whole sample as an effective body including the air filled empty spaces and

therefore the averaging of the sound velocity, which leads to a smaller value for the

soft mode L2. This is possible since there is a significant difference between the

speed of sound in air, which filled the empty membrane, and the speed of sound

directly inside the walls of the porous glass.

CPGs with 2 nm and 26 nm average pore diameter have a clearly outlined hard

mode (peaks at higher frequency) and weakly outlined soft mode (peak at lower

frequency). 9nm CPG shows an opposite behaviour - the intensity of the hard

mode is lower than the intensity of the soft mode. For some reason the presence
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Figure 6.1: Measured Brillouin shifts for empty 2 nm, 9 nm and 26 nm CPG
samples. The letter L denotes a peak that corresponds to a longitudinal mode.
Spectra are shown for parallel (top) and perpendicular (bottom) orientation of
q-vector. Semitransparent circles illustrate the location of the maxima that are
determined with the Lorentzian approximation. Rayleigh scattering is filtered
out and only Stokes shift is shown due to the symmetry of the BLS effect. The
spectra are taken with VV polarization and represent the longitudinal mode.
The corresponding value of q-vector of each spectrum is shown in red on the

right side. The frequency corresponds to the Brillouin Shift.
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Figure 6.2: Measured brillouin shifts for infiltrated 2 nm, 9 nm and 26 nm
CPG samples. The letter L denotes a peak that corresponds to a longitudinal
mode. The letter B denotes the backscattering peak that does not change its
position with the changing angle configuration. Spectra are shown for parallel
(transmission geometry) and perpendicular (reflection geometry) orientation of
q-vector. Semitransparent circles illustrate the location of the maxima that are
determined with the Lorentzian approximation. Rayleigh scattering is filtered
out and only Stokes shift is shown due to the symmetry of the BLS effect. The
spectra are taken with VV polarization and represent the longitudinal mode.
The corresponding value of q-vector of each spectrum is shown in red on the

right side. The frequency corresponds to the Brillouin Shift



Chapter 6. BLS spectroscopy, non-volatile liquid, nanoporous hosts 85

Figure 6.3: Dispersion relations for non infiltrated and infiltrated 2 nm, 9 nm
and 26 nm CPG samples. (a) Longitudinal (CL) and transversal(CT ) modes are
presented. Each sample has several longitudinal modes. CPG2 and CPG26 have
two transversal modes respectively. (b) Longitudinal (CL) and transversal(CT )
modes are presented. Each sample has several longitudinal modes. CPG2 and

CPG26 have two transversal modes respectively.

of weak modes for 2 nm and 26 nm samples is particularly noticeable in the q-

perpendicular configuration when directly compared with the data obtained from

the q-parallel configuration, even though CPG is an isotropic medium and there

should be no difference. Figure 6.4 shows that the intensity ratio of the hard

modes and soft modes as a function of scattering angle is constant for all three

samples. The intensity ratio was calculated as I1/I2 where I1 is the intensity of

the hard mode and I2 the intensity of the soft mode. The constancy of the ratio

of intensities means that it does not depend on the scattering angle and that it

is a fundamental property of the samples related to their internal structure. The

fact that the CPG9 has more intense soft mode and less intense hard mode leads
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to a lower value of I1/I2 compared to the samples with 2 nm and 26 nm average

pore diameter. This does not correlate with the porosity values listed in Table

2.1, which grow with increasing pore diameter. For PDMS infiltrated CPG2

Figure 6.4: Ratio of measured values for longitudinal Brillouin shifts L1 and
L2 for empty CPGs as function of the scattering angle reveals certain stability.
CPG2 nm and CPG26 nm exhibit the stable dominance of the L1 over L2

whereas the CPG9 nm shows exactly the opposite result - there is a stable
dominance of L2 over L1

and CPG9 samples there is only one sound velocity, which means that only the

effective sound velocity is observed - the whole CPG membrane acts like an ef-

fective medium and there is no mode-guiding effects like it was observed inside

empty CPGs due to the low elastic contrast between the pore walls and infiltrated

polymers. Figure 6.6 illustrates the idea of selective propagation and low elastic

contrast. When elastic contrast is to high, like in case with glass-air, there is a

component of the the sound wave that prefers pathways with higher elastic mod-

ulus and propagates strongly along the glass walls, which leads to a hard mode L1

observed for empty CPGs. When a medium is present, like observed in the case

of filled membranes with 2 nm and 9 nm pore diameter, the body acts like a bulk,

there is no preferable direction and the sound waves propagate along the whole

body.
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Figure 6.5: Modeguiding vs. Effective Medium model, (a) the propagation
of the sound wave selectively through the pore walls leads to a higher sound
velocity for the hard mode L1 and (b) the passing of the sound wave through
the whole sample leads to the averaged sound velocity of an effective medium
which leads to a lower value for the soft mode L2. The length of the edge is

350 nm

Figure 6.6: Illustration of the principle of selective propagation of sound
waves in non-infiltrated(a) and infiltrated(b) CPG membranes. The sound wave

prefers selectively material with a higher elastic modulus.
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6.3.2 Sound velocity inside pore walls

Polian et. al. [133] investigated SiO2 with BLS spectroscopy for different tem-

peratures and have shown that the longitudinal sound velocity of bulk silica glass

at room temperature is vl(SiO2) = 5953m
s

. Assuming that the hard mode is the

sound that propagates through the pore walls, one would suggest that the sound

velocity might not differ significantly from that in bulk, however, maximal mea-

sured longitudinal sound velocity for CPG sample is 4120m
s

for CPG9 nm. There

must be something that slows down the sound velocity that propagates through

the pore walls. An ad hoc assumption implies that the inner structure of the

pore walls can be described with a density gradient. CPG membranes used in

the experiments consist 96% of SiO2 and the rest are residual boron atoms (see

[4]). Dawidowicz et. al [134] has shown that when heating the sample up to 400◦

boron atoms start to diffuse to the surface, however their spacial distribution in

the non heated sample is unknown. As Ryabov et. al. summarizes in his work

[135], it has been also shown with neutron diffraction study [136] that there are

three types of adsorbed water inside silica glasses. The first type is physisorbed

layer, the second type is a chemicaly stable chemisorbed layer that is characterized

by spatially distributed water molecules on the inner surface of porous silica glass

and the third type is a strongly bonded chemisorbed layer that consist of water

clusters made of 40-60 molecules that are connected with hydrogen bonds and are

forming an ordered array of water molecules.

The chemical structure of the surface of the porous glass is characterized by the

presence of hydroxyl groups [137]. In addition, the chemical composition of the

surface can vary considerably depending on the conditions under which the ther-

mal pre-treatment was carried out [4]. Thus it appears that the internal structure

of pore walls of the porous glass is a chemically complex structure consisting of

two main layers -the silica glass layer with some inhomogeneities, like boron atoms

and the rest, and uniformly distributed water layer of three different types.

6.3.3 Comparison of sound velocities of infiltrated and non-

infiltrated CPGs

Now after discussing the possible origin of multiple sound velocities in empty CPG

membranes, one can directly compare the longitudinal and transversal components

of PDMS infiltrated and empty CPGs.
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6.3.3.1 CPG2

The longitudinal sound velocity of the empty CPG sample is L1=3940 m/s and

L2=2900 m/s, and the sound velocity of the PDMS filled CPG sample is 4280

m/s. That means, longitudinal waves propagate inside PDMS filled CPG2 340

m/s faster than in the empty CPG2 membrane when compared to the hard mode

L1 and 1380 m/s faster than in the empty CPG2 membrane when compared to

the soft mode L2 . The empty transversal sound velocity is 2200 m/s, the filled

transversal sound velocity is 2440 m/s. That means, transversal waves propagate

inside PDMS filled CPG2 220 m/s faster, than in the empty CPG2 membrane.

One possible explanation of this effect is the immobilization of the PDMS layer

that will be discussed below .

6.3.3.2 CPG9

The longitudinal sound velocities of the empty CPG9 sample are L1=4120 m/s,

L2=3180 m/s and L3=2920 m/s, the longitudinal sound velocity of the PDMS

filled CPG9 is 3000 m/s. The transversal component of PDMS filled CPG9 was

not measured, direct comparison is not possible.

Let us assume, based on the mode-guiding model that L1 is the strong mode,

which means this is the sound velocity inside the pore walls and L2 and L3 are

two soft modes, which means these are the sound velocity of the effective medium.

Comparing L1empty with Lfilled leads to a difference of 1120 m/s. The sound waves

propagate more than 1000 m/s faster inside the walls of the empty samples than

in the effective medium of the infiltrated one.

Comparing L2empty with Lfilled leads to a small difference of 180 m/s, the sound

inside the empty membrane is still faster.

Comparing L3empty with Lfilled leads to a difference of 80 m/s, the sound inside

the empty membrane is slower. It is a similar result to the CPG2 filled. There

might be a thin layer of immobilized PDMS molecules near the pore walls, leading

to the increase of the sound velocity of the effective medium (Lfilled) compared to

the sound velocity of empty effective medium L3empty.



Chapter 6. BLS spectroscopy, non-volatile liquid, nanoporous hosts 90

6.3.3.3 CPG26

The longitudinal sound velocities of the empty CPG26 sample are L1=3910 m/s,

L2=3470, the longitudinal sound velocities of the PDMS filled CPG26 sample are

L1=3460 m/s,L2=2780. The empty transversal sound velocity is T1=2110 m/s,

T2=2140, the filled transversal sound velocity is 1780 m/s.

This time there are two longitudinal components in the infiltrated sample. Even

in the infiltrated state it was possible to measure both components.

Comparing L1empty with L1filled leads to the difference of 450 m/s. The sound

inside the walls of the empty membrane is faster.

Comparing L2empty with L2filled leads to the difference of 690 m/s. The sound

inside the effective medium of the empty membrane is much faster than that in

the infiltrated one. In contrast to CPG2 and CPG9, every measured longitudinal

sound velocity in infiltrated state is lower than in non-infiltrated. The same is

valid for the transversal sound velocity Tfilled compared to T1empty and T2empty.

6.3.4 Restricted mobility of PDMS infiltrated in CPG

The measured longitudinal sound velocities of PDMS infiltrated CPG2 and CPG9

are higher than longitudinal velocities of empty CPG2 and CPG9 (hard modes).

In case of CPG26, every measured sound velocity in the empty samples is higher

than in the PDMS infiltrated.

As discussed in the state of the art, it was shown with different experimental meth-

ods that there is a restricted motion of PDMS molecules near different surfaces,

like the surface of the filler particles or on different surfaces. The thickness of this

layer varies between 0.8 and 2.4 nm.

The molar mass of one monomer unit of PDMS is M = 74, 15g/Mol. The number

average molar mass of PDMS used in the experiments is Mn = 550g/Mol. That

means, there are 550/74, 15 =≈ 7 monomer units in a chain.

Assuming the length of a monomer unit as 4 Å one can easily calculate the average

length of a chain as L = N ∗ l = 2, 8nm.

The length of a chain is about 3 nm and the pore diameter of CPG2 is 2 nm so it

is most probably that every single polymer chain will have at least one adsorption

site, which reduces the mobility of the chains.
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The speed of sound can be given by Newton Laplace equation( [138]), which is:

c =

√
Ks

ρ
(6.1)

where Ks is the stiffness coefficient and ρ is the density. One can assume that since

PDMS is immobilized due to the massive increase of adsorption sites, its resistance

to uniform compression also increased, leading to a higher value of Ks. That leads

to a higher value of sound velocity that is observed in the BLS experiments.

The same applies in some way for the 9 nm samples, since it was still possible to

measure restricted motion of PDMS that is infiltrated into these samples, which

manifests itself trough higher sound velocity in infiltrated state, than the sound

velocity of empty effective medium.

6.4 Conclusion and outlook

Empty and PDMS infiltrated CPG membranes with different mean pore diameter

where investigated using BLS spectroscopy. It has been shown that there might

be a mode-guiding effect in the empty CPG membrane, due to the presence of

multiple phononic branches. The postulated model suggests that there are two

different ways how the sound waves might propagate trough the CPG membranes -

the sound propagation through the glass and air as an effective medium that leads

to a lower sound velocity and the selective propagation trough the pore walls that

leads to a higher sound velocity. This effect of selective propagation of sound

waves porous glasses has not been observed up to now.

Investigations of PDMS infiltrated CPG membranes revealed two phenomena.

First, one can measure only one sound velocity, which supports the theory of

mode-guiding for the empty membranes, since the elastic contrast between pore

walls and PDMS is lower, and therefore there is only effective medium that is

visible for the pressure waves. Second effect is the higher effective sound veloc-

ity in infiltrated 2 nm CPG membranes that could only be explained by strong

reduction of the mobility of infiltrated polymers. The effective sound velocity

of infiltrated 2 nm CPG is 340 m/s higher, than the maximal sound velocity of

empty 2 nm membranes. That means the sound velocity in the PDMS filled area

must be higher than that in the pore walls, so the whole sound velocity is higher.

The most simple explanation is the fact that the polymer chains are constantly
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in contact with pore walls, since the average diameter of the pore walls is 2 nm

and the average length of the chain about 3 nm. The specific interaction of the

pore walls and PDMS molecules reduces the mobility of polymers, changing their

elastic properties, such as sound velocity.



Chapter 7

Self diffusion of non-volatile fluids

in quasi one-dimensional

confinement

7.1 Introduction

Self diffusion coefficient of polymer molecules is a fundamental property in poly-

mer dynamics. Therefore, this quantity has often been investigated, mainly with

destructive methods, such as PFG-NMR ([139],[140]). Measurements of low dif-

fusion coefficients at room temperature for relatively high chain length is not an

easy task. Especially when it comes to the dynamics inside different nanoporous

materials such as anodic aluminium oxide. Standard methods can not measure

the diffusion coefficient in this system due to a very long observation time. Here a

method is presented that allows to determine the diffusion coefficient of different

non-volatile fluorescing substances inside AAO. This method is not destructive. It

is based on the bleaching of fluorescing molecules in a certain area and observing

of regeneration of fluorescence intensity in this area due due to the molecular mo-

tion. It must be mentioned that this chapter has an explorative character. The

theoretical and experimental methods presented here must be proven, controlled

and optimized. The basis of the proposed method is fluorescence recovery after

photobleaching (FRAP). It is a widely used optical method in the biology and

biochemistry ( [141], [142], [143]). Using this technique one can easily quantify

diffusive properties of fluorescing probes. This method is widely established and

93



Chapter 7. Self diffusion in quasi one-dimensional confinement 94

well understood for two-dimensional diffusion processes.

Axelrod et. al [144] proposed a model for uniform circular disc profile, D. M.

Soumpas. [145] expanded this model, K. Braeckmans et. al. [141] and [146] has

developed a model for 3D diffusion in a living cells. There is however no model

describing one dimensional diffusion that would describe self-diffusion of polymers

in a quasi one-dimensional environment of AAO. A theoretical and experimental

model was created in order to investigate the diffusion process of polymers under

nano-confinement of AAO.

Figure 7.1: Different phases of regeneration during a FRAP experiment. (1)
A non-bleached area is shown with a maximal intensity. (2) The same area is
shown right after the photobleaching, resulting in a black circle that represents
the ideal case, when all fluorescing molecules are bleached. The fluorescence
intensity drops to a minimal value. (3) The bluring of the black circle is ob-
served, which means there is a diffusion between bleached and non-bleached
molecules. The fluorescence intensity starts to grow. (4) The process of re-
generation continues, the fluorescence intensity in the photobleached area keeps

growing.
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7.2 Modification of the mathematical model of

Fluorescence Recovery After Photobleach-

ing (FRAP) method for one dimensional ge-

ometries.

A certain volume of the substance with the initial fluorescence intensity I0 (Figure

7.1 [1]) is bleached by intense laser radiation, wherein the laser pulse duration

should be shorter than the characteristic time of the system dynamics. This cre-

ates an area of photobleached molecules(Figure 7.1 [2]), resulting in a substantial

reduction in intensity in a given volume. The intensity regeneration (Figure 7.1

[3]) is observed with a second laser, or with the initial one with significantly re-

duced radiation intensity to prevent further photobleaching. The recovery process

takes place due to the natural diffusion of photobleached and non-photobleached

molecules. The observation of the signal happens using confocal laser scanning

microscope. The intensity at the end of restoration process (Figure 7.1 [4]) Iend

is smaller than the initial intensity I0 because the total amount of fluorescence

capable molecules has decreased. Based on the recovery dynamics, expressed in

the ”‘Fluorescence Intensity vs. Time”’ graph, one can elucidate basic diffusion

parameters such as the average diffusion time, the average distance, as well as

generally characterize the investigated substance [142]. In addition, based on the

nature of observed recovery profile one can conclude about the nature of the re-

covery itself - is it a pure diffusion, or is there other phenomena. One needs a

mathematical model in order to extract the parameters from the experimental

data.

Modeling fluorescence recovery implies two important points - creating a math-

ematical model and parametrization of the model using computer al-

gorithms. The diffusion process inside porous alumina can be considered as

quasi-onedimensional because of the geometrical restriction of this materials. The

pores are parallel, non interconnected and the pore diameter is much smaller than

the membrane thickness, which is well illustrated in Figure 7.2 that shows the un-

derlying geometry for 1D modelling. The pore diameter of the AAO membranes

used for the further experiments is 60nm and the bleached area is about 10 µm,

therefore there are more than 300 pores in the bleached are. In order to calculate

the diffusion coefficient from the 1D model, it is enough to know the intensity from

the middle of the burned profile in x-z direction, which might be one single pore
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Figure 7.2: The underlying geometry of porous alumina with infiltrated and
photobleached material. On the top there a reservoir of polymers. The pores

are opened on the one side(top) and closed on the other(bottom).

in the ideal case.

Diffusion can be written in the form of a partial differential equation as the sum

of a source function and the local derivative of the mass flow.

∂C(x, t)

∂t
= f [C(x, t)]− ∂

∂x
Jc(x, t) (7.1)

The bleaching is irreversible, so there is no source function in the considered sys-

tem, so f = 0. In general, the mass flow of a sample surface is proportional to the

concentration gradient(first Fick’s law):

Jc(x, t) = Dx · ∇C(x, t) (7.2)

With one dimensional system it is possible to reduce the gradient to the first

spacial derivation and a factor Dx which is the proportionality factor which is in

this case the diffusion coefficient. The equation 7.1 is reduced to:

∂C(z, t)

∂t
= Dz

∂2

∂z2
C(z, t) (7.3)

The first assumption is that the photobleaching process, i.e. conversion of the

fluorophore to the nonflurescent state is a first order reaction. The rate constant

is defined as αI(r), the concentration of fluorescing molecules is C(r, t), r is the

position and t is time. Then one can define a differential equation that describes
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Figure 7.3: Gaussian beam width w(z) as a function of the distance z along
the beam. w0: beam waist; b: depth of focus; zR: Rayleigh range; Θ: total

angular spread [147]

the bleaching dynamics:

dC(r, t)

dt
= −αI(r)C(r, t) (7.4)

which means the change of the concentration is linearly correlated to the concen-

tration itself. The rate constant αI(r) consist of the factor α and the bleaching

intensity I(r). The initial boundary condition, describing the number of bleached

molecules is determined using the fact that the initial laser pulse lasts much less

than the dynamics of the system recovery.

C(r, 0) = C0e
−αTI(r) (7.5)

with T - the time interval of the initial pulse and C0 - the initial concentration of

activated fluorophores before bleaching.

The bleaching intensity I(r) is defined by the Gaussian intensity profile of the

laser beam, which is shown on Figure 7.3. Some important parameters are shown,

such as the beam waist w0, w(z) the beam width as a function of of the distance

z along the beam, b - the depth of focus, zR - the Rayleigh range, Θ - the total

angular spread, and z - the propagation direction.

The intensity of the beam at the point z in the distance r from the axis of propa-

gation is:

I(r, z) = I0

(
w0

w(z)

)2

· e−2( r
w(z))

2

(7.6)
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Figure 7.4: The intensity of the laser beam along the propagation axis z, for
z0 = 1 and I0 = 1.

The initial intensity I0 can be written as:

I0 =
2P

πw0
2

(7.7)

where P is the total power of the laser beam. The Gaussian beam width can be

expressed as:

w(z) =

√√√√w0
2 ·

(
1 +

(
z

z0

)2
)

(7.8)

We now consider the intensity of the laser beam along the propagation axis only.

In this case, Equation 7.6 can be simplified to:

I(r, z|r = 0) = I0 ·
1

1 +
(
z
z0

)2 (7.9)

The intensity along the propagation axis z for I0 = 1 and z0 = 1 can be seen on

Figure 7.4.

The fundamental solution for Equation 7.1 is the so called heat kernel or diffusion

propagator:

H(z, t) =
1√

4πDt
· exp(

−z2

4Dt
) (7.10)
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The particular solution of the diffusion equation can be found by folding the fun-

damental solution with initial conditions:

C(z, t) = C(z, 0) ∗H(z, t)C(z, t) =

∫
R
H(z − τ, t) · C(τ, 0) dτ (7.11)

Subsequently, the quasi one-dimensional diffusion model is used to study the self

diffusion of polymers in the porous alumina. We examine only the membranes,

which are open on one side (see Figure 7.2).

The particular solution has to be modified based on the system with only one

opening. To do this, we introduce additional boundary condition. The mass flow

at the bottom of the membrane must be zero. This is illustrated by the Neumann

boundary condition. It is possible to implement, because the function of the initial

condition is even throughout the real space.

C(z, t) =

∫ ∞
0

(H(z − τ, t) +H(z + τ, t)) · C(τ, 0) dτ (7.12)

The initial condition has the zero point in the focus of the laser beam. That

does not match the zero point of the fundamental solution. Due to the Neumann

boundary condition, we set the zero point on the underside of the membrane. The

function of the initial condition needs to be shifted, which is represented by the

parameter zm.

C(z, t) =

∫ ∞
0

(H(z − τ, t) +H(z + τ, t)) · C(τ − zm, 0) dτ (7.13)

Now we use the terms for the initial condition and the fundamental solution:

C(z, t) =
C0√
4πDt

∫ ∞
0

(
exp

(
−(z − τ)2

4Dt

)
+ exp

(
−(z + τ)2

4Dt

))
·exp(−αTI(τ−zm)) dτ

(7.14)

Using Equation 7.9 one can write:

C(z, t) =
C0√
4πDt

∫ ∞
0

(
exp

(
−(z − τ)2

4Dt

)
− exp

(
−(z + τ)2

4Dt

))
·exp

 K

1 +
(
τ−zm
z0

)2

 dτ

(7.15)

Equation 7.15 describes the concentration along the beam axis at the point z and

time t during the regeneration process. A new parameter K is introduced, which
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is the product of three parameters α, I0 and T . Combining the three parameters

in one simplifies the task of modelling, because now we only need to determine

a value of the parameter K. This parameter determines the degree of bleaching

of the fluorophores. This value is easy to quantify, since photobleaching is the

first order process and follows an exponential decay. Therefore, as it is possible to

determine by measuring the intensity of the signal immediately before and after

photobleaching:

K ≈ −ln
(

C(0)

C(−T )

)
(7.16)

The problem is reduced to find suitable parameters for Equation 7.15 that corre-

spond to the maximum correlation with the experimental data. The solution of

this equation and the search for the required parameters is done using numerical

methods.

7.3 Algorithmic parameterization and search for

parameters

Equation 7.15 is the product of two functions, the first is a function of the inverse

root of time, the second is an integral function, which in turn consists of the

external and internal functions.

For further numerical solution of this equation we write it in the form of:

C(z, t) =
C0√
4πDt

∫ ∞
0

T (z, t, τ) dτ (7.17)

with

T (z, t, τ) =

(
exp

(
−(z − τ)2

4Dt

)
− exp

(
−(z + τ)2

4Dt

))
· exp

 K

1 +
(
τ−zm
z0

)2


(7.18)



Chapter 7. Self diffusion in quasi one-dimensional confinement 101

Algorithm 1: Calculation of a data point of C(z, t)

coefficient = C0/sqrt(4*pi*D*t);
wholeSumTau = 0;
tau = 0;
oldvalue = 0;
newvalue = 0;
sumTau = 1;
while sumTau >epsilon ∨ tau <L do

tau += deltaTau;
newvalue = innerFunction(z, t, tau);
sumTau = deltaTau*0.5*(oldvalue+newvalue);
wholeSumTau += sumTau;
oldvalue = newvalue;

dataPoint = new dataPoint(z, t, wholeSumTau*coefficient));

The inner function T can be easily calculated with numerical methods. For this

purpose we use the so called ”‘Proceeding to the limit”’ method [148].

∫ ∞
0

T (z, t, τ) dτ ≈
N∑
n=1

1

2
(T (z, t, (n− 1)∆τ) + T (z, t, n∆τ)) (7.19)

1

2
(T (z, t, (n− 1)∆τ) + T (z, t, n∆τ)) < ε ∀n > N (7.20)

In this method, the function is divided into intervals of size ∆τ . These intervals

are then summed with the trapezium rule. The upper limit of the integral remains

uncertain. Instead, the integral is calculated until the sum of the intervals do not

exceed a certain value ε.

This method is designed for a monotonically decreasing function, converging to

zero. Internal function T does not conform to these criteria. Instead, it increases

its value to the maximum. Nevertheless, we can use the numerical method, if you

add the parameter L, which is an additional boundary beyond which the calcula-

tion of the integral occurs. First of all the algorithmic calculation of the function

C(z, t) is described using the pseudo code (Algorithm 1). Part of the algorithm

requests the value of the inner function T . Calculation of the internal function

is depicted in Algorithm 2. For further calculations it is necessary to average

the calculated values for the given time t, since we do not consider the spacial

resolution along the z axis. For this purpose the values are integrated using the

trapezoidal rule. Algorithm 3 shows, how the values for C(z, t) are finally calcu-

lated. The formulated model comprises four main parameters, each of which has
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Algorithm 2: Internal function of the integral

innerFunction(z,t,tau)
return (exp(-(z-tau)*(z-tau)/(4*D*t)) + exp(-(z+tau)*(z+tau)/(4*D*t))) *
exp(K/(1+((tau-zM)*(tau-zM)/(z0*z0))));

Algorithm 3: Calculation of an averaged data point of C(t)

coefficient = C0/sqrt(4*pi*D*t);
sumZ = 0;
alterWertZ = 0;
for z = 0; z ≤ zMax; z += deltaZ do

gesamtsumTau = 0;
tau = 0;
oldValue = 0;
newValue = 0;
sumTau = 1;
while sumTau >epsilon ∨ tau <L do

tau += deltaTau;
newValue = innerFunction(z, t, tau);
sumTau = deltaTau*0.5*(oldValue+newValue);
wholeSumTau += sumTau;
oldValue = newValue;

sumZ += deltaZ*0.5*(oldValueZ+wholeSumTau*coefficient);
oldValueZ = wholeSumTau*coefficient;

datenPunkt = new DataPoint(t, summeZ));

a significant effect on the final computations. Those parameters are D, K, z0 and

C0. It is necessary to conduct a parameter search, to get maximum correlation

with experimental data. For this purpose, different sets of parameters are used.

Each set is inserted into the model and is evaluated. Then we calculate the cor-

relation between theoretical and experimental data. One set of parameters that

corresponds to the maximal correlation is considered to be the closest to the real

values.

To do this, a parameter space with a given grid resolution is defined. Increase of

the resolution around a certain set values with maximal correlation leads to more

precise results. Figure 7.5 illustrates the idea of the search for parameters in a

grid space. The maximum of this graph corresponds to the maximal correlation.

Therefore it can be concluded that the selected parameters actually describe the

system. Due to the limitation of visual perception one can only show the corre-

lation coefficient as a function of two parameters. The real calculated parameter

space consists of five dimensions.



Chapter 7. Self diffusion in quasi one-dimensional confinement 103

Figure 7.5: Search for the maximum correlation with two parameters in a
parameter space, idealized illustation.

Correlation of experimental and theoretical data is calculated using the empirical

correlation coefficient ([149]).

corr(xi, yi) =

∑n
i=1 (xi − x̄) · (yi − ȳ)√∑n

i=1 (xi − x̄)2 ·
∑n

i=1 (yi − ȳ)2
(7.21)

This equation basically ”‘compares”’ two data sets and delivers the correlation

value between 0 and 1. The xi is the calculated data and yi is the experimental

data. Both data rows must have the same scale, otherwise they must be inter-

polated. Both data rows should also have the same amount of elements. The

correlation coefficient is calculated numerically using following algorithm 4
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Algorithm 4: Numerical calculation of the correlation coefficient

function correlation(double[] series1, double[] series2)
int length = series1.length >series2.length ? series2.length : series1.length;
double xAv = 0, yAv = 0;
for int index=0; index<length; index++ do

xAv += series1[index];
yAv += series2[index];

xAv = xAv/length;
yAv = yAv/length;
double sumCovariance = 0, sumDivX = 0, sumDivY = 0;
for int index=0; index<length; index++ do

sumCovariance += (series1[index]-xAv)*(series2[index]-yAv);
sumDivX += (series1[index]-xAv)*(series1[index]-xAv);
sumDivY += (series2[index]-yAv)*(series2[index]-yAv);

return sumCovariance/sqrt(sumDivX*sumDivY);

7.4 Experimental implementation and tentative

results

The AAO membranes that are used in this experiments are described in Section

2.2.2. The fluorescence mapping is described in Section 3.1.2. FRAP experiments

where performed using confocal laser microscope Olympus LSM FV1000 with 60x

oil objective (see Section 3.1.3). Figure 3.2 from Section 3.1.2 depicts the schematic

arrangement of the components (not to scale).

A thin layer of immersion oil is applied to the lens to eliminate the influence of

the refractive index of the air layer and to average this value for the whole system.

The tested sample (AAO) is fixed on a glass substrate by hot glue. A small drop

of glue is heated on the glass, then a small fragment of AAO is pressed to the

molten glue with opened pores up. After that the glass substrate is fixed on the

objective so the glass touches the oil layer and the AAO sample is on top.

The experiments where performed at 25◦C. The thickness of used AAO membrane

is 30 µm and the pore diameter is 60 nm. Native polybutadiene is present in a

pure non crosslinked form. The Mn = 33500 and PDI = 1.03. Physical data of

pure polymer is selected so as to coincide with the labelled polymer. The dye-

labelled polymer, polybutadiene with perylene derivate, has an attached modified

dye group (Figure 7.6). The Mp = 37600, Mn = 36400 and PDI = 1.03.

10 mg of non marked PB was mixed with 1 mg of perylene-labeled PB using

toluene as solvent. After both substances are solved in a vial, the mixture is
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put into a shaker in order to create a homogeneous substance. Figure 7.7 shows

this mixture while two different phases of production. The first picture shows

the polymeric mixture after two hours of shaking. Large clusters are visible and

the whole substance is not homogeneous. The second picture shows the same

mixture after almost twenty hours of shaking. The substance is homogeneous.

The infiltration process of polymer mix in AAO membranes happens as follows:

one creates the reservoir on top of the AAO by applying an a droplet of mixture

and than let it infiltrate for several hours. Figure 7.8 shows an AAO membrane

with 30 µm thikness and 60 nm pore diameter that is completely infiltrated with

PB mixture.

After the AAO membrane is infiltrated, as is shown in Figure 7.8, it is possible to

continue with photobleaching. First, a point in the middle of the infiltrated AAO

Figure 7.6: Perylene labeled polybutadiene.

Figure 7.7: Homogenity of the mixture of marked and pure polybutadiene
after 2 and 20 hours. XY plane, picture taken with CLSM
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Figure 7.8: AAO membrane (30 µm membrane thickness and 60 nm pore
diameter) infiltrated with a polymer mixture. The edge length corresponds to

100 µm.

membrane is chosen in the x-z plane, the laser beam is focused on a single point

in the x-y plane, the fluorescence intensity of this point is saved and plotted vs.

bleaching time. The laser intensity is changed from 1% (observation mode, 1,7

µW ) to 100% (bleaching mode, 180 µW). Figure 7.9 shows what happens with

fluorescence intensity of the infiltrated membrane shown in Figure 7.8 during the

photobleaching process. One can see that after about one second the fluorescence

intensity starts to decrease. The bleaching took 4 seconds

Figure 7.9: Intensity vs. Time during the bleaching process.

After the intensity reaches half of the initial value, the radiation intensity is re-

duced from the bleaching mode to the scanning mode, in order to detect fluores-

cence intensity, without disturbing it. The laser transitivity goes again to 1 %
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Figure 7.10: a) and b) show the x-z plane of infiltrated AAO membrane before
and after photobleaching. c) and d) show the x-y plane of the same membrane

before and after fotobleaching. The edge length corresponds to 100 µm.

(1,7 µW). Figure 7.10 shows what happens in the x-y and x-z planes after pho-

tobleaching of infiltrated AAO membrane shown in Fugure 7.8. In the x-y plane

there is a photo-bleached spot with clearly reduced intensity that is surrounded by

non photo-bleached PB-mixture. In the x-z plane the bleaching profile resembles

a conical profile. The regeneration process begins as soon as the laser radiation

intensity is set to minimum value and a reservoir of a polymer blend is put on top

of the AAO. The photo-bleached molecules are diffusing into the reservoir and vice

versa. All this results in a slow increase of fluorescence intensity in the observed

bleached volume of AAO. The regeneration dynamics is saved as x-z-Intensity

mapping pictures in chronological order. These pictures are evaluated using the

spatio-temporal method described in Section 4.3. The results are shown in Figure

7.11.

Figure 7.11 shows the evaluation of the regeneration process. The intensity of the

middle of the bleached area is extracted as described in Section 4.3 in order to
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Figure 7.11: Regeneration process, intensity vs. regeneration time. (a) Spa-
tiotemporal representation of regeneration process between 0 and 1000 seconds
of observation; (b) Schematic arrangement of key elements in (a), the polymer
reservoir is on top of AAO membrane, there is no exchange between infiltrated
pores in x-direction, only in z-direction between reservoir and pore openings. (c)
Integrated fluorescence intensity between 0 and 1000 seconds of the region that
is shown in (a); (d) Depiction of the whole measured regeneration process based
on the whole data extracted from the fluorescence mapping pictures during the

complete measurement.

show the intensity evolution as a function of time integrated along the x-direction.

This intensity evolution is shown in Figure 7.11(a). Figure 7.11(b) shows the

ideal configuration of the bleached profile and the key elements that are shown

in (a). The polymer reservoir is on top of AAO, the border between the AAO

membrane and the reservoir is marked with semitransparent dashed line. Since the

spatiotemporal profile consists of intensities along the z-direction in chronological

order, it is possible to plot the integrated intensity of these profiles as a function

of time. This plot is shown in Figure 7.11(c). Figure 7.11(d) shows the whole

regeneration profile during the whole observation time. There are some artefacts

visible after 1000 seconds of observation. Their origin is unknown. They might

origin from mechanical movement of piezo elements or motors of the LSM FV1000

or because of air bubbles inside the oil layer that is between the glass slice and
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the microscope objective.

Figure 7.12 illustrates the process of the search for maximal correlation between

obtained experimental data that is shown in Figure 7.11(c)and Equation 7.15 using

the algorithms that are described in Section 7.3 . All the parameters are fixed

except the diffusion coefficient that is varied in order to maximize the correlation.

Following parameters have been chosen for the calculation of maximal correlation

coefficient:

• D varies from 1E-6 to 1E-4 with a resolution of 1E-6

• z0 was set to 3.0

• K was set to 3

• C0 was set to 1

The diffusion coefficient is varied in an interval between 1E-6 to 1E-4 with a resolu-

tion of 1E-6. The maximal correlation point corresponds to a diffusion coefficient

that describes the diffusion process the best. The maximal correlation was calcu-

lated as 0,96084 which corresponds to a diffusion coefficient D = 5 · 10−5 µm2

s
or

D = 5 · 10−13 cm2

s
.

The experimental recovery curve shown in 7.11(c) and the calculated curve based

on the optimal parameters are shown on Figure 7.13. Black dots are experimen-

tally obtained data and blue line is theoretically calculated regeneration curve.

The calculated diffusion coefficient is relatively small when compared to some lit-

erature data. Pearson et. al [140] studied the viscosity and self-diffusion coefficient

of hydrogenated polybutadiene using PFG-NMR methods. The diffusion coeffi-

cients where determined at 175◦C and the lowest value is D = 5 · 6, 3−12 cm2

s
for

PB with Mn = 304000. The experiments shown in this section where performed

at 25◦C that is 150◦C colder. That surely reduces the mobility of investigated

PB molecules. However, the molecular mobility is also restricted due to the chain

length, which is much smaller than shown in [140].

Fleischer and Appel [150] studied the chain length and temperature dependence of

the self-diffusion of polyisoprene and polybutadiene in the melt using also using the

PFG-NMR method. The lowest measured self diffusion coefficient of polybutadi-

ene with Mn = 49900 at 100◦C is D = 5·2−10 cm2

s
which is three order of magnitude

faster than the results shown in Figure 7.13. Higher self diffusion might occur due

to higher temperature. The most simple explanation for very low value for the
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diffusion coefficient are the geometrical restrictions that are shown in Figure 7.11b

and the lower temperature. The calculated diffusion coefficient does not really

describe the self diffusion of PB, but rather the diffusion between the reservoir on

top of AAO and the openings of the pores of AAO.

It must be mentioned that these results are rather indicative. The method pre-

sented here has yet to be optimized and tested.

Figure 7.12: Parameter search for a diffusion coefficient with a given value
for other two parameters.

Figure 7.13: Measured (black dots) and simulated (blue line) regeneration
curve of bleached area inside porous alumina that is illustrated on Figure 7.10

7.5 Conclusion and outlook

Since standard NMR methods are not effective when it comes to lower temper-

atures and higher chain lenghts especially inside such porous materials as AAO,
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a new non destructive method had to be developed. The theory of fluorescence

recovery after photobleaching (FRAP) was modified to described one-dimensional

diffusion inside AAO, because the self diffusion inside an AAO membrane can be

considered as quasi-onedimensional. A numerical method was developed that al-

lows calculation of maximal correlation and therefore diffusion coefficient based on

the experimental data. The experimental data were obtained using dye-labelled

PB molecules with perylene as a mixture with non marked PB. After complicated

set of steps the diffusion coefficient was extracted.

It has to be specified that the performed experiments only deliver preliminary

results. There are many reasons, why the obtained result should be treated very

carefully.

The degree of infiltration is one parameter that plays critical role for the whole

mathematical model. AAO samples should be filled completely with fluorescing

PB derivative during the bleaching and regeneration phase. The mixture of pure

PB and fluorescing PB is however not perfectly homogeneous (Figure 7.7). This

leads to a different correlation between experimental and calculated data. There-

fore one obtaines different diffusion coefficient.

Post-bleaching plays also a crucial role. The mathematical model is based on

the implication that after the bleaching phase there is no post-bleaching. However,

this effect can not be excluded.

Kinetics of photolytic reaction should be treated with caution. The mathe-

matical modelling implies that the photobleaching reaction is a first order reaction.

It does not have to be that way and is only assumed to simplify the out coming

equations.

Crosslingking of PB is also a serious problem. The fluorescing PB could not be

freshly prepared for the experiments. Therefore it is necessary to proceed from

the fact that part of the molecule is in crosslinked state.



Chapter 8

Summary and outlook

This thesis deals with non destructive investigation methods of volatile and non-

volatile liquids inside nanoporous materials. Nanoporous material with infiltrated

liquid is a simple model system for a nanocomposite. Two nanoporous host sys-

tems where chosen. The first one is anodic aluminium oxide (AAO) as a model

system for aligned separated pores with well defined morphology (Figure 2.7, Sec-

tion 2.2.1). The second one is controlled porous glass (CPG) as model system for

sponge like morphology (Figure 2.10, Section 2.3.1).

First, evaporation of ethanol as a model system for a volatile liquid was studied

(Chapter 4). Using confocal microscopy and combined TGA/DSC analysis (both

methods are described in corresponding Chapter 3, Sections 3.1 and 3.4) it was

shown that evaporation of ethanol from CPG is partially driven by adiabatic burst

events (Figures 4.3 and 4.5). The experimentally measured vaporization enthalpy

differs significantly from the calculated vaporization enthalpy (Section 4.5) when

assuming that evaporation process happens exclusively endothermic. It is assumed

that about half of infiltrated ethanol evaporates adiabatically. Up to 107µm3 of

liquid ethanol can be converted to gas during such adiabatic burst event.

The reason for observed adiabatic burst evaporation is the geometry of CPG.

The low pressure of ethanol that is caused by strong curvature of menisci inside

nanopores leads to a metastable state. The trigger for an abrupt conversion of

metastable liquid to gas is unstable meniscus configurations at air invasion fronts.

The unstable configuration is caused by the build-up of high capillary pressures.

The impetuous propagation of adiabatic evaporation bursts stops when a new sta-

ble configuration is reached.

112
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Haines jumps is a mechanism that is known for the relaxation of unstable air in-

vasion front [104]. However, this mechanism would only be responsible for recon-

figuration of the menisci at the ethanol-air interface. The observed mass transfer

away from the air invasion front is the reason why adiabatic evaporation bursts

prevail over Haines jumps.

Observation of evaporation of ethanol from AAO confirmed that the main reason

for adiabatic burst events is the geometry of CPG (Chapter 5). Measured evapo-

ration profiles inside an AAO membrane (Figures 5.1 and 5.4 ) do not reveal any

irregularities. Ethanol evaporates from straight, aligned and separated pores of

AAO. Unstable configuration at the air invasion front is not observed.

In order to make ethanol evaporation visible for confocal microscopy, R6G was

used as fluorescing marker (3.1.2). It was assumed that the presence of fluores-

cence signal in the x-z area (which covers the length and the hight of investigated

membranes) is a direct indication of the presence of ethanol. This assumption had

to be reconsidered due to significant grow in the integral fluorescence intensity

along the z-axis after ethanol completely evaporated from AAO (Section 5.3, Fig-

ures 5.4 and 5.6b). The R6G molecules on the bottom are the primary source of

fluorescence signal that is scattered along the whole AAO membrane and reaches

the detector that is placed beyond the AAO membrane. Fluorescence signal at

this position is interpreted as if it came from the point where it was measured. It

is still necessary to understand the nature of fluorescence quenching and regenera-

tion right after the complete evaporation of the solvent. Possible explanation is the

absorption of surrounding water and regaining of fluorescing properties. However,

this statement is speculative and must be proven by further experiments. Experi-

ments on glass (Figure 5.6a) did not reveal any signal enhancement or regeneration

after evaporation of ethanol. Time resolved 3D orientation spectroscopy (descrip-

tion in Chapter 3, Section 3.2) of R6G molecules on a glass surface and inside an

AAO membrane did not show any differences on characteristic features. Therefore

it can be concluded that angle distribution of R6G molecules is not a reason for

observed signal reactivation and enhancement.

Polydimethylsiloxane (PDMS) and polybutadiene (PB) are used as model systems

for non-volatile liquids. BLS study (Chapter 3, Section 3.3) of nanocomposites con-

sisting of liquid PDMS and CPG revealed that the effective sound velocity inside

PDMS infiltrated CPG with 2 nm average pore diameter is significantly higher

than the effective sound velocity inside an empty CPG membrane (experimental

results in Section 6.2, Figures 6.1, 6.2 and 6.3, Tables 6.1 and 6.2). This could
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be explained by strong reduction of the mobility of infiltrated polymers. Similar

effect was observed for CPG with 9 nm pore diameter. The mobility of infiltrated

polymers might be influenced in the vicinity of the pore walls.

BLS studies of empty CPG membrane revealed presence of multiple phononic

branches. The sound wave may have two different ways how to propagate trough

CPG - trough the pore walls only (higher sound velocty) and trough an effective

medium including the air gaps (lower sound velocity) (Section 6.3.1). Only one

sound velocity was measured inside infiltrated CPG membranes with 2 nm and 9

nm pore diameter, which support the theory of mode guiding.

In conclusion, studies where conducted on self diffusion of polybutadiene inside

AAO membrane(Chapter 7). NMR techniques could not be applied due to very

low temporal resolution. The underlying theory of fluorescence recovery after pho-

tobleaching (FRAP) that is usually applied for two-dimensional diffusion in biolog-

ical probes was modified for one-dimensional diffusion geometry inside the pores

of AAO (Section 7.2). In order to make diffusion visible for confocal microscopy

dye-labelled polybutadiene was used as guest system. The obtained diffusion co-

efficient is three orders of magnitude lower than self diffusion of polybutadiene

in a free melt that is known from literature(Section 7.4, [140], [150]). That can

be explained by many factors. First, all results from the literature are obtained

for higher temperatures. That increases the diffusion time. Second, diffusion un-

der nano-confinement inside the pores of AAO is surely different to the diffusion

process inside a free volume of polymer melt. It has to be specified that the per-

formed experiments only deliver preliminary results. There are many reasons, why

the obtained result should be treated very carefully.

In further research it is necessary to pay particular attention to the physics of R6G

on the bottom of AAO. As mentioned above, it was possible to observe an inten-

sity drop right after the moment when solvent completely evaporated, following

by regeneration of fluorescence intensity. The nature of this phenomenon has not

been understood properly.

It is also worth paying attention to the geometry of studied porous membranes.

CPG and AAO are two extreme cases - sponge like morphology vs. vell defined

morphology. One should try to investigate evaporation of ethanol from membranes

with mixed characteristic features.

The effect of mode-guiding could be calculated numerically in order to prove the

idea of selective pressure-wave propagation through the whole medium and selec-

tively only trough the pore walls.
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For a better implementation of FRAP in AAO a more liquid polymer mixture is

needed in order have a quicker infiltration and regeneration times. Also the theory

should be tested with different one dimensional geometries in order to improve the

repeatability of the results.
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