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Abbreviations

CCD Charge Coupled Device
DMSO dimethyl sulfoxide

d.of. depth of focus

FT Fourier Transform

FWHM full width at half maximum

GLYMO 3-(glycidoxypropyl)trimethoxysilane
I length of the focus

NA numerical aperture

NAg “effective” numerical aperture
PDMS polydimethylsiloxane

PSF point spread function

PVC polyvinyl chloride

PVDF poly(vinylidene fluoride)

TESSA 3-(triethoxysilyl)propyl succinic anhydride



| ntroduction

Infrared and Raman spectroscopy have both a long and interesting history and an
illustrious record of contributions to science. Infrared spectroscopy is older than Raman
spectroscopy by 128 years and was discovered in 1800 by William Herschel ! After the
second World War the infrared spectroscopy has represented a standard method
primarily due to the development of sensitive infrared detectors and advances in
electronics. A second major infrared advance occurred in the 1970s when the
development and incorporation of computers within spectrometers enabled the
multiplex and energy-throughput advantages of interferometry to be exploited. Fourier
transform mathematical analysis of the interferogram was used to derive conventional

intensity versus frequency spectra. The infrared source documents for this period are the
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comprehensive book published in 1986 by Griffiths and de Haseth® and a set of papers
by Miller®, Wilks®, Griffiths’, Sheppard® and Beckman.’

The inelastic scattering of photons, named the Raman effect after its experimental
discoverer, was first observed in 1928, and provides an important method for studying
the frequency ranges associated with molecular vibrations and rotations. Raman and
Krishnan® discovered the effect in Calcutta in 1928 while studying the scattering of
sunlight, made quasi-monochromatic by the use of a filter, by liquids. Smekal® had
theoretically predicted that such an effect is possible, while Landsberg and
Mandelstam’® have independently observed the effect in light scattering in quartz but
published their results shortly after Raman and Krishnan's paper in Nature. In an article
published in 1934, Placzek™ comprehensively laid out the theory for selection rules,
relative intensities and polarizations of features in Raman spectra. By 1940s, Raman
spectroscopy had become an important method of non-destructive chemical
analysis,***® showing its wide-ranging applications. These included vibrational studies
of smaller molecules, which, in conjugation with infrared data, enabled complete or
near complete assignments of the frequencies of the fundamental normal modes. From
the development of lasers in the 1960s as ideal and intense monochromatic excitation

source Raman spectroscopy became widely applied to avariety of problems.***°

Twenty five years ago it was shown® that the best way to develop micro-Raman
instruments was to use a microscope for both illuminating the sample and collecting the
Raman light. Indeed, microscope objectives with high numerical aperture (NA) optics
are able to focus the laser beam into a very small volume and to collect the light
scattered by this volume under a wide angle. Thus, both the enormous increase of the
local irradiance and the wide angle of collection compensate for the decrease of the
number of molecules in the probed volume. Moreover, the use of a microscope alows
the user to observe the sample precisely and to select any part of interest for micro-
Raman experiments. However, the optical coupling between the microscope and the
spectrometer must be optimised all along the optical path. In addition the use of a
pinhole, which is placed at the back focal plane of the microscope, provides a

substantially improvement of the spatial resolution. Unlike the conventional microscope



Chapter 1

where the entire field of view is uniformly illuminated and observed, the “confocal”
arrangement takes benefit from the combined effects of spatia filtering by opticaly
conjugated pinhole diaphragms. Such a system isolates the light originating from a
small region of the sample coincident with the illuminated spot, and efficiently
eliminates the contribution from out-of-focus zones, making the Raman investigation of

micron-sized sample volumes possible.

In the present work two principal techniques are employed, infrared absorption and
Raman spectroscopy. The first part of the work contributes to a better understanding of
physical phenomena, which occur in sample when confoca micro-Raman
measurements are employed, making easier a future vibrational characterization of
different levels into the sample. The determination of diffusion properties of molecules
across membranes by using the same spectroscopic technique represents an important
step in the pharmacological research, opening new ways of the application possibilities
of this spectroscopic method. In the second part of this work the vibrational
characterization of a material structure with high applicability, such as doped B,Os-
Bi»O; glasses, performed by means of infrared absorption and Raman spectroscopy,
demonstrates the great potential of the above mentioned techniques, when are
simultaneously applied, for obtaining relevant structural information from such
materials. The following paragraphs describe briefly the content of all chapters, which

constitute the present work.

Chapters 2 and 3 contain a very short general description of the Raman and infrared
spectroscopy terms, and confocal micro-Raman spectroscopy in particular. The
experimental part makes up the next chapter and contains details about the sample

preparation and measurements.

A relatively new and not very well understood spectroscopic technigque, which showed
an exponentially increase in interest in the last decade due to its non-destructive
capabilities, is confoca micro-Raman spectroscopy. Chapter four presents a rather
detailed theoretical-experimental study, which includes the application of a model that
describes the influence of the refraction effect on the focus length on confocal micro-
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Raman experiments, the development of a new model that additionally considers the
effect of diffraction on the focus dimensions, and a comparison between the
experimental and theoretical data followed by a discussion of the observed differences.
A paralel comparison between these two theoretical approaches is aso drawn

throughout of this section.

The next chapter deals with the characterisation of diffuson processes of
pharmacologically relevant molecules (B-carotene dissolved in dimethylsulfoxide)
through a polydimethylsiloxane (PDMS)-membrane by means of confoca resonance
Raman spectroscopy. The diffusion rate as a function of the measurement depth and
diffusion time as well as the concentration gradient under a steady flux have been
determined, the measurements showing that the confocal micro-Raman technique is a
powerful tool to investigate the kinetics of diffusion processes within a membrane
before the steady state has been reached.

In chapter 6 infrared and Raman spectroscopic studies of copper and iron doped B,Os-
Bi»O3 glass systems are performed in order to obtain specific data regarding their local
structure and the role played by dopant ions on boron and bismuthate units. The interest
for these doped glasses is determined by their many fold possible applications, such as
non-linear optical and electronically uses.® The statistical disorder characteristic of
B,0s-Bi,03 based glasses, e.g. variations in ring sizes, bond angles, and coordination
numbers, combining to give topological disorder, means that there is no translational
symmetry, in contrast to the situation in crystalline materials. Therefore, complementary
structural studies are essential in order to obtain as much insight as possible into the
structure of these glasses. Our goal was also to evidence the changes of B,O3 and Bi,O3
structural units due to the relaxation of the amorphous structure, which is induced in

these samples by the thermal treatment.

The last chapter of the present work contains conclusions drawn from all above
mentioned topics.



Theoretical background

2.1. Molecular vibrations

Molecules consist of atoms which have a certain mass and are connected by elastic
bonds. As a result, they can perform periodic motions, and have vibrational degrees of
freedom. All motions of the atoms in a molecule relative to each other are a
superposition of so-called normal vibrations, in which all atoms are vibrating with the
same phase and norma frequency. Their amplitudes are described by a normal
coordinate. Polyatomic molecules with N atoms possess 3N —6 normal vibrations
(linear ones have 3N -5 normal vibrations), which define their vibrational spectra.

These spectra depend on the masses of the atoms, their geometrical arrangement, and
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the strength of their chemical bonds. In “super molecules’ such as crystals or complexes

the vibrations of the individual components are coupled.

The simplest model of a vibrating molecule describes an atom bound to a very large
mass by a weightless spring. The force F , which is necessary to move the atom by a
certain distance x from an equilibrium position, is given by Hooke's law, and is
proportional to the force constant f,, which represents a measure of the bond

F=-f, Xx. (2.1
By using Newton's law, from where the force is also proportional to the mass M and
its acceleration (the second derivate of the elongation with respect to the time,
d?x/dt?), and solving the second order differential equation, which possesses the
solution

X = X, [Cos(2 0T [ +¢), (2.2)

where ¢ represents the phase angle, the frequency of the vibration of the mass
connected to a very large mass by an elastic spring can be expressed® as follows:

Zﬁ & | 2.3)
If a diatomic molecule is considered, the mass M is called reduced mass of the

diatomic molecule with the masses M, and M, and is given by the following formula:

M M, M,

Eq. 2.3 gives the frequency v (in Hz, sY) of the vibration. In vibrational spectroscopy,

it is common to use wavenumber v (in cm™) instead of frequency, which is the

reciprocal wavelength A :

vV = V_ (2.5)
c

1
3
The potential energy of a molecule, which obeys Hooke's law, is obtained by

integrating Eg. 2.1, and has the following expression:

v=yigm (2.6)
2
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inwhich R=x-x_, X representing the Cartesian coordinate of the potential minimum.

Because the atoms vibrate with a definite frequency, according to the cosine function in
Eqg. 2.2, the potential energy given by Eqg. 2.6 represents the harmonic potential of a
molecule. In the complex structure of the substances the molecular potentials are not
exactly harmonic, therefore, an expression for an anharmonic potential was necessary.
Thus, anharmonic molecular potentials have been represented by approximate

functions, e.g., the Morse function® :

_nE q/ fe
v-DEné, exp%R zm%' (2.7)

where f_ is the force constant near the potential minimum and D stands for the

dissociation energy. There are other empirical potential functions which are especially
useful to describe intermolecular potentials, i.e., the potentials between atoms, which
are not connected by chemical bonds.*** According to classica mechanics, a harmonic
oscillator may vibrate with any amplitude, which means that it can possess any amount
of energy, large or small. However, quantum mechanics shows that molecules can only
exist in definite energy states. In the case of harmonic potentials, these states are

equidistant,
E=hwiy+iH v=012.. 2.8)
0 20

while for anharmonic potentials the distances between energy levels decrease with

increasing energy. In Eqg. 2.8 h and v, represent the Planck constant and the vibrational
quantum number of each energy level, respectively. For v, =0 the potentia energy has

its lowest value, which is not the energy of the potential minimum. This is the so called
zero point energy. This energy cannot be removed from the molecule, even at

temperatures approaching absolute zero.

For polyatomic molecules the frequency of normal vibrations may be calculated by
applying the Lagrange equation to expressions of the kinetic and potential energy of the
molecule?® Generally, the potential function of a polyatomic molecule can be described

by a Taylor series:
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V(r)=V, +3 f R +%E§J f.,[RR +%ng f RR R +..., (2.9)

where the R are suitable displacement coordinates from the equilibrium geometry at a

potential minimum and the constants

fiz%%; fi-:%E; fi‘k:%E (2.10)
R . R [OR; . R R, [0R,

are called linear, quadratic, cubic, etc. force constants. The potential can be defined such

that V, =0. By definition, the second term in Eq. 2.9 is equa to zero, because the

molecule is regarded as to be in its equilibrium.?” Due to the fact that the cubic and
higher terms have many components with a comparatively small value and are difficult
to be determined, the potential function has the form:

_10 v 1
V-g%gmmj_izi%f”mmj. (2.12)

The diagonal force constants f; with i = j describe the elasticity of a bond according

to Hooke's law. The interaction force constants, the constants with i # j, describe the

change of the elastic properties of one bond when another bond is deformed. Thus, the
force constants of the bonds, the masses of the atoms, and the molecular geometry

determine the frequencies and the relative motions of the atoms.

Infrared and Raman spectroscopy represent two of the most important methods used in
vibrational spectroscopy. Depending on the nature of the vibration, which is determined
by the symmetry of the molecule, vibrations may be active or forbidden in the infrared
or Raman spectrum. Perhaps the most important point, which arises when both infrared
and Raman spectroscopy are used, is represented by the fact that both provide
complementary images of molecular vibrations, because in these spectroscopic
techniques the mechanisms of the interaction of light quanta with molecules are quite
different.
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2.2. Infrared spectr oscopy

Infrared spectra are usually recorded by measuring the transmittance of light quanta
through a continuous distribution of the sample. Interaction of infrared radiation with a
vibrating molecule is only possible if the electric vector of the radiation field oscillates
with the same frequency as does the molecular dipole moment. A vibration is infrared

active only if the molecular dipole moment is modulated by the normal vibration,

%% £0, 2.12)
q

where u is the molecular dipole moment and q stands for the normal coordinate
describing the motion of the atoms during a normal vibration. If the condition (Eq. 2.12)
is fulfilled, then the vibrations are said to be allowed or active in the infrared spectrum,
otherwise they are said to be forbidden or inactive. The frequencies of the absorption
bands are proportional to the energy difference between the vibrational ground and
excited states.

2.3. Raman spectr oscopy

If alight quantum hv, hits a molecule, an elastic scattering process, i.e., Rayleigh
scattering of quanta with the same energy hv,, has the highest probability. The

inelastic process, during which vibrational energy is exchanged, has a much lower
probability and is called Raman scattering. In this case quanta of the energy hv, + hv,
are emitted. At ambient temperatures most molecules are in their vibrational ground
state. According to Boltzmann's law, a much smaller number is in a vibrationaly
excited state. Therefore, the Raman process, which transfers vibrational energy to the
molecule and leaves a quantum of lower energy (hv, —hv,) has a higher probability
than the reverse process. Raman lines are referred to as Stokes and anti-Stokes lines.
Stokes lines are caused by quanta of lower energy, since their intensities are higher than

those of anti-Stokes lines, only these lines are usually recorded as Raman spectrum.
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When a molecule is exposed to an electric field, electrons and nuclel are forced to move
in opposite directions. Thus, a dipole moment, which is proportional to the electric field
strength and to the molecular polarizability o , isinduced. A molecular vibration can be

observed in the Raman spectrum only if there is a modulation of the molecular

a
E?Tq% £0. (2.13)

If the condition (Eqg. 2.13) is fulfilled, then the vibrations are said to be allowed or

polarizability by the vibration,

active in the Raman spectrum, otherwise they are said to be forbidden or inactive.

The intensity of the signal delivered by the detector of a spectrometer analysing a given
Raman line at the wavelength A can be expressed by:?®

SuUl, o, N, QL, (s, (2.14)
where |, is the laser irradiance at the sample (WI6m™), o, is the differential cross-
section for the Raman line analysed (cm?(Sterad‘mholecule™), N is the number of
molecules in the probed volume V. Q is the solid angle of collection of the Raman
light, and T, and s, are the throughput of the instrument and the sensitivity of the

detector at A, respectively. When a small volume of matter has to be examined, only a
few parameters can be modified to compensate for the large reduction in the number of

molecules N, in the probed volume, V,, namely I and Q. The use of microscope

objectives™ for both illuminating the sample and collecting the Raman light represents

the best way to decrease V,, while increasing Q and |, . Microscope objectives with a

high numerical aperture are able to focus the laser beam into a very small volume and to

collect the light scattered by this volume under awide angle.
2.3.1. Confocal micro-Raman spectr oscopy

A confocal setup means that the sample is illuminated with a diffraction limited spot
and the illuminating spot is imaged on an ideally point-like detector. Practically, the
point-like detector is realized with an adjustable pinhole in front of the real detector (or

10
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spectrograph entrance dlit in our case). By using a confocal optical system a separation
of the signal from each layer of alayered sample, or an isolation of the signal from an

inclusion against the signal coming from the surrounding medium can be achieved.?®*

I mage Variableaperture

Lens plane confocal pinhole

Confocal
pinhole

Microscope
objective

coating

plane &V

Focus A \|/
|
|
: substrate
|
|
[

z i Optical axis

Fig. 2.1. Scheme which presents the principle of the confocal microscopy and the depth
discrimination, obtained when a coated sample is employed in confocal micro-

Raman measurements.

11
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A schematic diagram of the illuminating and collecting optics of a confocal micro-

Raman setup, which illustrates the confocal axial discrimination, is depicted in Fig. 2.1.

It can be seen from this figure that areal confocal configuration requires a very accurate

optical aignment and a high degree of stability and reproducibility of the mechanical

and optical alignment.

The main advantages of confocal microscopy may be summarized as follows:

(i)

(i)

(iii)

(iv)

Dramatic improvement of the depth discrimination which allows an “ optical
sectioning” of transparent specimens. In order to correctly evaluate the depth
discrimination a careful analysis of the spatial distribution of local irradiance
in the focal volume close to the laser beam’s secondary waist, combined
with the calculation of light collection by a wide aperture objective are
necessary.

Improvement of lateral resolution. The intensity point spread function,
otherwise limited to the Airy diffraction disc dimension, can be reduced
theoretically by a factor of 0.7 but at the expense of very low throughput,
since it requires pinhole diaphragms of small diameter.

Extremely low light level of Raman signals compared to the intensity of the
excitation radiation which is retro-scattered by reflection at the interfaces or
that of the diffuse scattering by the specimen (typically 10 to 10™%9).

The possibility of spectral analysis in arelatively narrow domain adjacent to
the intense parent line at the laser frequency (Rayleigh line) (typically 100 to
3500 cm™ for routine vibrational spectroscopy).

2.3.2. Resonance Raman spectr oscopy

Resonance occurs in Raman spectroscopy when the photon energy of the exciting laser

beam is approximately equal to the energy of an electric dipole alowed transition of the

material under investigation. Two types of resonance Raman effect can be identified:

the pre-resonance Raman effect and the rigorous resonance Raman effect. The first

effect isobserved when the exciting radiation frequency comes within the high or low

12
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frequency wings but not under the observable vibrational structure of the electronic
absorption band involved in the Raman scattering process. When the exciting radiation
frequency falls within the observable vibrational structure, then the rigorous resonance
Raman effect is observed. The intensities of Raman bands associated with totally
symmetric vibrational modes, which are strongly coupled to the electronic excited state,
may be enhanced by as much as a factor of 10°. In principle, no special Raman
instrumentation is needed to perform resonance Raman spectroscopy because resonance
Raman spectra can be obtained with conventional Raman spectrometers, if the suitable
excitation wavelenght is applied. Many important studies™* dedlt with the

devel opment of resonance Raman spectroscopy in a wide application range.
2.3.3. Fourier Transform Raman spectr oscopy

The first Fourier transform (FT) Raman spectrum was reported in 1984. Weber et al.
measured the Raman spectra of gases using an argon laser and the interferometer at the
Kitt observatory.”® *° Chase and Rabolt™ note that Chantry at al.>*, suggested already
1964 the use of infrared radiation in combination with an interferometer as a detector to
record Raman spectra. They demonstrate the feasibility of the technique, with the
important remark that the long excitation wavelength would avoid the excitation of
fluorescence. Following a discussion between B. Chase and T. Hirschfeld, the existing
Fourier transform infrared instruments were modified® to measure Raman spectra
excited with krypton and Nd:Y AG lasers (emitting at 647.1 nm and 1.064 um).

The central component of a FT spectrometer is a Michelson interferometer (Fig. 2.2).
FT spectrometers operate by splitting an incoming beam into two parts, applying a
differential phase shift, then recombining the beams. While varying the phase shift an
interference pattern known as an interferogram is obtained as a function of the phase
shift. The phase shift is produced by translating a mirror along the beams, thus
producing an optical path difference between the fixed and movable mirror. The
resolution is determined by the maximum displacement of the translating mirror. From
the interferogram the spectrum as a function of wavelength is calculated by applying a

Fourier transformation (FT), which gives the instrument its name.

13
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For a continuous function of one variable f(t), the Fourier transform F(v) will be

defined as:
F)=f(t)e™ad, (2.15)
and the inverse transform as:

t(t)= [F()E™dv. (2.16)

Stationary mirror

[
Beam i
splitter !
O | Movable
i mirror
Source w G
' Sample
L--J---: position

Q petetor

Fig. 2.2. Scheme which illustrates the optical principle of the Michelson interferometer.

The relative advantages and disadvantages of an FT-Raman equipment versus a

dispersive equipment may be summarised as follows:
Advantages:
(1) Multiplex advantage (Fellgett’'s advantage): an interferometer provides

information about the entire spectral range during the entire period of the
measurement, whereas a dispersive spectrometer provides information only

14
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(i)

(iii)

about the narrow wavenumber region which falls within the exit dit of the
monochromator at any given time.

Throughput advantage (Jacquinot's advantage): the interferometer can
operate with a large circular aperture, and using large solid angles at the
source and at the detector, whereas a dispersive spectrometer requires long,
narrow dlits to achieve adequate resolution.

Connes advantage: the wavelength accuracy and precision is extremely good
because of the use of a HeNe laser to reference the interferometer.

Disadvantages.

(i)

(i)

Multiplex disadvantage, which occurs because the signal is detected at all
wavelength simultaneously so the shot noise from the entire spectrum is
spread into every spectral element.

FT-Raman spectroscopy is normaly a single beam technique, thus
comparison of sample and reference has aways to be performed by

computer substraction.

15



Experimental

3.1. Samples preparation

Precursors for the preparation of the inorganic-organic hybrid polymer (ORM OCEREE)
coatings of 6.2 and 20.2 pum (x 0.5 pm) thickness were 3-glycidoxypropyltri-
methoxysilane (GLY MO), purchased from ABCR, and 3-(triethoxysilyl)propyl succinic
anhydride (TESSA), purchased from Wacker Chemie, with purities of 98 % and 95 %,
respectively. 100 mmoles of GLYMO containing a catalytic amount of an amine were
hydrolyzed with 150 mmoles of distilled water under vigorous stirring. After the
hydrolysis was complete - determined by FT-Raman spectroscopy®® — subsequently 10 g

“Trademark of Fraunhofer-Gesellschaft zur Forderung der angewandten Forschung e.V., Munich,
Germany

16
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of 1-propanol was added, the sol was cooled to 10 °C, and 50 mmoles of TESSA were
dropwise added. After stirring for 1 hour 20 wt.% 1-propanol was added and the sol has
been placed in a dip-coating reservoir. A bisphenol-A polycarbonate sheet of the
dimension 100*35*2 mm® was subsequently rinsed with distilled water and ethanol,
dried with compressed air, and dip-coated four times with a withdrawing speed of 100
mm/min. After every dipping process the samples were air-dried for 2 minutes in each
case. Thermal curing was performed at 130 °C for 30 minutes. The coating thickness
was determined by means of an UBM profilometer.

The PDMS membranes have been prepared by an addition reaction of linear PDMS
with termina vinyl groups (Silopren” U1 and U10; Bayer Silicons) and of low
molecular PDMS carrying Si-H functional groups (Silopren” U crosslinking agent 430;
Bayer Silicons). For this reaction a platinum catalyst has been used (Silopren” U
catalyst Pt/S; Bayer Silicons). In order to achieve better mechanical properties
tetramethyl-tetravinyl-cyclotetrasiloxan (Bayer Silicons) was added. The different
components were mixed together in a beaker glass and stirred gently with a glass rod.
Then the polymer mixture was evacuated in an exsiccator in order to eliminate air-
bubbles trapped in this mixture.>* The membrane was made by means of an automatic
ductor coating device K101 (Coesfeld) and a coating ductor 300 on a glass plate which
was heated to allow for cross-linking (30 min. by 80 °C). The film thickness was
determined with a MiniTest 1100 (ElektroPhysik). [3-carotene and DMSO have been
used as purchased (Aldrich).

Glass samples belonging to 99.5%[xB,05(1-x)Bi,03]0.5%CuO with 0.07 < x < 0.625,
95%[XB,05(1-X)Bi05]5%Fe;05 with 0.07 < x < 0.90 and 99.5%[xB,03(1-X)Bi,O3]
0.5%Fe,03 with x = 0.20 were prepared using as starting materials H3BO;,
Bi(NO3)3BH,0, CuO and Fe,O3 of reagent purity grade. The mixtures corresponding to
the desired compositions were melted in air, in sintered corundum crucibles, in an
electric furnace at 1100 °C and maintained for 10 minutes at this temperature. The melts
were quickly cooled at room temperature by pouring and pressing between two stainless
steel plates.>™>’ The glass samples were subjected to partial crystallization by heat treat-

17
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ment applied at 575 °C for 10 hours.

3.2. Sample measurements

The micro-Raman measurements of all samples have been performed on a Lab Ram
Raman spectrometer (Jobin Yvon) equipped with a confocal aperture.

For confocal measurements the coated samples and the membrane were mounted on an
X, Y motorized stage, the z-displacement was controlled by a piezo-transducer on the
objective. The confocal pinhole diameter was 200 um and the dlit width was 40 pum.
The depth resolution has been measured by focusing the laser beam just above a silicon
wafer, and measuring the 520.7 cm™ band as the wafer is raised vertically though the
beam focus. The full width at half maximum (FWHM) of the silicon signal gives an
indicator of the depth of the laser focus in air. Under these conditions, the confocal
depth of the focus, assessed by z-scanning a silicon wafer, was measured to be [12 um
FWHM. The exact depth resolution in a particular measurement is affected by the
sample/air interface.® The estimation of the depth resolution for a particular confocal
measurement can be achieved by measuring the intensity response, from zero to
maximum intensity, as the focal point is scanned through the surface of the investigated
sample. For al samples employed in confocal measurements we obtained a step profile

with aFHWM of 03 pm. The spectral resolution was about 2 cm™.

In recording the confocal micro-Raman measurements of the coated samples a He-Ne
laser excitation (633 nm line), a 100x0.9 NA microscope objective, and a laser power of
03 mW incident on the sample have been used, while the spectra recorded during the
diffusion through the PDMS membrane have been obtained by applying the 514 nm line
of an argon ion laser with a power of (1105 mW incident on the sample and using a 100
x 0.8 microscope objective. A small square piece of a 1200 pum thick PDMS membrane
was centred above the small hole of the circular sample holder (see Fig. 3.1). The
membrane was fixed by a plane washer (height 1.2 mm; diameter 1.5 cm) which was
used asthe donator cell, filled with 0.4 ml of the sample liquid and sealed by a thin
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glass lid to avoid evaporation of the sample liquid.

Metal washer Donator

N

Membrane
Sample holder

Glass vessel

Acceptor solution

Fig. 3.1. Schematic sketch of the sample cell.

In order to determine the distribution of (3-carotene within a saturated PDM S membrane
by means of Raman measurements the above described donator cell has been placed on
top of a small Petri dish filled with DM SO to guarantee constant sink conditions. After
the adjustment of a dynamic equilibrium which takes 20 h, Raman spectra have been
recorded at depths of 40, 60, 80, 100, 120, 140 and 160 um inside the membrane. The
Kinetic measurements were done with an empty Petri dish underneath the donator cell
over a period of 60 - 180 min. In order to determine the diffusion properties of 3-

carotene across a PDM S membrane, Raman spectra have been recorded every 10 s.

Raman measurements of the 99.5%[xB,03(1-x)Bi,03]0.5%CuO samples were
performed by using a NIR optimised Olympus LMPlan Fl 50 microscope objective, a
950 linesmm grating and an external SDL-8530 cw diode laser with an emission
wavelength of 785 nm, while for the micro-Raman measurements of 95%[xB,0O5(1-
X)Bi,03]5%Fe,03 glasses an Olympus LMPlan FI 50 microscope objective, an 1800
lines'mm grating and an external laser with an emission wavelength of 514 nm have

been used. In the recording of the micro-Raman spectra a power of 100 mW incident on
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the sample has been employed. The spectral resolution was about 4 cm'™.

FT-Raman spectra of 99.5%[xB,03(1-x)Bi»03]0.5%Fe,O3 glasses, presented only for
comparison purposes, were recorded using a BRUKER IFS 120HR spectrometer
equipped with a FRA 106 Raman module. The spectral resolution was 2 cm™. Radiation
of 1064 nm from a Nd:YAG laser with an output power of 800 mW was employed for
excitation. A Ge detector cooled with liquid nitrogen was used.

For infrared measurements the glasses and heat-treated samples were powderized and
mixed with KBr in order to obtain thin pellets with a thickness of about 0.3 mm. The
infrared spectra were recorded with a Bruker IFS 25 spectrometer; the spectral

resolution was 2 cm™.
X-ray diffraction measurements were performed on as prepared samples, before and

after thermal treatment, with a standard DRON-3M powder diffractometer by using Cu
K« radiation.>®
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Modeling and measuring the effect of
refraction and diffraction on the focus
lengthening on confocal micro-Raman
experiments

4.1. Introduction

Raman microscopy offers a uniqgue combination of spatial resolution and
chemical/physical characterization. Although its spatia resolution is worse than that of
electron microscopy, it enables the measurement of a host of chemical and physica
properties, including chemical composition, molecular orientation, conformation,

crystallinity, strain, temperature, etc.. No other microprobe technique offers such a com-
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bination of spatial resolution and information content. Simply focusing the laser beam
to asmall spot does not provide a good spatial resolution, since the turbidity spreads the
laser intensity over a large sample volume, and the resultant Raman signal source is
therefore not being “tightly” located in space. Many authors have pointed out that this
effect can be suppressed by placing a confocal aperture at a back focal image plane in
order to block the light that originates from the out diffraction-limited laser focal

¥ thus improving both the lateral as well as the axial resolution. Mostly a

volum
physical aperture such as an adjustable pinhole has been used, but the same result can
be obtained by using a charge coupled device (CCD) detector as an “electronic”
aperture.®® The second approach considers the entrance dlit as one dimension of the
aperture and pixel binning of the CCD as the orthogonal aperture axis. However, the
confocal aperture is designed to collect the Raman radiation that originates only from
the laser focal volume within a diffraction-limit. The dimensions of the focal region
depend on the numerical aperture (NA) of the focusing lens and the degree to which it
is filled by the laser beam. By using a microscope objective with a high NA filled by

the laser beam, one obtains a focal “tube” with a waist diameter of [11.22A/NA and a

depth of 04 A/(NA)’ . The lateral diameter can be determined by scanning the laser spot

over a material with a very sharp edge or feature, and measuring the response.® The
focal depth can be measured by focusing the laser beam just above a silicon wafer, and
measuring the 520 cm™ band intensity as the wafer is raised vertically though the beam
focus. The full width at half maximum (FWHM) of the silicon signal gives an indication
of the depth of the laser focusin air. Its shape and volume will, however, be distorted if
the beam is focused into a materia of different refractive index. Several authors®®
have aready tried to obtain information from thin layers considering the allowed depth

discrimination by confocal micro-Raman spectroscopy.

Depth-profiling analysis of two coated samples (6.2 and 20.2 um in thickness), which in
this case represent the confocal Raman signal given by a substrate band as a function of
the depth, which is considered the center of the focus position into the sample, are
presented in Fig. 4.1. Taking into account that both coatings and substrates have the
same chemical composition but different thickness, alack of understanding of the broa-
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dening of the coating/substrate boundary still remains. In order to solve this problem we
tried to characterize the dimensions of the focus inside the coating, substrate, and at the
coating/substrate interface by means of a sol-gel hybrid polymer coating applied to a
polycarbonate substrate by considering two of the most important effects present when
confoca Raman measurements are employed, refraction and diffraction. It should be
noted that the coating and the substrate have approximately the same refractive index

(n =15).
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Fig. 4.1. Depth-profiling analysis of two coated samples which have the same chemical
compositions but different thickness. Note how the coating/substrate boundary

is broadened significantly for athicker coating.
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4.2. The effect of refraction on the depth
resolution of confocal Raman micr oscopy

4.2.1 Ray tracing analysis

In the past it has been assumed that the diffraction limited depth of focus of the laser
beam, as measured in air, is indicative of the depth resolution attainable inside the
sample. However, there were few authors who considered the refraction aberration
effect in more detail. Rosasco™ discussed the problem and predicted the magnitude of
such an effect for an ellipsoidal collection mirror with an uniform laser illumination,
while Delhaye et a.*° gave an expression for the maximum depth of the focus. They
also pointed out that if a “dry” objective is used to anayse samples either beneath a
cover slip or embedded deep in a matrix, the confocal depth resolution is severely
degraded. However, none of them compared theoretical expression with experimental

data. A theoretical approach®®®®

considering the refraction effect has been applied in
order to characterize the dimensions of the focus inside the coating, the substrate as well
as at the coating/substrate interface. The starting point of this model is the assumption
that the effects of diffraction are small compared with the influence of refraction.
Therefore, only refraction-induced aberrations are considered and modelled by ray
tracing analysis. In Fig. 4.2. the relevant parameters are defined. The microscope

objective with a numerical aperture (NA) of sina,, and a working distance f is
placed in a medium of refractive index n, (assumed to be 1 for air). The final lens of the
microscope objective is assumed to have alimiting aperture radius of r,_ . The last two

parameters together with the numerical aperture NA are related through the equation:
(= f INA
™ - naz)?

When focusing through a material boundary, a ray originating at a radius r measured

(4.1)

from the centre of the microscope objective is brought to afocus at a point P!, which lies

adistance z, below the sample/air interface.
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If the material has arefractive index of n, =1, the same ray would be focused in P, at a

distance A below the interface.

o Tma R
| i
y : COlmax
Air (n=1) < s | f
E\. 0-A NN
a P
. | Z'
Coating (n,;=1.5) ;
P!

Substrate (n,=1.5)

Fig. 4.2. Scheme that presents the ray tracing in a medium when only the refraction
effect is considered. For convenience the objective lens is depicted as a
hemisphere; the exact shape is not important. In the absence of refraction,
al rays are focused at a point P, refraction causes rays to be focused

deeper into the sample (P'). All terms are defined in text.

Note that A is actually the distance moved by the sample when shifting the focus from
the sample surface to point the P. A is called the “apparent” focal point, sinceit is the

vertical distance moved according to the scale on the microscope stage.

The purpose of this analysis was to calculate the true focal position z, and the intensity
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distribution inside the coating, within the substrate as well as at the coating/substrate
interface, as a function of n(= n,/n,), NA, and A, and to relate the position and the
depth of focus to A. This approach enables an estimation of the true illuminated region
when focusing a nominal distance A into a sample. It was assumed that all rays are

focused along the z-axis, the orthogonal spreading has been neglected.

From Fig. 4.2, considering the k-th ray (i.e., one originating from radius r, ), the sina

and cosa can be expressed, from the triangle PCB, asfollows:

. r :
sna:%, cosa =+v1-sin’a . (4.2)
re+f

By using Snell’s law:

sna '=="—, (4.3)
n
Eq. 4.2 becomes:
o}
snal=— N cosa' = 1—sza . (4.4)
nQ/rZ+ f? n
By applying the tangent function for the triangles PIEA and PEA we get:
7 =Y -Abdana (4.5)

tana'  tana'
Egs. 4.3-4.5 lead to a smple expression (Eq. 4.6) for the true point of the focus z|

within a medium for any ray, as a function of the apparent focal point A, the lens

working distance f , and therefractiveindex n:
A
Z = T[n2 [(rk2 + fz)— rkz] vz, (4.6)

With the use of Eq. 4.1 to substitute for f , Eq. 4.6 can be rewritten asfollows:

W -1, ifz
A TS |
0, NA?C{n? -1 +n21ff2

zZl=A ,
S L (VX -

(4.7)
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where the parameter m is defined® as the normalised radius (m = r/r_ ), i.e, the

fractional distance across the last lens of the microscope objective. When m = 1 we

have a marginal ray, i.e., one with the highest possible angle of incidence, whereas m =
0 implies aray normal to the sample surface. Fig. 4.3 illustrates the variation of z. with

m for four nominal focal points (A = 2, 5, 8 and 12 pum), assuming a 0.9 NA objective.

35
=0
25
20

Zh [um]

15
10

5

Fig. 4.3. Distance of the focal point Z below an air interface, as a function of

the fractional distance across the objective m. Note how increasing of
A causes rays to be focused deeper in the sample. Rays originating ne-

ar the maximum objective aperture (m = 1) are also focused deeper.

From Eqg. 4.7 and Fig. 4.3 several considerations can be drawn:

(1) If the microscope objective is grossly underfilled (m = 0), Eq. 4.7 reduces to
zZl = A[h, and the true focal point is shifted by a factor n relative to the

apparent focus. Thisis the minimum deviation between the apparent and the
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true focus that can be obtained with a dry objective; even so, for a nominal
focus 10 pum below the sample surface, the true focus, which now becomes a
point, would actually be 15 pum. By using an immersion objective the
refractive indices will be matched (n = 1), the aberrations, which appear due
to the refraction effect, will be minimised, the apparent and actual focal
point arriving approximately in the same point P.

(i)  The maximum depth of a focal point in the sample for a given A is

obtained, by using Eq. 4.7 for the marginal ray (m = 1).

Taking into account the above mentioned considerations, which are derived from a
closely analysis of Eq. 4.7 and Fig. 4.3, a simple expression for the range of laser focal
positions within the sample (i.e., the depth of focus, d.o.f.) can be obtained:

o AZEQn—)Z_@
dof.=z_ -z _=A (- NA) +n H nD (4.8

From this equation, one important result can be highlighted, namely that the depth of
focus increases linearly with the apparent focal point A, and is dependent on the
refractive index of the coating and substrate n. It should be noted that not only the point
of focusis changing with A, but also the depth of the focus.

The effect of the NA on the depth of the focus of the laser beam, when the diffraction
effect is neglected, can be analysed from a plot of the ratio d.o.f./A as a function of
NA as shown in Fig. 4.4. It can be seen that the relative depth of focus increases very
rapidly when microscope objectives that exceed 0.9 NA are employed, suggesting the
use of microscope objectives with small NAs. However, when objectives with small
NAs are employed, the diffraction effect becomes dominant, causing a focus
lengthening, due to the dependency of the length of the focus of the numerical aperture

(01/NA?).
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0.7 0.75 0.8 0.85 0.9 0.@5 1
NA

Fig. 4.4. Ratio of depth of focus (d.o.f.)/A asafunction of NA neglecting
the diffraction effect. Note that for high NA and large A the d.o.f.

becomes very large. However, at low NA and small A, the diffrac-
tion effect will dominate resulting in alengthening of the depth of

focus.

The overal result derived from the analysis of Fig. 4.4 is that it is not possible to
monotonically improve the depth resolution by using lower NA microscope objectives,
because at some points the diffraction effect will dominate and the depth of focus will
begin to rise again. These points depend upon the value of A, since the refraction effect
IS becoming dominant for high A. Taking al these considerations into account we
decided to perform all confocal micro-Raman measurements presented in this section
with a microscope objective with 0.9 NA that represents the optimum according to Fig.
4.4.

29



Chapter 4

4.2.2. Laser intensity distribution

The laser intensity distribution in the sample is strongly influenced by the laser intensity
distribution in the microscope objective. Assuming that the laser beam has a Gaussian
intensity profile, one normally triesto fill the entrance pupil of the microscope objective
so that the beam is apertured at the 1/€ intensity points. This procedure results in an
Airy pattern at the focal plane and produces a focal “tube’ with a waist diameter of =

1.22A/NA and a depth of focus of = 4[A/(NA)’. In this case, the microscope objective
will be only dlightly overfilled, the intensity distribution being expressed as a truncated

1(r)=1, [éxp%%% (4.9)

where the waist radius containing [1 86% of the total beam intensity matches the

Gaussian;

limiting objective radius r,_ . In terms of the normalized radius m, this distribution

1(m)=1, E@xp%‘%‘“zé (4.10)

where @ represents the “fill factor” of the microscope objective. Keeping in mind that

becomes:

the integrated intensity of al rays originating from points on the microscope objectiveis
proportional to the normalized radius m, the laser intensity throughout the focal region
could be calculated. Thus, by assuming a circular symmetry, if the radial intensity

distribution is I(m), the overal intensity of al rays originating from a radius m is

proportional to m0I (m).

In Fig. 4.5 the intensity distribution m[ (m) inside the sample as a function of focal
position Z is plotted for five different values of A (2.5, 5, 8, 10 and 12 pm,
respectively) assuming a 0.9NA objective, 1, = 1, and ¢ = 1. These plots are

normalized to a constant integrated intensity in order to maintain the same intensity of

the laser in afocal volume for different given A values.
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A=25pum

A=5pum

m O (m)
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Fig. 4.5. Laser intensity m (m) vs. focal position in sample Z, asafunction

of apparent focal point A. Note that the integrated intensity has been

normalized to a constant area, for all A values.
From Eq. 4.8 and Fig. 4.5 two important remarks can be concluded:

(1) For A = 2.5 um, the depth of focus is comparable to the diffraction limit (OJ
3 um), the increase of A value causes a lengthening of the focus. Thus, for

A =5 pm aspread of the focus by [16.25 um occurs.

(i) For large A, a significant intensity exists throughout the depth of focus, a
spread of [0 125 and 15 um for A = 10 and 12 pm, respectively, is

appearing.
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We should note that these intensity distributions as a function of depth below the air
interface have been calculated and discussed, for the different A values, considering
only the refraction effect.

4.2.3. Confocal micro-Raman response profile

Raman scattering occurs at any point within the illuminated regions described by Fig.
4.5, with a magnitude proportional to the laser intensity at each point. The probability of
a Raman photon to be collected by the microscope objective and to pass through the

confocal aperture in order to reach the detector will depend upon the point of origin

(i.e., Z), which in turn depends on m for the incident ray. In order to obtain an

expression for the Raman response as a function of focal position in the sample Z'_,

each point within the sample is weighted, according to the square of the numerical
aperture into which a photon can be emitted and <till captured by the microscope
objective. This“effective” NA is given by the following equation:

1 m? [NA? O

K eeping the above mentioned considerations in mind the Raman response profile R(zln)
can be obtained by multiplying the laser intensity distribution m[ (m) by the square of
the effective numerical aperture NA :

R(Z,)= mo (m)dnaz, ). (4.12)
Our godl is to determine the confocal Raman profile as a function of the focal position
in the sample z, therefore a second approach is considered, which assumes that the

confocal aperture works perfectly, and only the photons scattered with a specific angle
are collected and imaged by the microscope objective and than passed through the

pinhole. Neglecting chromatic aberration, this angle is the same as that of the incident

laser rays that are focused at the point z!, .
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Fig. 4.6. Comparison between conventional micro-Raman and confocal micro-Raman
response profiles as a function of the focal position in the sample z for ano-

minal focal depth of A =10 um, when only the refraction effect is considered.
Note how the confocal micro-Raman response profile is maximized slightly
deeper than the conventional micro-Raman response.

We have aready seen that the weighting factor for the probability of a ray traversing
this path is simply m. By multiplying the laser intensity distribution by this weighting
factor, the confocal Raman response can be expressed as follows:

Roet (20)=m* 01(2,). (4.13)
The conventional and confocal Raman response profiles are compared in Fig. 4.6. for a
nominal depth of A =10 um. It can be seen that the distributions are fairly similar, the
main difference is represented by the fact that the confocal weighting scheme slightly

favours signals originating deeper in the sample. The confocal Raman response profiles
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asafunction of A are compared in Fig. 4.7 and are calculated under the assumption that

the weighting scheme given by EqQ. 4.13 pertains.

A=25pm
_E
N A=5pm
o
A=8pum
A =10 pum
A =12 um
= 10 15 20 25 30
Zhy [Um]

Fig. 4.7. Confocal micro-Raman response R_, (Z.) vs. focal positionin sample Z as

as afunction of the apparent focal point A. Note that the integrated Raman

response has been normalised to a constant area, for all A values.

From Fig. 4.7 one can observe, as in the calculation of the laser intensity distribution,
that the Raman intensity is detected with an increasing depth of focus, as A increases.
By comparing the Raman response profile with the laser intensity distribution for
certain given A value, eg. A = 10 um, one observes that the Raman response is
maximised several micrometers deeper than the laser peak intensity (see Fig. 4.8). The
shift of the confoca Raman profile maximum compared to the laser intensity
distribution maximum becomes higher as A increases.
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Laser intensity Confocal micro-Raman
distribution response profile
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Fig. 4.8. Comparison of the confocal micro-Raman response profileR_, (z,)

with the laser intensity distribution m0 (m) for A = 10 um. Note

how the Raman response is maximised several micrometers deeper
than the laser peak intensity.

4.2.4. Comparison of theoretical data with experimental

results

The systems chosen for the comparison were described in the experimental sectioni.e.,
inorganic-organic hybrid polymer (ORMOCER”Iq coatings of 20.2 and 6.2 pum
thickness applied on a bisphenol-A polycarbonate sheet of 100*35*2 mm®. These
samples are perfectly suited for this study since the coating and substrate show at

certain spectral regions agood spectral contrast. It should be noted that the substrate is a

“Trademark of Fraunhofer-Gesellschaft zur Forderung der angewandten Forschung e.V., Munich,
Germany
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very strong Raman scatterer, intense signals could be obtained even from a point
situated at some tens of micrometers below the surface. Perhaps the most important
point arising from this analysisis the calculation of the confocal Raman response profile
across of coating-substrate boundary. It is necessary to emphasize that Raman response
profiles can not be directly measured as shown in Fig. 4.7. In fact, only the change in
Raman signal intensity as the laser is focused at different points, while the Raman
profile moves across a boundary, can be measured. The measured response is the
convolution of the changing Raman response profile with the spatial composition

profile of the sample.

coating substrate

A=10pm

16 18 20 22 24 26

Zhs[pum]

Fig. 4.9. Schematic diagram illustrating the calculation of the substrate signal as
afunction of A. Thesignal is proportional to the areato the right of the

coating-substrate interface.

We evaluate this overlap by calculating the variation in the substrate signal as we focus
down through the coating into the substrate (i.e., predict the polycarbonate Raman sign-
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al as a function of A). This procedure entails the calculation of the area beneath the
Raman response curve to the right of the vertical line depicted schematically in Fig. 4.9
and expressed by Eq. 4.14, that represents the boundary between coating and substrate,
for agiven A value (for convenience we have chosen A =10 pm)

R ()= R(2, )z, (4.14)
In Eq. 4.14 and Fig 4.9 m, represents the value of m for which a Raman ray originates

precisely from the coating-substrate boundary. For values m > m,, the rays originate
within the substrate and contribute to the detected intensity. As A increases, the profile
broadens and shifts to higher z| values, while the boundary position remains constant

(20.2 um in this case). We should mention that the attenuation of the signal due to
absorption and turbidity has been neglected.

Severa spectra obtained by focusing onto the coating surface and than moving the point
of focus into the polycarbonate substrate for both coated samples are presented in Figs.
4.10 and 4.11. We have considered the surface of the coating as the starting point of the
measurements (A = 0 um). In order to characterize the intensity evolution of the bands
originating solely from the substrate, first we had to identify a spectral region where
only bands of the substrate appear. From Figs. 4.10 and 4.11 it is obvious that the
Raman bands given by the substrate become more intense as we focused deeper into the
sample. Thus, the integrated intensities of the bands between 1546-1673 cm™* and 603-
656 cm™ assigned to the C=C stretching mode in the phenyl ring and phenyl ring
bending mode, respectively can be used to test the predicted variations of the Raman
response intensity of the substrate at different apparent focal points A.
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Fig. 4.10. Confocal Raman spectra of polycarbonate sheets equipped with a hybrid
polymer coating (6.2 pm in thickness) as a function of apparent focal

points A. *: denotes the discussed bands. A values are given in um.
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Fig. 4.11. Confocal Raman spectra of polycarbonate sheets equipped with a hybrid
polymer coating (20.2 pum in thickness) as a function of apparent focal

points A. *: denotes the discussed bands. A values are given in um.

39



Chapter 4

In order to determine the accuracy of the theoretical approach we compared the
theoretical data with the experimental results. The theoretical and experimental data are

plotted as the percentage of the total confocal Raman response R_, (zjn) VS. apparent
focal points A in Fig. 4.12.
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Fig. 4.12. Comparison of calculated and observed percentage of the total confocal

micro-Raman responses R, (zjn) of two polycarbonate substrate bands

(1600 and 636 cm™) as a function of the apparent focal points A, when

only the refraction effect was considered.

By comparing the theoretical results with the experimental data (Fig. 4.12) afairly good
agreement can be observed. However, a detailed analysis of Fig. 4.12 reveads the
presence of some discrepancies between experimental and theoretical results. Possible
interpretations of the observed differences between the measured and calculated values

could be the following:
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(1) The differences between experimental and theoretical data might be due to
the fact that the differential cross-section of the analyzed substrate modes is
higher than that of the strongest coating modes. Thus, the polycarbonate
Raman bands at 636 and 1600 cm™ are present even at small A values (e.g.,

ARl(zJ“) for the Raman bands at 636 and 1600 cm™, respectively, at A =7

pum for the sample of 20.2 pum thickness).

(i)  The laser intensity outside the Airy disc could contribute also to the

deviations (e.g., ARl(z,'n) observed at small A values).

(ili)  The neglect of the diffraction effect could contribute to the appearance of the

errors between experimental and theoretica data especialy at the
coating/substrate interface (e.g., AR, (z,) and AR,(Z,) for the Raman bands

at 636 and 1600 cm™*, respectively, at A = 9.5 um for the sample with 20.2
pm thickness).

In a recent study, Baldwin and Batchelder®® demonstrated that the pinhole plays a very
important role and must be considered for thick films (e. g. thousands of micrometers).
It rgjects some of the Raman signal originating from the blurred laser focus and gives a
sharper depth resolution than is predicted by the above applied model®®®, but only at
depths of thousands of micrometers. However, both models only treat the influence of

the refraction effect on confoca measurements. In order to minimize the above
observed errors, AR, (z.,) and AR,(Z,), respectively, a model which takes additionally

the diffraction effect on the focus lengthening on confocal micro Raman experiments
into account has been developed and will be presented in the next section.
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4.3. Theinfluence of both refraction and
diffraction effects on the depth resolution
on confocal Raman micr oscopy

When using geometrical optics to characterize a lens, it is assumed that no diffraction
effect occurs. However, geometrical optics itself is an approximation. If we want to
make a rigorous wave-optical analysis of the formation of an image by alens, we would
find that diffraction effects arise in a natural way. The image formed by a lens can be
distorted by other effects, including chromatic and spherical aberrations. These effects
can be substantially reduced or eliminated by suitable shaping of the lens surfaces or by
introducing correcting elements into the optical system. However, no design can
eliminate the effects of diffraction, which are only determined by the size of the
aperture (the diameter of the lens) and the wavelength of the light. In diffraction, nature

imposes a fundamental limitation on the precision of the instruments.

In imaging applications, spatial resolution is ultimately limited by diffraction. The
diffraction pattern resulting from an uniformly illuminated circular aperture, the final
lens in the microscope objective, actually consists of a central bright region, known as
the Airy disc, which is surrounded by a number of much fainter rings, each ring being

separated by acircle of zero intensity.
4.3.1. Laser intensity distribution

The main advantage of confoca microscopy is represented by the dramatic
improvement of the depth discrimination and a slight decrease of the lateral resolution.

The latter, known as intensity point spread function (PSF) is given by:""

_a,Wmd
V 1

1 (V) (4.15)

where J, is the first order Bessel function and v is the normalized distance to the

optical axis.
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The intensity variation in a confocal microscope along the z-axis in the neighborhood

of the image plane of a point object placed at a normalized distance
u:ZTn&Eﬁnza (4.16)

from the focal plane of the microscope objective (of angular aperture a) is given
by:7°'7l

|(u)=—2 . (4.17)

Because the depth of focus increases as A increases, due to the refraction effect, we
have defined’®™ a “broadening factor* of the diffraction in a medium with the

refractiveindex n, (n, = 1.5in our case) asfollows:

:d.o.f.
I

where | represents the length of the focus in micrometers, neglecting its raising as A

k , (4.18)

increases (I =3 in our case). This effect onto the focus lengthening can be observed in
the intensity variation aong the z-axis if z in EQ. 4.16 is replaced by zln/k.
Considering that in amedium with arefractive index n, (see Fig. 4.2),

. 3
sinal,, =2 "% _ NA (4.19)
nl nl

and that the diffraction maximum occursin the z_ points (along the optical axis), where

the laser intensity in the sample has a maximum value when only the refraction effect is

considered, Eq. 4.16 becomes:

ol = 2 ENA? P~ ZlmA(dE'k(g Z/ @z, . (4.20)

Taking into account that both the term di (Z.,)/dz!, and the factor k are defined as a

function of the apparent focal point A, the intensity variation along the z-axis has
different values at different depthsinto the sample and can be expressed as following:
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In Fig. 4.13 we have plotted the intensity distribution | '(zln) as a function of the focal
position Z  for five different values of A (2.5, 5, 8, 10, and 12 um, respectively)

assuming the intensity amplitude of the laser beam |, = 1, an optimum filling of the

microscope objective (¢ = 1) and a microscope objective with 0.9 NA.

considering the neglecting the
diffraction effect diffraction effect
A=25pum
2
‘?
g
£
% A=10pm
-
"€
= 20 2z 24
-5 A=5um 18 18 26
e

5 10 15 20 25 30
Zhy [um]

Fig. 4.13. Laser intensity | '(zln) vs. focal position in the sample Z asafunction
of the apparent focal point A. Note that the integrated intensity has been
normalized to a constant area, for all A values. The insert compares the
laser intensity distribution for two cases: neglecting and considering the

diffraction effect.
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These plots have been normalized to a constant integrated intensity in order to maintain
the same intensity of the laser in the entire focal volume at different values of A. We
have considered that the maximum integrated intensity is obtained for the broadening
factor k = 1. We should emphasize that these intensity distributions as a function of
depth below the air/sample interface have been calculated for different A values
considering both the refraction effect as well as the diffraction effect. By analysing Fig.

4.13. the following observations can be made:

0] For asmall A vaue (A =25 um) the depth of focus is comparable to the
diffraction limit ( 03 pm). An increase of the A value has as a consequence

alengthening of the focus.

(i) By comparing the behaviour of the laser intensity distribution when only the
refraction effect occurs with that when diffraction effect is additionally
considered (see the inserted figure), a remarkable change of the laser

intensity distribution is evidenced.
4.3.2. Micro-Raman response profile

The next step in the development of a theoretical model, which considers both
refraction and diffraction effects, is to derive an expression for weighting the Raman
response at different focal points z| as a function of the apparent focal point A
applying the already computed laser intensity distribution. Therefore, we consider that
each point inside the sample is weighted according to the square of the numerical
aperture (a photon can be emitted and still captured by the objective; see Eq. 4.11), and
thus the Raman response at different depths can be caculated with the following
equation:

R(Z,)=1'(z,)dnag, ). (4.22)
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Fig. 4.14. Raman response R! (zln) vs. focal position in sample Z asafunction of

the apparent focal point A. Note that the integrated Raman response has
been normalised to a constant area, for all calculated A values.

Assuming that at different Z levels lengthways the focus, the integrated intensity along
the x and y axis remains constant (no refraction effect), we can now consider and
compute the spatial Raman response R! (zln) given by Eq. 4.22. The dependence of the
Raman response profile R (zln) on the focal position inside the sample z! as afunction

of the apparent focal point A is illustrated in Fig. 4.14. It can be observed from this
figure that, when both refraction and diffraction effects are considered, the Raman

response distribution is detected with an increasing depth of focusas A increases.
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4.3.3. Confocal micro-Raman response profile

The main benefit of confocal micro-Raman spectroscopy in comparison to conventional
Raman spectroscopy consist of the ability of the confocal system to eliminate regions
out of focus, an improvement of the spatia resolution, especialy the depth
discrimination, occurring. In order to compute the confocal Raman response, which
arrives on the CCD detector, the Raman response behind the confocal pinhole must be
calculated. It should be aso noted that the lateral resolution remains constant for every

measurement along the z-axis. A calculation of the proportion of the flux ®., whichis

transmitted through the pinhole diaphragm (confoca Raman response) has been
reported in a previous study.” Thisis given by:

®, = R, , (4.23)

) @'O é\lA&ln +R, Q1+ (6" NAZ, ) %

where Z_ | R,, R, I, and NA are the axial altitude of aslice of the sample, the radius

of the pinhole, the radius of the laser beam at the sample, the magnification factor and

the numerical aperture of the microscope objective, respectively. The maximum Raman
response (dR!(Z, )/dz! )|, occurs at the same normalized radius m indifferent of the
depth where it was calculated. Replacing the z value by z| / k in Eg. 4.22, trandating
the normalized flux transmitted through the pinhole at the z points, where the

maximum Raman response occurs, and normalizing Eq. 4.22, the percentage from the
confocal Raman response, which arrives behind the confocal pinhole, can be obtained

for each Z| level lengthways the focus
ol =ct Ry : 4.24
U darer o

A= NAE;L“ - Zln(de (Zln)/dzln)lo
Kk

where:

and
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B=Rﬂ#ﬁEW1NAﬁm_%@R@JM%Jb§.

k

The confoca Raman response on the CCD detector as a function of the axia altitude

into the sample can be expressed as:

R (2)=1'(2,)cNA,, F 0!

(4.25)

Furthermore, we evaluated the variation in the confoca Raman substrate signal

R (z'm) as we focused down through the coating into the polycarbonate substrate.

Five of these confocal Raman responses are plotted as a function of z' in Fig. 4.15, for

A =25,5, 8,10, and 12 um, respectively.

RIconf (Zlm)
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diffraction effect
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Fig. 4.15. Confocal Raman response R (z'm) vs. focal position in the sample Z as

afunction of the apparent focal point A. Note that the integrated Raman

response has been normalized to a constant area, for al calculated A va-

lues. The insert compares the confocal Raman responses for two cases:

neglecting and considering the diffraction effect.
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Fig. 4.16. Comparison of the confocal micro-Raman response profile R (zln) with the

laser intensity distribution 1'(z,) for A = 10 um when both refraction as well

as diffraction effects are considered. Note how the confocal Raman response
is maximised several micrometers deeper than the laser peak intensity.

By comparing the confocal Raman response profile with the laser intensity distribution
for agiven A vaue, eg. A = 10 um, one remarks that, similar to the case when only
the refraction effect has been considered, the Raman response is maximised several
micrometers deeper than the laser peak intensity, even if both refraction and diffraction
effects are taken into account (see Fig. 4.16). It can be also seen that the shift of the
Raman profile maximum compared to the intensity distribution maximum becomes

larger as A increases.
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4.3.4. Comparison of theoretical data with experimental

results

We should note that similar to the previous case when only the refraction effect was
considered, in the present approach, when additionally the diffraction effects is taken
into account, only the change in Raman signa intensity as the laser is focused at
different points and the Raman profile moves across a boundary can be computed. In
fact, the measured confocal Raman response represents a convolution of the substrate

Raman response, which passes through the pinhole diaphragm.

coating substrate
m=0 m=msg m=1
=
N
‘€ A=10pm
_8
o
15 18 20 22 24 26
Zhy[pm]

Fig. 4.17. Schematic diagram illustrating the cal culation of the substrate signal as a
function of A. Thesignal is proportional to the arearight of the coating/
substrate boundary.

We evaluate this overlap by calculating the variation in the substrate signal as we focus
down through the coating into the substrate (i.e., predict the polycarbonate Raman sign-
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al asafunction of A). This procedure entails the calculation of the area under the curve
to the right of the vertical line (Fig. 4.17), this line is corresponding to the boundary
between coating and substrate (for convenience we have chosen A = 10 um). In Fig.

4.17, m, represents the value of m for which a Raman ray originates precisely from the

coating/substrate boundary.
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Fig. 4.18. Comparison of calculated confocal Raman response percentage when the

diffraction effect is neglected R_, (z.) and considered R! (zln) with the

conf

observed data for two polycarbonate substrate bands (1600 and 636 cm™)
as afunction of apparent focal points A .

In order to compare the theoretical data with the experimental results, we have
characterized the evolution of the same Raman bands given by the substrate, as it has
been presented in the previous section, when only the refraction effect was considered.
Thus, the integrated intensities of the polycarbonate bands at 1600 cm™ and 636 cm™
assigned to the C=C stretching mode in the phenyl ring and phenyl ring bending mode,
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respectively, have been used to test the predicted variations of the polycarbonate Raman
signa at different apparent focal points A. A plot of the theoretical values obtained

when the diffraction effect is neglected and then considered, R_, (z]“) and R (zln)

respectively, and of the experimental data as the percentage of the confocal Raman
response vs. apparent focal points A is presented in Fig. 4.18. As can be observed, by
considering both the refraction as well as the diffraction effects the agreement between
the experimental and theoretical data is improved in particular at the coating/substrate
interface in comparison with the theoretical approach, where only the refraction effect

was taken into account.

By comparing the above presented models with the experimental data (Fig. 4.18), the
following considerations, concerning the errors which appear between the measured and
calculated values, could be drawn.

(1) Even if the diffraction effect is considered the differences observed in Fig.
4.18 at small A values may suggest that the differential Raman cross-section
of the analyzed substrate modes is higher than that of the strongest coating
modes. Thus, the polycarbonate Raman bands at 636 and 1600 cm™ are
present even at small A values (e.g., ARl(z'ﬂ) represents the error between
theory and experiment for the Raman bands at 636 and 1600 cm™,

respectively at A =7 um for the sample with 20.2 um thickness).

(i)  The laser intensity outside the Airy disc could contribute also to the

deviations observed at small A values.

(ili)  The errors, which have been evidenced in the previous model, where only
the refraction effect has been considered, have been minimized by
considering a new approach (see Fig. 4.18), which takes both the refraction

and the diffraction effects into account (e.g. ARz(zln) andARs(zln) in

comparison with AR} (z,'n) and AR'S(ZJ“) respectively, for the polycarbonate
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Raman bands at 636 and 1600 cm™, at A = 9.5 pm for the sample with 20.2

pm thickness).

(iv)  The length of the focus calculated according to the previous model, where
only the refraction effect has been considered, agrees quite well with the
experimental data for thin coatings and was found to be ~ 12.5, 15, and 17.5
pum for A of 10, 12, and 14 um, respectively. When the diffraction effect is
taken into account the focus length becomes ~ 11.65, 14, and 16.3 um for
the same A vaues. By comparing the values of the focus length calculated
according to both theoretical models we can conclude that the diffraction
effect reduces the lengthening of the focus, improving thus the degree of

agreement between theory and experiment.
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Fig. 4.19. The lengthening of the focus along the z-axis for different apparent focal
points A when refraction and diffraction effects are considered. Note how
a better discrimination of the Raman response proceeded from different le-
vels along the optical axis could be obtained if the thickness of the coating
issmaller.
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The theoretical variation of the focus length at different focal positions z.. as afunction

of apparent focal points A is presented in Fig. 4.19. It can be seen that the focus length
is enlarged when the focus is placed deeper into the sample, thus preventing a sharp
discrimination along the optical axis. Fig. 4.19 aso reveals that by decreasing the
coating thickness an improved discrimination along the optical axis can be achieved.”

4.4. Conclusion

A relatively straightforward analysis based on ray tracing has been applied in order to
compute the confocal micro-Raman response profile at different depths inside two
different coated samples of 6.2 and 20.2 um thickness, by considering the spherical
aberrations induced by the presence of the air/coating interface, and a focus lengthening
was evidenced. The obtained theoretical data have been compared with the experimental

and afairly good agreement was observed.

Furthermore, a theoretical approach that considers both the effects of refraction and
diffraction on the focus lengthening on confocal micro-Raman experiments has been
developed. A calculation of the confocal micro-Raman response profile as a function of
the apparent focal point A, numerical aperture and magnification of the objective (NA,

I,), refractive index of the sample n, and the characteristics of the pinhole and the
laser beam (R,, R)) for different z, levels into the sample has been performed. The

results obtained by applying the developed theoretical model are in good agreement

with the experimental data.

According to this approach, the lengthening of the focus deeper into the sample
becomes less pronounced as compared to the case when only the refraction effect is
considered. The intensity of the Raman response given by the substrate is aready
increased in the neighborhood of the substrate level, preventing thus a sharp
discrimination. If the thickness of the coating is smaller, a better discrimination of the
confocal Raman response proceeding from different levels aong the optical axis could

be obtained. In comparison to the model, which takes only the refraction effect into acc-
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ount, a shortening of the focal length is obtained when both the refraction and
diffraction effects are considered, thus improving the agreement between the

experimental and theoretical data, particularly at the coating/substrate interface.
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Characterisation of diffusion processes of
pharmacologically relevant molecules
through PDM S membranes by means of
confocal resonance micro Raman
spectr oscopy

5.1. Introduction

During the past few years the development of new application systems for a defined
release of active ingredients became more and more important in the pharmaceutical
industry. In his pioneering work Zaffaroni pointed out™ that such objectives can be met
by what he called therapeutic systems. Such systems always consist of four basic comp-
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onents: an energy source which delivers the energy needed for a controlled drug release,
a drug depot, a support element which fixes the therapeutic system at the application
site and carries the other elements of the system, and eventually an element to control
rate and extent of the drug release. Usually a polymer membrane is used to control the
drug release.” The advantages of using PDMS membranes for drug delivery system is
known since the beginning of the sixties. Due to their biocompatibility and inertness
PDMS membranes are widely used in pharmaceutics e.g. as coating material for tablets,
in ophthalmic preparations, in transdermal devices to control drug delivery into the skin,
in intrauterine inserts, as vaginal rings as well as subdermal implants to deliver
contraceptives.®® The knowledge of the diffusion properties of such control
membranes is very important in order to achieve a defined and constant drug release
from therapeutic systems. However this knowledge is still insufficient. Therefore it is

important to continue to investigate these properties carefully.

Recently, some studies have evidenced that confocal micro-Raman spectroscopy is an
excellent tool for probing spatial variations in multiphase materials.®®* Proton-
conducting membranes of poly(vinylidene fluoride), PVDF, grafted with styrene and
thereafter sulfonated, were investigated by Raman spectroscopy.®? The depths and
surface distribution of polystyrene grafts and crosslinker, as well as the sulfonation
efficiency, were determined by using confocal micro Raman spectroscopy. The same
spectroscopic method has been used in order to determine the structural changes in the
PVDF-graft-poly(styrene sulfonic acid) membrane composition after fuel cell
experiments.®® Composition profiles generated by diffusion in the concentrated regime
between poly(phenylene oxide)-polystyrene blend pairs have been also experimentally
determined by means of confocal micro-Raman spectroscopy.®* By depth profiling of
PV C laminates with aminothiophenol a gradient in the degree of modification has been
established.®>® A quantification of pharmacokinetic variables by using in vivo confocal
Raman spectroscopy in order to obtain continuous real-time monitoring of the drug
concentration in the corneal hydration from rabbit eyes has been aso reported.®”%
Significant qualitative differences in the axial hydration gradient were observed
between the in vitro and in vivo situation from the characterization of the axial corneal
hydration process.®® H,0/D,O exchange in human eye lens has been monitored in vitro
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by confocal Raman microspectroscopy and the diffusion coefficient of D,O in the
human eye lens has been established.”

In the work presented here, this method of confocal resonance Raman spectroscopy is
applied to the investigation of the diffusion process of [-carotene dissolved in DM SO
through a PDMS membrane. (-Carotene has been used as a test molecule for

pharmaceutically relevant substances.

5.2. Results and discussion

As the Raman signal is proportiona to the concentration, confocal resonance Raman
spectroscopy can be used for quantitative analysis. The concentration of molecules
diffusing through the membranes is rather low. Therefore, [3-carotene was chosen as a
test molecule to investigate the diffusion process through PDMS-membranes. It can be
detected even in low concentrations by taking advantage of the resonance Raman effect.
Resonance Raman scattering occurs when the photon energy of the exciting laser beam
matches that of an electronic transition of a chromophoric group within the system
under study. Under these conditions bands belonging to the chromophore are selectively
enhanced by factors of 10° to 10°. In the case of B-carotene the excitation laser at 514

nm is resonant with the S,-absorption in (3-carotene.

In order to investigate the diffusion process of [3-carotene through PDMS membrane
Raman spectra as a function of the time have been recorded at various depths inside the
membrane by considering the upper surface of the membrane as the starting point of the
measurements. Because the substances involved in these confocal Raman investigations
have different refractive indexes, the theoretica models, which have been presented in
the previous chapter and describe the influence of refraction and diffraction effects on

the focus lengthening on confocal micro-Raman experiments, could not be applied.
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Fig. 5.1. Raman spectrum recorded during the permeation of [3-carotene/DM SO-
solution through a PDM S membrane. The membrane and (3-carotene

peaks are marked as indicated.

Figure 5.1 shows a Raman spectrum recorded during the diffusion of (-carotene

through a PDM S membrane at a depth of 25 um inside the membrane (value read on the

microscope scale). The spectrum only shows bands, which can be assigned to vibrations

of the polymer chains forming the membrane, or of (3-carotene but no bands of the

solvent DM SO could be observed, probably due to its low concentration or to the high

intensity of [-carotene bands. The integral of any [3-carotene peak is directly

proportional to the amount of [-carotene being present at a specific depth of

measurement at a given time. In order to correct potential variations in the laser

intensity the integral over the B-carotene pesk at 1521 cm™ was normalized to the

membrane peak at 487 cm ™.
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Fig. 5.2. Normalized sorption curve measured in a depth of 25 um (for details see
text).

In Fig.5.2 the intensity of this normalized peak of [3-carotene recorded at a depth of 25
um inside the membrane is plotted against the sgquare root of diffusion time. For
diffusion times up to 1600 s the concentration of [3-carotene is directly proportional to
the square root of the diffusion time. According to Boltzmann this holds as long as the
diffusion is sorption-controlled.®* The diffusion coefficient of B-carotene can be
calculated from the slope of the linear range of this curve. Within the time interval from
200 to 400 sits value at a depth of 25 um inside the membrane is given by 1.4 + 0.092 x
10® cm?/s . The linear range of the curve ends when a steady state of diffusion is
reached. From this time on, the lag-time t;5g, the concentration of (3-carotene at the given
depth in the membrane remains constant, there it is saturated. A uniform concentration

gradient between the membrane border on the donor site and the given point inside the
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membrane has been formed.
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Fig. 5.3. Slope of various normalized sorption curves plotted as a function of
the measurement depth (filled circles: 3 independent measurement

series, filled squares. mean value of 3 independent measurements).

In Fig. 5.3 the slope of the linear range of various normalized sorption curves (see Fig.
5.2) is plotted as a function of the measurement depth. A dependency of these slope
values from the measurement depths can be observed as the system has not yet reached
a steady state. As soon as the diffusion through the membrane has reached its steady
state this dependency can no longer be observed since a constant concentration gradient
has been built up across the hole membrane.*? At the beginning of the diffusion process
[3-carotene molecules can be found only in the upper layer of the membrane directly
adjacent to the donator cell containing a saturated solution of (3-carotene in DMSO. The
thickness of this layer is very small and the (-carotene gradient very steep. With

increasing diffusion time the (3-carotene molecules are getting deeper inside the membr-
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ane towards the acceptor side (see Fig. 5.4). As long as no steady flux across the
membrane is reached the slope of the concentration gradient at a given point inside the
membrane decreases with increasing diffusion time until the slope of the gradient
observed for the steady flux isreached (see Fig. 5.4).

D cp ~—_ M A
c(te)

—~—
——  cA

\

\\\\\\\\

c(t1)
——

hi h> h3

o)

Fig. 5.4. Concentration gradient inside the membrane for various times (D = donator
phase; M = membrane; A = acceptor phase; ¢, = concentration of donator;
Ca = concentration of acceptor; h;-3 = measurement points inside the mem-
brane; c(ty) = concentration gradient at steady state conditions; c(t1,2) =

concentration gradient at timet = 1, 2 (with t; << t, <tg).

Figure 5.5 shows concentration gradients of [3-carotene in PDM S membranes. In seven
independent test series they have been determined during permeation measurements
under steady flux conditions. According to Fick's first law the amount of a substance
diffusing per time unit through a membrane is proportional to its concentration gradient.
As the mass flow of -carotene through PDMS membranes is extremely low (diffusion
coefficient = 1.4 + 0.092 x 10 cm?/s) the observed concentration gradient is very

small.
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Furthermore, in analogy to the high n-octanol/water partition coefficient (log Kow =
17.6) the solubility of (3-carotene in PDMS membranes is very high but rather poor in
DMSO. When measurements are performed at points deeper inside the membrane an
enlargement of the focus occurs.”" This results in a greater and more diffuse sample
volume. In consequence the dispersion of the concentration values determined at higher

measurement depths increases (see Fig. 5.5).
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Fig. 5.5. Concentration gradient of 3-carotenein PDM S membranes under steady

flux conditions for seven independent test series.

5.3. Conclusion

We have applied confocal Raman spectroscopy to investigate the kinetics of diffusion
processes through PDMS membranes before reaching steady state conditions.
Conventional methods used so far to study diffusion processes across membranes
determine rate and extent (dm/dt) by which a substance is released from the membrane
under steady state conditions. The application of the confocal Raman spectroscopy

offers the opportunity to observe the dynamics of a diffusion process at well-defined po-
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ints inside the membrane. As shown in this chapter before reaching steady state
conditions of diffusion the formation of a concentration gradient at a specific point
inside the membrane can be observed. By determining changes in the intensity of
characteristic peaks or even shifts of their wavenumber, changes in the concentration or
the structure of the permeating substances or the membrane can be seen. As an example
we investigated the diffusion of B-carotene dissolved in DMSO through a PDMS
membrane. [(-carotene is especially suited for this experiment since our Raman
excitation laser was resonant with an electronic absorption of [3-carotene. Thisresultsin
a strong intensity enhancement of the observed Raman signal. Therefore even low
concentrations of [3-carotene can be detected. We determined the diffusion rate as a
function of the measurement depth and diffusion time. We could show that at a given
time before reaching a steady flux the slope of the concentration gradient, which is
proportiona to the rate and extent of diffusion, decreases with increasing penetration
depth. In addition the concentration gradient under a steady flux has been investigated.
According to the very low mass flow of (3-carotene through the membrane only a small
gradient can be observed. Our measurements have shown that the confocal micro
Raman technique is a powerful tool to investigate the kinetics of diffusion processes
within a membrane before the steady state has been reached. By utilizing the resonance
Raman effect even low concentrations of the permeating substance can be detected.
This offers the possibility to investigate the diffusion properties e.g. of pharmaceutical
relevant molecules through membranes by using a tunable laser as Raman excitation
laser and adjusting its wavelength to be resonant with an electronic absorption of the
investigated molecule. In the development of new therapeutic systems the availability of
membranes with well-defined permeation properties is of utmost importance. For a
straightforward realization of such controlled release systems the knowledge of
diffusion or permeation properties of the investigated drug through test membranesis of
great importance. Confocal resonance Raman spectroscopy can help to get direct insight
into the diffusion process.



Spectroscopic investigations of copper
and iron doped B,O3-Bi,0O3 glass systems

6.1. Structural investigations of copper doped
B,O3-Bi,0; glasses with high bismuth oxide
content

6.1.1 Introduction

Glasses based on Bi,O3; heavy-metal oxide have wide applications in the field of glass
ceramics, layers for optical and electronic devices, thermal and mechanical sensor,
N

reflecting windows, etc..”> Oxide glasses containing transition metal ions, such as Cu

and Cu®" for cuprate glasses, are of interest due to their possible applications in memory
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switching devices.”* Because of the small field strength of Bi’" ions, bismuth oxide
cannot be considered as network former, however, in combination with B,Os;, glass
formation is possible in a relatively large composition range.”” The large glass
formation region in bismuthate glasses has been attributed to the high polarizability of
the Bi*" cation.”® Cordoba et al.”’ investigated the xerogel-glass transition of 0.5%CuO-
Si0, system and reported the presence of the isolated copper ions in the amorphous
SiO, structure. It was also found” that in samples containing copper, the metal is
mainly dissolved in the SiO, network, when the thermal treatment is carried out at low

temperatures.

B,0; is one of the most common glass former. According to Krogh-Moe’ the structure
of vitreous B,0Os3 consists of a random network of boroxol rings and BO; triangles
connected by B-O-B linkages. Mozzi and Warren'” found that the addition of other
oxides causes a progressive change of the boron atom coordination from three to four
and results in the formation of various cyclic units like diborate, triborate or tetraborate
groups. At low modifier content the BO,4 units are grouped to form tetraborate units. By
increasing the content of other oxides in borate glasses the BO4 units are predominantly
associated with diborate groups. At higher concentrations of the modifier, the formation
of BOs units with non-bridging atoms is reported.101 Various borate and bismuthate
structural units present in glasses based on B,0O; and Bi;O; are illustrated in the

Appendix.

The aim of the present study was to obtain by means of Raman and infrared
spectroscopy specific data regarding the local structure of copper doped B,0;-Bi,03
glasses, the role played by copper ions on boron and bismuthate units as well as to
evidence the change of B,0O3; and Bi1,0; structural units induced in these samples by the
heat thermal treatment applied at 575 °C for 10 hours. The interest for the investigated
glass system is determined by the presence of two network forming oxides, the classical
B>03 and unconventional Bi,Os. At the same time both boron and bismuth are known to
have more than one stable coordination, i.e. boron triangles and tetrahedra and bismuth
pyramidal and octahedral units (see Appendix). Furthermore, bismuth is able to form

independent interconnected network of the borate groups.'®?
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6.1.2. Results and discussion

According to X-ray diffraction patterns, which do not reveal any crystalline phase, the
as prepared samples are amorphous from a structural point of view. After heat treatment
the sample with x = 0.625 remains amorphous, while in those with x < 0.40 two
crystalline phases were detected: BisB,O9 and Bi4B,033. In the sample with x = 0.40
almost only Bi4B,0Oy crystalline phase is occurring, while in the sample with x = 0.07

more than 90 % is represented by the Bi,4B,033 phase.

The vibrational Raman and infrared spectra of the investigated bismuth-borate glasses
with high bismuth content are dominated by bands associated to the structural units of
the heaviest cation, Bi**. The Raman peaks due to the heavy metal oxides such as Bi,Os,
may be classified into four main sets,'? denoted as: (1) low wavenumber Raman modes
(less than 100 cm™), (2) heavy metal ion vibrations in the range 70-160 cm™, (3)
bridged anion modes in the intermediate 300-600 cm™ region, (4) non-bridging anion

modes at higher wavenumbers.

The micro-Raman spectra of the untreated glasses presented in Figs. 6.1 and 6.2 show
peaks associated to the last three categories of vibrations which supports the network
forming character of the bismuth oxide. It was found that Bi** cations are incorporated

57.104-106 and that the network of the

in glass networks as deformed [BiOg] groups
bismuth cuprate glasses is built up only of [BiOs] pyramidal units.'”” An evidence for
the existence of [BiOs] polyhedra in the untreated glasses structure is the appearance of

a band around 840 cm™ in the infrared spectra.108

In infrared spectra of the untreated
samples (Fig. 6.3) this band can be observed only at x = 0.07. Therefore, we assume that
Bi*" cations are incorporated in [BiOs] and [BiOs] groups only at very high Bi,Os
content. In the micro-Raman spectrum (Fig. 6.1) at x = 0.07 the peak centred at 135
cm’’ indicates that the Bi*" cations take part in the glass network as [BiO;] and [BiOg]
octahedral units. The other bands and shoulders present in the Raman spectra of glass
samples in the spectral range between 200 and 700 cm™ are due to the bridging anion
modes. The bands at 320, 472 and 584 cm™ for the sample with x = 0.07 can be

attributed to Bi-O-Bi vibrations, while the weak shoulder at 236 cm™ is due to Bi-O vib-
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rations.'” At the same concentration, x = 0.07, the very weak band at 859 cm™ and the
shoulder from 1220 cm™ were assigned to the symmetric stretching vibration of the B-
O-B bridges and to the stretching vibration of the terminal B-O™ bonds of the pyroborate

groups (Fig. 6.2).'0192

Raman intensity
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815 715 615 515 415 315 215 115

<~ Wavenumber/cm™

Fig. 6.1. Micro-Raman spectra of untreated 99.5%][xB,03(1-x)Bi,03]0.5%CuO

glasses in the 115-815 cm™ spectral region.
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The shoulders from 1323 and 1490 cm™ appear only for very high Bi,O3 concentration.
These two shoulders and the band around 1405 cm™ can be assigned to B-O vibrations
of the units attached to large segments of the borate network.'*'"'"> A similar behavior, a
decreasing of the Raman band intensities in the 1300-1500 cm™ spectral region with the

increasing of the B,O5 content, has been observed in previous studies.'*'%

Raman intensity

1600 1325 1050 775 500

<~——— Wavenumber/cm™

Fig. 6.2. Micro-Raman spectra of untreated 99.5%[xB,03(1-x)Bi,03]0.5%CuO

glasses in the 500-1600 cm™ spectral region.
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Fig. 6.3. Infrared spectra of untreated 99.5%[xB,03(1-x)Bi1,03]0.5%CuO glasses.
In the investigated compositional range one remarks that the band from 1405 cm™
exhibits a strong dependence on the Bi/B ratio. This band is strongly shifted to smaller

wavenumbers as X increases (see Fig. 6.4). This dependence denotes the large structural

influence of Bi;O; on the B,O3 structure. For x = 0.20 a very small and broad band at
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910 cm’, ascribed to orthoborate vibration, appears. By infrared spectral studies on
Bi,03-Cu0O, B;03;-PbO-CuO, Bi,O3-SrO-CuO, Biy03-SrO-CaO-CuO, Dimitriev and
Mihailova'®® have related the shift of the band from 485 to 523 cm™ to the change of the
local symmetry in [BiOg] polyhedra, as the Bi,Os content decreases. A similar effect
due to the distortion of the bismuth polyhedra is observed in our infrared spectra (Fig.
6.3) and it is confirmed by the micro-Raman spectra (Fig. 6.1), where the mentioned
distortion of the [BiOg] groups is revealed by the evolution of a band recorded at 155
cm™, which appears only as a shoulder in spectra of the samples with high bismuth

content.

1420

1390

1360

Wavenumber / cm™

1330

1300 — 7T T T T T T T T T T
00 01 02 03 04 05 06 0.7

X
Fig. 6.4. The shift of micro-Raman band position of B-O" vibration in function of B,03
content for 99.5%[xB,03(1-x)Bi,03]0.5%CuO glasses.
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102 that the width of the Raman bands in disordered materials is a measure of

It is known
the disorder in the structure. Therefore, we can conclude that in the composition range
with lower Bi,0; content, where the bands are much larger, the disorder degree in the
vitreous structure of the bismuth-borate glasses is much higher. The peaks existing at
135 and 155 cm™ evidence the presence of Bi*" ions in the glass network. Having in
view that the bismuth group vibrations appear at significantly smaller wavenumbers in
comparison with the boron units vibrations, we can assume that in the 120-650 cm’
spectral region of the Raman spectra, only bismuth unit vibrations as bridged anion and
angularly cation-anion-cation constrained modes appear. Thus, the broad shoulders
centred around 390 and 580 cm™ are given by Bi-O and Bi-O-Bi vibrations in distorted
linked [BiOg] polyhedra.'® The new weak shoulder around 730 cm™ could be assigned

to chain metaborate group vibration.'”

The band at 735 cm™, present in the spectra of the untreated sample with x = 0.07, can
be observed in the infrared spectra at all concentrations (Fig. 6.3). This band shifts to
693 cm™ for x = 0.625 and is assigned to B-O-B bending vibrations."'® The infrared
band that appears at 884 cm™, for x = 0.20, is attributed to BOj; triangular unit
vibrations.'® At all concentrations, the infrared spectra of the untreated samples show
in the spectral range between 1200 and 1500 cm™ bands assigned to the vibration of the
B-O" bonds from isolated pyroborate groups.''® Having in view that these bands become
more intense and broader as the Bi,O3; content decreases we suppose that other B-O or

B-O-B vibrations are also involved in this spectral region.

The features present in the micro-Raman and infrared spectra of the heat-treated
samples (Figs. 6.5-6.7) for several Bi/B ratios, 0.07 < x < 0.33, are reflecting the
crystalline structure of these samples. The micro-Raman spectra of the treated samples
(Fig. 6.5 and 6.6) for x < 0.33 consist of distinguished bands, most of them arising from
the same vibration as those identified in the spectra of the untreated samples. As we
already mentioned for the untreated glasses, the Bi®" cations are usually incorporated in
the glass network as [BiOg] groups and the presence of a band around 843 cm’ in the
infrared spectra shows the existence of the [BiO3] polyhedra.’”'**'%" Due to the fact that

this band can be also observed in the infrared spectra of heat-treated samples (Fig. 6.7)
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for x < 0.33, we have considered that both [BiOg] and [BiOs] groups built up the

structure at all these concentrations.

274
129

Raman intensity
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715 615 515 415 315 215 115

-1
<«—— Wavenumber / cm
Fig. 6.5. Micro-Raman spectra of heat-treated 99.5%][xB,03(1-x)B1,03]0.5%CuO

glasses in the 115-715 cm™ spectral range.
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The new intense Raman bands at 144, 205, 274 and 537 cm™ are related with the well
developed crystalline phase Bi;4B,039 that is present in the treated samples with x <
0.33. The first two bands indicate that Bi’" cations are incorporated in the sample
structure as [BiO;] pyramidal and [BiOg] octahedral units, while the last two ones are
due to Bi-O vibrations.'” Their high intensities are caused by the strong polarization

effect given by the bismuth ions, which are highly polarizable.

Raman intensity

x=0.62

T I T I T I T
1640 1370 1100 830 560

-1
Wavenumber / cm
Fig. 6.6. Micro-Raman spectra of heat-treated 99.5%][xB,03(1-x)B1,03]0.5%CuO
glasses in the 560-1640 cm™ spectral range.
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A careful analysis of the micro-Raman spectra recorded for the samples with x = 0.07
before and after heat treatment (Figs. 6.1 and 6.5) suggests that in untreated samples
germs of BiysB,039 crystalline phase are also developed but these are small enough to

become undetected by X-ray diffraction.

Trasmittance
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Fig. 6.7. Infrared spectra of heat-treated 99.5%[xB,03(1-x)B1,03]0.5%CuO glasses.
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For x = 0.40 the bismuth occurs only as six coordinated. In this case the [BiOg]
polyhedra are still very distorted, as evidenced both in micro-Raman and infrared
spectra (Figs. 6.5-6.7) by the broadening of all bands and their strong shift. The
distortion of the [BiOg] polyhedra as boron content increases (x > 0.33), even in the heat
treated samples, is reflected by the replacing of the infrared bands from 479 and 532
cm™ with a band centred around 516 cm™. The last band can be considered like the
convolution of the previous two bands. Concerning the boron atoms, the chain
metaborate group that gives the band around 626 cm™ appears in the Raman spectra
already at x = 0.07 and proofs the existence of a much more linked boron-oxygen
structure than in untreated glass sample. The BO, unit vibrations''® are observable for
all heat-treated samples in the spectral range between 900 and 1100 cm™ of the infrared
spectra (Fig. 6.7). The appearance of a breathing vibration of rings containing both BO;

101,109 ag o very small Raman band around 785 cm’!at x =

triangles and BOj tetrahedra
0.07 (Fig. 6.6) confirms our assumption that even for very high Bi,O3 content, the boron
atoms in the treated samples structure are three and four coordinated. This result is in

agreement with recent NMR data.'"!

In the infrared spectra of the treated samples, the
band at 748 cm™ appears only for x < 0.40 and presents an increase in intensity at x =
0.33. This band can be assigned to the B-O-B bending vibration.'" At all
concentrations, both micro-Raman and infrared spectra of the treated samples (Figs. 6.6
and 6.7) show in the range 1200-1500 cm™ bands assigned to vibrations of the B-O"
bonds from borate and isolated pyroborate groups. As we already mentioned in the case
of the untreated samples, the increase in intensities and the broadening of the infrared
bands in the 1200-1500 cm™ spectral region with the decreasing of the Bi,O3 content
could be a consequence of the presence of other vibrations in this spectral range. In the
micro-Raman spectra of the heat-treated samples (Fig. 6.6), the bands that arise in the
above mentioned spectral region and are assigned to B-O° vibrations of the units

attached to large segments of the borate network'*""'"*

increase appreciably in intensity
at x = 0.40, when a high disorder degree dominates the structure. At the same
concentration the increase in intensity and the broadening of the Raman band around
600 cm™ can be assigned to the new formed Bi-O" vibrations.'” All these much larger
bands as well as the behavior of the B-O-B bending vibrations from the spectra of the

samples with x =0.33 and 0.40 (Figs. 6.6 and 6.7) show that the crystalline phase
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Bi4B,09, preponderantly for these samples, is more distorted and less ordered than

Bi,4B,039 phase, particularly for the samples with higher bismuth content.

As it was already mentioned, the Bi*" cations are usually incorporated in the glass
network as deformed [BiOg] groups, while only the [BiOs] polyhedra built up the
network of the bismuth cuprate glasses.'’” Therefore, we assume that in the investigated
glass system, despite the fact that the CuO content is very small, the presence of copper
ions influences the bismuth structural units favourizing the formation of [BiOs] units for

untreated glasses with x = 0.07 and for treated glasses with x < 0.33.%

6.1.3. Conclusion

Raman and infrared spectral investigations of 99.5%[xB,0;(1-x)Bi,03]0.5%CuO
system evidence that Bi’" cations are incorporated in the glass network as [BiOs]
pyramidal and [BiOg¢] octahedral units for x = 0.07 and as distorted [BiO¢] polyhedra for
0.20 < x < 0.625. Raman and infrared spectra of samples after heat treatment show first
of all that the glass stability is decreasing as bismuth content increases. After 10 hours
heat treatment at 575 °C, only the sample with highest boron content, x = 0.625, remains
non-crystalline while all the others partially crystallize. The presence of copper ions
influences the bismuth surrounding, favourizing the formation of [BiOs] units for
untreated glasses with x = 0.07 and for treated samples with x < 0.33. The boron atoms
in the heat-treated samples are three and four coordinated even for very high Bi,O;
content. On the other hand, a strong disordering effect of Bi,O3; on the vitreous B,03

network is evidenced.
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6.2. Spectroscopic investigations of highly iron
doped B,Os-Bi,03 glasses

6.2.1 Introduction

Raman and infrared spectroscopy have proven to be powerful and effective tools for
characterizing the structure of local arrangements in glasses.''*"''* Glasses containing
bismuth have received increased attention due to their manifold possible applications.
Recently, optical Kerr shutter (OKS) switching and degenerated four-wave mixing
experiments have been performed on glasses based on Bi,03-B,03 using femtosecond
lasers and it was found that these glasses exhibit an ultrafast response in OKS operation.
Furthermore, it was indicated that erbium doped bismuth based glass is suitable for
broadband amplifiers and highly doped short length fiber applications for metro use.'"’

It was also reported that heavy metal oxide glasses containing bismuth have been
investigated for possible use in scintillation detectors for high-energy physics and that
the large polarizability of bismuth makes it suitable for possible non-linear optical uses

6 X-ray and infrared studies on B,03-Bi,0;

and environmental guide-lines."'
conventional glass have shown that Bi’" ions participate in the network structure above
45 m% Bi,03.""” Dumbaugh''® has investigated non-conventional glasses using Bi,O3
as the basis of the glass network of multi-component systems. It was observed that the

addition of Th, Cd, Ba, Zn, and Fe oxides results in a large glass formation domain.

Borate glasses have been the subject of intense structural studies by various physical
and chemical methods including Raman and infrared spectroscopy, Brillouin

55.119-123 [ oo reported that the

experiments, NMR and neutron scattering investigations.
addition of a network modifier in borate glasses could produce the conversion of the
triangular BOj5 structural units to BO4 tetrahedra with a coordination number of four or

121 In fact, these BOy structural units

to the formation of non-bridging oxygen atoms.
are incorporated in more complex cyclic groups such as triborate B3O, di-triborate
B;0s, metaborate B;O9 and more complicated units (see Appendix). In a relative recent

study optical and physical properties of bismuth borate glasses over wide compositional
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range from 0 to 88 mol % Bi1,0; have been investigated and an opening of the glasses

structure with the increase of the Bi1,Os concentration has been observed.'!

Because iron is frequently present in trace amounts as an impurity introduced with the
raw materials, various studies have been carried out to establish the environments of
Fe*" and Fe’* ions, mostly at the few percent level in different glasses.'**'?® It was
supposed that, at low concentrations, the ions act as modifiers similar to the alkali

124

metals or alkaline earths. ”" In order to found new applications of the doped Bi,03-B,0;

glasses a better understanding of their structure becomes necessary.

In this section Raman and infrared spectroscopy have been applied to the vibrational
characterisation of the local structure of 95%[xB,03(1-x)Bi,03]5%Fe,0; glasses. Our
interest was to find out if the B,O; and Bi,0; matrices are influenced by the iron dopant
and to evidence how B,O; and Bi;Os structural units are affected by the thermal

treatment applied at 575 °C for 10 hours.

6.2.2. Results and discussion

According to X-ray diffraction analysis the as prepared samples are amorphous from a
structural point of view. After heat treatment only samples with high bismuth content (x
< 0.20) become crystalline. In the compositional range with high bismuth content at
least two crystalline phases are expected to be developed, BisB,O9 and Biy4B;03o,
however, in samples with x < 0.20 only the last one has been observed. The prepared
sample with x = 0.33, having the composition corresponding to the BisB,O¢ phase,
remained non-crystalline after 10 hours heat treatment at 575 °C, even though in
bismuth-borate glasses from the same compositional range, but with low transitional
metal content this crystalline phase has been developed after a similar heat treatment.
These results show the stabilizing effect of iron on the bismuth-borate glass matrices in

this relatively high doping content.
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In order to identify clearly all structural changes, which appear at different compositions
of the matrices, we separately analysed the infrared and Raman spectra of the samples

with x £ 0.20 (high Bi,03 content) and x = 0.30, respectively.

(a) Untreated samples with x <0.20

It was shown that Bi,O; appears in the bismuth-borate glass networks as deformed
[BiOg] groups,5 719 both [BiOg] and [BiOs] polyhedra5 >127 or only as [BiO3] pyramidal
units.'”” The most important condition for the existence of [BiO;] polyhedra is the

104 The absence of this band in the

presence of a band at 830 cm™ in the infrared spectra.
infrared spectra of the untreated glasses (Fig. 6.8) proves that only [BiOg] octahedra

build up the bismuthate structure of these samples.

For x £ 0.20 all Raman spectra (Fig. 6.9) show peaks associated to the heavy metal ions
vibration in the spectral range between 70 and 160 cm™, bridged anion modes in the
300-600 cm™ spectral range and non-bridging anion modes at higher wavenumbers'”
which supports the network forming character of bismuth. The peak at 82 cm™, clearly
related to the heavy metal as Miller et al.'*® have demonstrated in a series of glasses
containing different metal oxides, indicates more a “molecular-like” origin than an
“acoustic—like” nature, because its position does not depend on the composition, and its
intensity increases in the high bismuth content region. In the micro-Raman spectra for x
< 0.20 (Fig. 6.9), the peak centred at 123 cm™ and the shoulder at 152 cm™ indicate the
presence of the Bi*" cations as [BiOs] octahedral units, while the bands at 262 and 516
cm” and the shoulder at 328 cm™ are due to the symmetric stretching anion motion in
angularly constrained cation-anion-cation configurations in [BiOs] polyhedra.'® At
these concentrations a large influence of the Bi;O; on the B,Os structure is evidenced
by the missing of the isolated boron group vibrations in the 12001400 cm™ spectral
range. The very weak shoulder around 620 cm™ could be attributed to both the Bi-O”
stretching vibration (i.e. vibration of non-bridging oxygen) of the [BiOs] octahedral

106 102,109

units  and to the metaborate vibration (chain and ring type). In this compositional

range no other Raman bands given by the boron or iron unit vibrations were observed.
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Fig. 6.8. Infrared spectra of untreated 95%][xB,03(1-x)B1,03]5%Fe,05 glasses.
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Fig. 6.9. Micro-Raman spectra of untreated 95%[xB,0;(1-x)Bi,03]5%Fe,0; glasses.
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The infrared spectral range around 480 cm™ (Fig. 6.8) is typical for the normal
vibrations of [BiOs] groups.'” The infrared band at 730 cm™ due to a bond-bending
motion of the B-O-B groups within the network''® is shifted to smaller wavenumbers
with the decreasing of Bi,O3 content. This shift of the boron group vibrations proofs
again the influence of the Bi,O3; on the formed B,0; structure in these glasses. The
weak infrared bands, which appear in the 800-1000 cm™ spectral region, are most
probably due to BO; or isolated diborate group vibrations. All infrared spectra for x <
0.20 present small bands around 1198 cm'l, which increase in intensity as the Bi,O;

content decreases and were assigned to the stretching vibration of the B-O bond.'"°

(b) Untreated samples with x > 0.30

As we have already mentioned in the previous section the width of the Raman bands in
disordered materials is a measure of the disorder in the structure.'”® Having in view that
in the compositional range with B,O3 content larger than 0.20 the Raman bands become
broader (Fig. 6.9), we can conclude that the disorder degree in the vitreous structure of
the bismuth-borate glasses increases. The Raman bands, which show the presence of the
Bi*" cations as [BiOs] octahedral units, raised in the 50-180 cm™ spectral range, but the
increasing of their half-width in comparison to the half-width of the corresponding
bands for x < 0.20 make them, due to their convolution, not clearly distinguishable. The
broadening of the bands and their shifts to higher wavenumbers, for x = 0.30, is a
consequence of the appearance of highly distorted [BiOg] polyhedra. Thus, beginning
with x = 0.30 a strong shift and a broadening of the shoulder at 380 cm™ (328 cm™, at x
= 0.20) given by Bi-O-Bi vibrations of the distorted [BiOg] octahedral units can be
observed. The weak Raman shoulder at 620 cm™, which could be attributed to both the
vibration of the Bi-O™ non-bridging oxygen'’ as well as to the metaborate vibration

102,109

(ring and chain type) , increases in intensity as the Bi,O; content decreases. One
can see from Fig. 6.9 that beginning with x = 0.30 boron units vibrations appear as
shoulders and bands around 720 and 1216 cm™, respectively. The shoulders are due to
metaborate group vibrations, while the bands from the high wavenumber region are
attributed to B-O" vibrations, indicating the presence of non-bridging oxygen.'>'* In

the investigated compositional range one can remark that the band at 1216 cm™ exhibits
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a strong dependence on the Bi/B ratio. This band is strongly shifted to higher
wavenumbers as x increases. At x = 0.90 a new very weak Raman band arises at 803
cm™ which is assigned to the symmetric breathing vibration of the boroxol rings.'*'%
The appearance of this band indicates a much more linked boron structure in the glasses

with low bismuth content.

The shift of the band from 492 to 520 cm™ observed in the infrared spectra (Fig. 6.8) for
0.30 < x < 0.625 is related to the change of the local symmetry in [BiOg] polyhedra.'®
Therefore, it can be emphasized again that bismuthate groups appear in the untreated
sample with x = 0.30 as distorted [BiOg] polyhedra. For x = 0.80 the infrared band
centred at 520 cm™ disappears, a better linkage of the boron structural units occurring.
The influence of the distorted [BiOg] polyhedra on the B,Os; structure is further
evidenced by the shift of the infrared bands due to bending vibrations from 721 (x =
0.20) to 712 em” (x = 0.30) and from 702 (x = 0.625) to 688 cm” (x = 0.90),
respectively. The formation of a higher number of linked boron units is supported by the
small increase of the infrared band intensities given by pentaborate group vibrations in
the 900-1100 cm™ spectral range''®, beginning with x = 0.30. The intensity of the
infrared band around 1198 cm™ assigned to the B-O stretching vibration increases as the
Bi,03 content becomes smaller. At x = 0.90, the presence of the boroxol units is also
evidenced in the infrared spectrum (Fig. 6.8) by the appearance of a shoulder at about

1432 cm™ as it was related in a previous study.''’

Taking into account the weak intensity of the infrared bands given by BO; and BO4
units, the strong shift of the infrared B-O-B bending vibration and the very weak Raman
intensity of the bands assigned to boroxol unit vibrations, which represent an important
feature of the vitreous B,03, we can affirm that the distorted [BiO¢] polyhedra induce a

high influence on the boron network in the glass samples.

In a previous study5 7 the influence of the Fe,O5 content on the bismuth-borate matrices
in the 99.5%[xB,03(1-x)Bi,03]0.5%Fe,O3 glasses was investigated by means of FT-
Raman spectroscopy. By comparing the Raman spectra of the present untreated samples

(5%Fe,03) with those of the previously studied glasses (0.5%Fe,0;) at the correspondi-
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ng concentrations one can see that with increasing of the Fe;Os3 content some new bands
appear, while others, attributed to Bi-O-Bi vibrations, present a decrease in half-width,

especially for x = 0.20 (Figs. 6.9 and 6.10).

Raman intensity

| |
490 315 140
W avenumber / cm”

T
840 665

Fig. 6.10. FT-Raman spectra of 99.5%][xB,03(1-x)Bi1,03]0.5%Fe,0O3 glasses.
This result can be interpreted as the influence of the Fe,O; on the structure of bismuth-

borate matrices, a more ordered bismuthate structure occurring in the compositional

region with relatively high bismuth content (x = 0.20).
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(c) Treated samples with x <0.20

When analysing the Raman and infrared spectra of these samples one has to keep in
mind that they are crystalline and Bi,4B,;039 is the only crystalline phase identified.
Therefore, we expected that the spectra of these three samples to be very similar and

this is indeed the case.

As already mentioned a precondition for the existence of the BiO; polyhedra in the
Bi,O; glass structure is the presence in the infrared spectrum of a band at 830 cm™. This
band is related to the symmetrical stretching vibration of the Bi-O bonds in the [BiOs]
groups.'® A similar band along with two others at 600 and 470 cm™ were also observed

by Zheng et. al.'”’

in the spectra of Bi-Ca-Sr-O glasses and the conclusion that both
[BiO3] and [BiOg] groups exist in these glasses has been drawn. Taking into account
that all above-mentioned features are present in the infrared spectra of the heat-treated
samples (Fig. 6.11) in the analysed compositional range and most of the Raman bands
appear at approximately the same wavenumbers as in the untreated Raman spectra for
the corresponding concentrations (Figs. 6.9 and 6.11) we conclude that Bi** cations are
present in the treated sample as [BiOs] and [BiOg] polyhedra, respectively. While the
infrared bands at 830 and 470 cm™ are due to totally symmetric stretching and bending
vibrations, the bands that arise in the 530-620 cm™ spectral range are assigned to doubly
degenerate stretching vibrations of [BiOs;] and [BiOg] polyhedra.107 The weak band
around 1200 cm™ is attributed to the stretching vibration of the B-O bond and the band
centred at 1400 cm™ is given by B-O vibrations.''® The appearance of the latter band

indicates the presence of the non-bridging oxygens, most probably in isolated

pyroborate and orthoborate groups.
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Fig. 6.11. Infrared spectra of heat-treated 95%][xB,03(1-x)Bi,03]5%Fe,0; glasses.
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Raman intensity
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Fig. 6.12. Micro-Raman spectra of heat-treated 95%[xB,03(1-x)Bi,03]5%Fe,0; glasses
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The micro-Raman spectra of the heat-treated samples (Fig. 6.12) are very similar with
those of the untreated glasses. However, we should note that a new weak band at 198
cm™ due to Bi-O-Bi vibration in [BiOs] and [BiOs] polyhedra appears.'™ All other
Raman bands and shoulders at 84, 126 and 150 cm™, which denote the presence of the
Bi*" cations as [BiO;] and [BiOg] polyhedra,'® as well as the bands given by Bi-O-Bi
stretching vibrations in the spectral range between 300 and 600 cm™ appear at
approximately the same position compared to the Raman bands of the untreated samples
at the corresponding concentrations. One exception can be observed for the band
centred at 530 cm™ which is attributed to the Bi-O-Bi stretching vibration.'” The shift
from 516 cm™ (untreated glass) to 530 cm™ (treated sample) could be a consequence of
the fact that in comparison to the untreated glass, where the Bi-O-Bi belong to the
connected [BiOg] polyhedra, in the heat-treated sample the Bi-O-Bi could belong either
to connected [BiOs] pyramidal units or to [BiOs] linked to [BiOg] polyhedra. This
hypothesis is supported by the presence of this band at approximately the same value,
522 e¢m™, in the Raman spectrum for the sample with x = 0.30, where only [BiOg]
polyhedra built up the bismuth oxide structure, as it was observed in the Raman
spectrum of untreated glass for x < 0.20. The weak Raman shoulders arising around 620
cm™, could be assigned to both the vibration of the BiO™ non-bridging oxygen'* as well

as to the metaborate vibration (ring and chain type).'%"9%!%

The decreasing of the half widths of the Raman bands of the treated samples in
comparison to the corresponding half widths of the Raman bands of the untreated
glasses denotes the influence of the thermal treatment, which favourises the formation

of a more ordered bismuthate structure.

(d) Treated samples with x >0.30

The absence of the infrared band at 830 cm™ in the infrared spectra of the treated
samples in this compositional range (Fig. 6.11) shows that only [BiOg] octahedral units
built up the bismuth structure. Beginning with x = 0.30 all infrared bands from 400 to
620 cm™ are convoluted as a single very broad band. These changes can be interpreted

as a strong distortion of the [BiOg4] polyhedra. The increase in intensity of the band at
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716 cm’! assigned to the B-O-B bending vibration as the Bi,O3; concentration decreases
evidences the formation of a much more linked boron structure. The strong shift to
smaller wavenumbers of this infrared band with decreasing of the Bi,0; content, for x <
0.80, demonstrates the strong influence of the bismuthate groups on the boron network
structures even after heat treatment. Because no supplementary shift of this band can be
observed at higher B,Os concentrations (x = 0.90), and a new infrared band at 648 cm™'
due to a vibration in pentaborate group appears, we suppose that at this concentration a
linkage of the boron structure occurs. The weak infrared bands present in the spectral
region between 800 and 1000 cm™ are most probably due to vibrations in three and four
coordinated boron units structure.''® Beginning with x = 0.40 small infrared bands
around 1225 cm™ assigned to the stretching vibration of the B-O bond''"” are observed.
The presence of a more linked boron structure at x = 0.90 is further evidenced by the
appearance of a better defined infrared band centred at 1430 cm™ which is attributed to

boroxol units vibrations.''°

In the Raman spectra of heat-treated samples for x = 0.30 (Fig. 6.12) the presence of the
wide bands demonstrates the existence of a higher disorder degree in the structure of the
bismuth-borate glasses. The bands that indicate the presence of the Bi’* cations as
[BiOg] octahedral units can be again observed in the Raman spectra of treated samples
in the 50-180 cm™ spectral range. The broadening of the bands and the shift to higher
wavenumbers of the band centred at 326 cm'l, for samples with x < 0.20, evidence the
appearance of highly distorted [BiOg] polyhedra. As it was already mentioned the
position and the shape of the Raman bands of the heat-treated samples are very similar
with those of the untreated glasses at the same concentrations. However, it should be
noted that at very small Bi,O3; content, x = 0.90, while bands given by bismuthate
groups diminish substantially, the Bi-O-Bi vibration even disappearing, a stronger
linkage of the boron structure occurs.’® This assumption is better evidenced by the
increasing of the boroxol units vibrations reflected by the band centred at 806 cm™, in
the Raman spectrum of the treated sample compared to the corresponding Raman

spectrum of the untreated glass at the above-mentioned concentration.
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6.2.3. Conclusion

By analysing Raman and infrared spectra of 95%[xB,03(1-x)Bi,03]5%Fe,03 system it
was found that Bi*" cations are incorporated in the untreated glass network as [BiOg]
polyhedra, in the heat-treated samples with x < 0.20 as [BiOs] pyramidal and [BiOg]
octahedral units and as distorted [BiOg] polyhedra for x > 0.20. The spectra of the heat-
treated samples evidence that the glass stability is decreasing as the bismuth
concentration increases. After 10 hours heat treatment at 575 °C, only the sample with
highest boron content, x > 0.20, remains non-crystalline while all the others crystallize.
It is remarkable that only the Bi,4B,039 crystalline phase is formed that points out that
the relatively high iron doped content stabilizes the glass network in the compositional
region corresponding to the Bi4B,Oy phase. The influence of the boron network on the
bismuth structural units in the heat-treated samples with high B,Os concentration (x =
0.90) is increased and is evidenced by the disappearing of the Bi-O-Bi Raman
vibrations. On the other hand, a strong disordering effect of Bi;Os on the vitreous B,O3

network occurs.

In comparison to previous studies on bismuth-borate glasses doped with 0.5%Fe,Os the
results obtained in the present study show that the higher iron content (5%Fe,0O3)
strongly influences the structure of the bismuth-borate matrices, determining a more
ordered bismuth vicinity, and stabilizing the glass network in the compositional region

with relatively high bismuth concentration (x = 0.20).
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Summary/Zusammenfassung

7.1. Summary

The presented work consists of two major parts. The first one (chapters 4 and 5)
contains theoretical and experimental applications of confocal micro-Raman
spectroscopy on hybrid polymer coatings and PDMS membranes. The spatial
dimensions of the focus inside the coated sample have been investigated, which lead to
a better understanding of the physical phenomena occurring in such samples. The same
spectroscopic technique has also been used to determine the diffusion properties of (3
carotene across PDMS membranes. These investigations are extremely important since
for the development of controlled drug release systems the knowledge and control of

diffusion properties of the investigated membrane are of utmost relevance.
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The second part (chapter 6) presents structural investigations of copper and iron doped
B,03-Bi,O3; glass systems obtained by means of infrared absorption and Raman
spectroscopy. The local structure of the glasses, before and after thermal treatment, has
been determined, demonstrating the great capability of these techniques in structural
analysis of amorphous and partially crystallized materials. The conclusions drawn from

the above mentioned studies are summarized in the next paragraphs.

In chapter 4 a detailed analysis based on ray tracing has been applied in order to
compute the confocal micro-Raman response profile at different depths inside of two
different coated samples, of 6.2 and 20.2 um thickness. By considering the spherical
aberrations induced by the presence of the air/coating interface, a focus lengthening has
been evidenced. The agreement between theoretica and experimental data was fairly
good. Furthermore, a theoretical approach that considers both the effects of refraction
and diffraction on the focus lengthening on confocal micro-Raman experiments has
been developed. A calculation of the confocal micro-Raman response profile as a
function of the apparent focal point A, numerical aperture and magnification of the

objective (NA, TI,), refractive index of the sample n, and the characteristics of the
pinhole and the laser beam (R,, R) for different z levels into the sample has been

performed. By applying the developed theoretical model a good agreement between
theoretical and experimental data was observed. According to this approach, the
lengthening of the focus deeper into the sample becomes less pronounced as compared
to the case when only the refraction effect is considered. The intensity of the Raman
response given by the substrate is already increased in the neighborhood of the substrate
level, preventing thus a sharp discrimination. It was also shown that a better
discrimination of the confocal Raman response proceeding from different levels along
the optical axis could be obtained, if the thickness of the coating is smaller. By taking
into account both the diffraction and refraction effects a shortening of the focal length is
obtained in comparison to the model, where only the refraction was considered, thus an
improvement of the agreement between the experimental and theoretical data,

particularly at the coating/substrate interface being obtai ned.
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Confocal Raman spectroscopy has been applied to investigate the kinetics of diffusion
processes through PDM S membranes before reaching steady state conditions and have

been presented in chapter 5. Conventional methods used so far to study diffusion
processes across membranes determine rate and extent (dm/dt) by which a substance is
released from the membrane under steady state conditions. By applying confocal micro-
Raman spectroscopy the dynamics of a diffusion process at well-defined points inside
the membrane can be monitored. As shown in this chapter before reaching steady state
conditions of diffusion the formation of a concentration gradient at a specific point
inside the membrane can be observed. By determining changes in the intensity of
characteristic peaks or even shifts of their wavenumber, changes in the concentration or
the structure of the permeating substances or the membrane respectively can be seen. As
an example we investigated the diffusion of [3-carotene dissolved in DM SO through a
PDMS membrane. 3-carotene is especially suited for this experiment since our Raman
excitation laser was resonant with an electronic absorption of (3-carotene. Thisleadsto a
strong intensity enhancement of the observed Raman signal, and offers the possibility to
detect even low concentrations of (-carotene. In this chapter, the diffusion rate as a
function of the measurement depth and diffusion time within a membrane, before the
steady state has been reached, was determined. We could show that at a given time
before reaching a steady flux the slope of the concentration gradient, which is
proportiona to the rate and extent of diffusion, decreases with increasing penetration
depth. The concentration gradient under a steady flux has been additionaly
investigated. According to the very low mass flow of -carotene through the membrane
only asmall gradient can be observed. The measurements presented in this chapter have
shown that confocal resonant micro-Raman technique is a powerful tool to investigate
the kinetics of diffusion processes within a membrane before the steady state has been
reached. It was further shown that by utilising the resonance Raman effect even low
concentrations of the permeating substance can be detected. This offers the possibility
to investigate the diffusion properties e.g. of pharmaceutically relevant molecules
through membranes by using a dye laser as Raman excitation laser and adjusting its

wavel ength to be resonant with an electronic absorption of the investigated molecule.
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In chapter 6 Raman and infrared spectral investigations of 99.5%[xB,0O3(1-X)
Bi»03]0.5%CuO and 95%[xB,03(1-x)Bi,03] 5%Fe,0O3; systems have been performed. It
was evidenced that Bi®" cations are incorporated in the untreated glass network of the
first system as [BiOs] pyramidal and [BiOg] octahedral units for x = 0.07 and as
distorted [BiOg] polyhedrafor 0.20 < x < 0.625, while in the other one they take part in
the glass network only as [BiOs] polyhedra. Raman and infrared spectra of samples
after heat treatment show first of al that the glass stability is decreasing as bismuth
content increases. After 10 hours heat treatment at 575 °C, applied to the
99.5%[ xB,03(1-x)Bi»03]0.5%CuO glass system only the sample with highest boron
content, X = 0.625, remains non-crystalline while all the others partially crystallize. A
similar structural behavior was also observed for the second system but in this case the
sample remains non-crystalline for x > 0.20. For the latter system it is remarkable that
only the Bi»4B,039 crystalline phase is formed that points out the relatively high iron
doped content stabilizes the glass network in the compositional region corresponding to
the BisB,Oy phase. A close analysis of the Raman and infrared spectra of the
99.5%[ xB,03(1-x)Bi»03]0.5%Cu0 system reveaed that the presence of copper ions has
an influence on bismuth surrounding, favourizing the formation of [BiOs] units for
untreated glasses with x = 0.07 and for treated samples with x < 0.33. The boron atoms
in the heat-treated samples are three and four coordinated even for very high Bi,Os
content. From Raman and infrared spectra of the untreated 95%[xB,O3(1-
X)Bi,03]5%Fe,03 glasses it was found that in comparison to previous studies on iron
doped bismuth-borate glasses with a content of 0.5% Fe,O3 the results obtained in the
present study show that the higher iron content (5% Fe,Os) strongly influences the
structure of the bismuth-borate matrices determining a more ordered bismuth vicinity
and stabilizing the glass network in the compositional region with relatively high
bismuth content (x = 0.20). The influence of the boron network on the bismuth
structural units in the heat-treated samples with high B,Os content (x = 0.90) is
increased and is evidenced by the disappearing of the Bi-O-Bi Raman vibrations. In
both heat-treated systems a strong disordering effect of Bi,Oz on the vitreous B,O;

network occurs.
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7.2. Zusammenfassung

Die vorliegende Arbeit besteht aus zwei Tellen. Der erste Teil (Kapitel 4 und 5)
beschéftigt sich mit theoretischen und experimentellen Untersuchungen der konfokalen
Mikro-Raman-Spektroskopie hybrider Polymer-Schichten und PDMS-Membranen.
Dabei wurden besonders die Dimensionen des Fokus in den Proben untersucht, um so
einen tieferen Einblick in die bei solchen Messungen auftretenden physikalischen
Phanomene zu erhalten. Desweiteren wurden die Diffusion von 3-Carotin durch PDMS-
Membranen mittels der konfokalen Mikro-Raman-Spektroskopie untersucht. Derartige
Untersuchungen sind extrem wichtig fir die Entwicklung neuer Applikationsysteme zur
kontrollierten Wirkstofffreisetzung. Im zweiten Teil der vorliegenden Arbeit (Kapitel 6)
werden strukturelle Untersuchungen an Kupfer- und Eisen-dotierten B,Os-Bi,O3; Glas-
Systemen mittels Infrarot- und Raman-Spektroskopie présentiert. Die experimentellen
und theoretischen Ergebnisse, die in den vorhergehenden Kapiteln beschrieben und

diskutiert wurden, sollen im folgenden zusammengefasst werden.

In Kapitel 4 wurde zur Berechnung des konfokalen Mikro-Raman-Response-Profils fir
verschiedene Eindringtiefen innerhalb zweier unterschiedlich beschichteter Proben mit
6,2 um bzw. 20,2 um Schichtdicke eine auf Strahlverfolgung basierende Analyse
durchgefuhrt, wobei die sphérische Aberration, die an der Luft/Beschichtungs-
Grenzflache entsteht, mit berticksichtigt wurde. Dabei konnte eine Fokusverlangerung
festgestellt werden. Die theoretischen Ergebnisse wurden mit den experimentellen
Daten verglichen, und es wurde eine gute Ubereinstimmung festgestellt. AuRRerdem
wurde ein theoretischer Ansatz entwickelt, der den Einfluss von Brechung und Beugung
auf die Fokusverléangerung bel konfokalen Mikro-Raman-Experimenten beschreibt.
Eine Berechnung des Raman-Response-Profils als Funktion des scheinbaren
Brennpunktes A, der numerischen Apertur und der VergrofRerung des Mikroskop-

objektivs (NA, I'O), des Brechungsindex der Probe n und der Eigenschaften der

konfokalen Apertur und des Laserstrahls (R,, R,) wurde fiir verschiedene Ebenen 2z,

innerhalb der Probe durchgefihrt. Die theoretischen Ergebnisse stimmen mit den expe-
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rimentellen Daten Uberein. Bel diesem Ansatz ist die Fokusverlangerung bei gréfl3erer
Eindringtiefe weniger ausgepragt, verglichen mit dem Fall, dass nur Brechungseffekte
berlicksichtigt werden. Die Intensitdt des konfokalen Mikro-Raman-Responses des
Substrates wird bereits in der Néhe der Substratebene erhdht und folglich eine scharfe
Unterscheidung verhindert. Es wurde ebenfalls gezeigt, dass eine bessere
Unterscheidung des konfokalen Raman-Responses, der von unterschiedlichen Ebenen
entlang der optischen Achse ausgeht, erreicht werden kann, wenn die Dicke der
Beschichtung klein ist. Im Vergleich zu dem Modell, das nur den Brechungseffekt in
Betracht zieht, wird eine Verkirzung der Fokuslénge erreicht, wenn Brechungs- und
Beugungseffekte  betrachtet werden, was die Ubereinstimmung zwischen
experimentellen und theoretischen Daten verbessert, besonders an der
Beschichtung/Substrat-Grenzfléche.

Als neue Mdoglichkeit zur Untersuchung der Diffusionskinetik vor Erreichen des
stationdren Zustands in PDM S-Membranen wurde die konfokale Raman-Spektroskopie
eingesetzt und in Kapitel 5 dargestellt. Mit den bisher bekannten Methoden ist es nur
maoglich, Diffusionsvorgange Uber die Membran als Ganzes im stationéren Zustand zu
beobachten. Bei der Raman-Spektroskopie wird das Probensystem wahrend der
Messung weder zerstort noch verandert. Weiterhin ist es maoglich, durch das gekoppelte
konfokale Mikroskopobjektiv an einem bestimmten Punkt innerhalb der Membran zu
messen. Damit konnen nun dynamische Vorgdnge wie der Aufbau eines
Konzentrationsgradienten vor Erreichen des stationdren Zustandes an einem bestimmten
Punkt in einer Membran Uber einen langeren Zeitraum gemessen werden. Anhand von
Intensitétsdnderungen charakteristischer Peaks oder der Verschiebung von Banden
werden Konzentrations- und Strukturdnderungen der Membran und der permeierenden
Molekile sichtbar. Die Untersuchungen wurden am Beispiel der Diffusion einer [3-
Carotin/DMSO Loésung in PDMS-Membranen durchgefiihrt. B-Carotin ist fur diese
Raman-spektroskopischen Untersuchungen besonders gut geeignet, da durch Ein-
strahlung des Anregungslichtes in die Absorptionsbande bei 514 nm eine Resonanz-
verstarkung auftritt. Dies ergibt eine starke Intensitdtsverstérkung des beobachteten
Ramansignals. Folglich kann man auch sehr niedrige Konzentrationen der perme-

ierenden Molekile nachweisen. Zunéchst wurden mit der konfokal en Raman-Spektros-
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kopie Untersuchungen der Diffusionskinetik vor Erreichen des stationdren Zustandes
durchgefiihrt. Hierbei konnte die Diffusionsgeschwindigkeit in Abhangigkeit von der
Messtiefe und der Messzeit ermittelt werden. In diesem Kapitel wurde gezeigt, dass die
Steigung des Konzentrationsgradienten, d. h. dass die Diffusionsgeschwin-digkeit, vor
Erreichen des stationdren Flusses in einem gegebenen Zeitintervall mit zunehmender
Messtiefe kontinuierlich abnimmt. Es wurde zusétzlich der Konzentrationsgradient im
stationdren Fluss von [-Carotin in PDMS-Membranen untersucht. Aufgrund des
geringen Massenstroms von [3-Carotin durch die Membran ist der Gradient nur sehr
klein. Die Untersuchungen mit der konfokalen Resonanz-Mikro-Raman-Spektroskopie
zeigten, dass diese Methode geeignet ist, Diffusionskinetiken im nicht stationdren
Zustand innerhalb der Membranen zu beobachten. Die Ausnutzung des Resonanz-
Raman-Effekts erlaubt es, die Diffusionseigenschaften z.B. pharmazeutisch relevanter
Molekile durch Membranen zu untersuchen, indem man durchstimmbare Laser as
Anregungsquelle verwendet und die Wellenldnge in Resonanz zur elektronischen
Absorption der diffundierenden Molekile wahit.

Im Kapitel 6 wurden Raman- und Infrarot-spektroskopische Untersuchungen der
Systeme  99,5%[xB0Os5(1-x)Bi,03]0,5%CuO und  95%[xB,05(1-x)Bi 03] 5%Fe,03
durchgefiihrt. Es wurde gezeigt, dass Bi®**-Kationen in das unbehandelte Glas-Netzwerk
des ersten Systems fur x = 0,07 as pyramidale [BiOs]- und octaedraedrische [BiOg]-
Einheiten und fur 0,20 < x < 0,625 als verzerrte [BiOg]-Polyeder eingebaut werden,
wahrend sie im zweiten System nur as [BiOg]-Polyeder vorliegen. Raman- und
Infrarot-Spektren der Proben nach Warmebehandlung zeigen zunéchst, dass sich die
Glasstabilitét verringert, wenn der Bismutgehalt zunimmt. Nach zehnstindiger
Warmebehandlung des Glassystems 99,5%[xB,03(1-x) Bi»03]0,5%CuO bei 575 °C
bleibt nur die Probe mit hochstem Borgehalt, x = 0,625, nichtkristallin, wahrend alle
anderen teillweise kristallisieren. Ein dhnliches strukturelles Verhalten wurde auch fur
das zweite System beobachtet, aber in diesem Fal sind die Proben fur x > 0,20
nichtkristallin. Fur letzteres System ist es bemerkenswert, dass nur eine BiB;Os9-
kristalline Phase gebildet wurde, was darauf hinweist, dass der relativ hohe Gehalt an
Eisen-Dotierung das Glas-Netzwerk in der Zustandsregion der BisB,Oq-Phase

stabilisiert. Eine genaue Analyse von Raman- und Infrarot-Spektrum des 99,5%[xBO3
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(1-x)Bi»03]0,5%CuO Systems zeigte, dass das Vorhandensein von Kupfer-lonen die
Bismut-Umgebung in der Weise beeinflusst, dass die Anordnung als [BiOg]-Einheiten
fUr unbehandeltes Glas mit x = 0,07 und fur behandelte Proben mit x < 0,33 bevorzugt
wird. Die Boratome in den wéarmebehandelten Proben sind dreifach und vierfach
koordiniert, sogar bei sehr hohem Gehalt an Bi,Os;. Aus Raman- und Infrarot-Spektren
von unbehandeltem 95%][xB,03(1-x)Bi 03] 5%Fe,03-Glas wurde im Vergleich zu
vorhergehenden Studien an Eisen dotierten Bismut-Borat Glésern mit einem Gehalt von
nur 0,5% Fe,O3 geschlossen, dass der hohere Eisen-Gehalt (5% Fe,Og3) die Struktur der
Bismut-Borat Matrix stark beeinflusst, so dass in der Nachbarschaft von Bismut eine
groRRere Ordnung festzustellen ist und das Glas-Netzwerk in einer Zustandsregion mit
relativ hohem Bismut-Gehalt (x = 0,20) stabilisiert wird. Der Einfluss des Bor-Netzes
auf die strukturellen Einheiten des Bismuts in den warmebehandelten Proben mit hohem
B,Os-Gehadt (x = 0,90) wird erhéht, was das Verschwinden der Bi-O-Bi-
Ramanschwingungen beweist. In beiden warmebehandelten Systemen tritt ein starker
Storeffekt durch Bi,Oz im B,O3; Glas-Netzwerk auf.
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