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Summary
Total reflection of a light beam at a reflective surface between a first, denser, and a
second, less dense, medium results in a standing wave in the first medium with the wave
fronts parallel to the reflecting surface, and an evanescent, non-propagating "wave" in
the second medium, of which the electric-field amplitude decays exponentially with the
distance from the surface. When the second medium is absorbing, the reflection in the
first medium is attenuated: the energy is transmitted into the second medium and not
reflected into the first medium. This effect is called "attenuated total reflection (ATR)".
The spectroscopie technique based on this phenomenon is used in this research: if the
second medium absorbes at certain wavelengths only, e.g. induced by molecular
vibrations, ATR can show this absorption by analyzing the attenuated reflection in the
first medium. The incident beam travels through a ZnSe crystal (the first medium) and
bourrees with an intemal reflection at the crystal surface. The second medium, which is
to be analyzed, is pressed to the surface of the crystal. The penetratien depth of the
evanescent wave in the second medium, which ranges from 0.1 to 5 ~m, is dependent on
the angle of incidence. Therefore, by varying the angle of incidence, depth related
changes in absorbance can be investigated. In this report, ATR is used to study the
diffusion ofwax (stearone) in rubber.
Firstly, the used ATR technique is optimised. The transition from ATR to regular
reflection is identified and explained. Two computer programs have been applied. The
"SCOUT" program can model reflection and transmission spectra of stratified media.
"SPRAY" is a ray tracing program which can simulate the influence of beam divergence
and spotsize.
Diffusion measurements have been done with different experimental set-ups.
Firstly, experiments have been dorre with a stearone layer of 0.5 ~m thickness under the
ATR crystal, where the speetral attenuation of stearone decreased in time due to the
diffusion of the stearone into the underlaying fluor silicon rubber. A mathematical model
is developed to calculate the decrease in attenuation as a result of Fickian diffusion. The
resulting curve corresponds very well to the measurements. The fitting parameter is the
diffusion coefficient D. For stearone diffusing into the used fluor silicon rubber, D =
5.2·1o- 12 m 2/sec.
Secondly, diffusion was established by placing the stearone souree at the other
si de of the rubber. This leads to diffusion from the tablet towards the crystal, thus to an
increase with time ofthe measured attenuation ofthe stearone. To investigate diffusion at
temperatures lower than the stearone melting temperature (75 °C), solid tabiets made of
stearone have been used. To perform experiments at temperatures above the melting
temperature of stearone, a thermostrated stearone liquid cell has been used. These
experiments are characterized by a certain time period, the time lag t, during which no
attenuation due to stearone is visible in the spectra. After the time lag has elapsed, the
first attenuation due to stearone appears in the spectra. From t, the diffusion coefficient
D can be obtained.
For the experiments withsolid stearone, aD of (9.0 ± 0.5} 10- 11 m 2/sec is found. For the
experiments with liquid stearone, aD of (2.05 ± 0.05)·1o-Io m 2/sec is obtained. For both
experiments, fluor silicon rubber was used. Furthermore, different rubber materials have
been investigated. The t values differ for these materials, leading to different diffusion

coefficients. This is proven to be caused by the cross link density, which is a material
constant.
The experiments show that when, after crossing the rubber, the stearone reaches
the interface between the crystal and the rubber, as a result of phase-separation, it forms
a separate layer at this interface. This effect has been confirmed by microscope analysis.
Also, the SCOUT model indicates that the measured spectra can only be simulated
correctly by assuming a growing layer of stearone.
The layer growth rate is found to be independent of the applied pressure and of
the surface texture of the silicon rubber. The growth ra te does have a strong temperature
and layer thickness dependence. The growth rate is shown to be constant in time,
indicating a constant flux of stearone through the rubber. A physical model is presented
which relates this constant stearone flux to the diffusion coefficient and the gradient of
the stearone concentratien in the silicon layer. Assuming that in the steady state the
concentratien of stearone in the rubber reaches its solubility value, the strong temperature
dependenee of the layer growth can be explained by the strong temperature dependenee
of the stearone solubility. The measurements have indicated that due to the experimental
geometry a strong temperature gradient is present in the layer, which increases for thicker
layers.
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Introduetion

1 Introduetion
1.1 Project background
Océ-Technologies B.V. is a manufacturer of printers and copiers for the professional
market. In order to maintain and expand their position much effort is put in research and
development. R&D activities are divided among business units, in which
multidisciplinary teams develop new products. For these activities supporting
departments exist and Analysis and Measurement (AM) is one of them. The main task of
AM is the analysis of various samples, requested by the development teams, using
analysing techniques like chemica! analysis, mechanica! analysis and optical
spectroscopy.
The optical spectroscopy group uses spectroscopie techniques for sample analysis in
various speetral ranges: infrared, visible and ultraviolet. These techniques are used for
sample and contamination identification and to reveal the structure of layer stacks. One of
the group's goals is to search for new analysis methods to expand the possibilities of
material analysis. One of the spectroscopie methods in need of development was
Attenuated Total Reflection spectroscopy (AIR). This method was used for surface
identification of materials, but a founded understanding was needed.

1.2 Project definition
The main goal ofthis project is toenlarge the insight in the diffusion process using AIR.
So it will be necessary~o gain insight in the AIR measuring method. This will be done
by exploring the depth profiling feature of ATR by varying the angle of incidence, which
leads to different penetration depths. All optical and experimental difficulties will be
charted and explained and hopefully resolved.
The diffusion process will be investigated by diffusion of stearone in a rubber layer. The
features which influence this process will be investigated and diffusion models will be
evaluated. The resulting gradient of stearone in rubber will be investigated as well.
The spectroscopie simulation software SCOUT will be used to help analysing the
measured spectra, and the possibilities of this software for AIR depth profiling will be
determined.
This project will result in a determination of the usefulness of AIR m the AM
environment and a prognosis ofthe possibilities it holds.

1.3 Structure of the report
As mentioned in the former paragraph, this research can be divided into 2 subjects:
attenuated total reflection spectroscopy and diffusion of stearone through rubber. This
division is present in the report as well.
First, the Theory chapter will explain the aspects of spectroscopy and diffusion. Then the
Model chapter will present the diffusion models that are used to explain the results. The
Experimental set-up chapter will outline the infrared spectroscopy apparatus, the used
materials and the developed diffusion set-up. The Results chapter is divided in general
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results, diffusion characteristics and model applications. Finally the Conclusions and
recommendations chapter will summarise the most important results and give an outline
to the possibilities for the future .

- 2-

Theory

2 Theory

2.1 Spectroscopy
Spectroscopy is the study of the interaction of electro-magnetic radiation with matter.
Matter consists of various particles, which interact with each other through different kinds
of bon ds. These bonds vary in strength due to i.a. composition of the matter, type of bond
and relative position of the particles. The interaction of these bonds with electromagnetic
radiation such as infrared light will therefore reveal various material characteristics.

2.1.1 Electro-magnetic treatment of molecular vibration
The energy of a molecule can be divided into translation energy, vibrational energy,
rotational energy and electronic energy. Transition between two vibrational energy levels
can occur after absorption of photons whose energy matches the difference between the
two vibrational energy levels, resulting in a vibrational absorption spectrum. In solids no
rotation is possible, because all molecules are held into place by their neighbours. Thus
rotation will not be considered, since this research only incorporates solids.
To a rather good approximation, a molecule can be regarded as an assembly of balls and
springs 1, the balls representing the nuclei and the springs representing the chemica! bonds.
This system ofN molecules requires 3N coordinates to specify the exact location in space.
Consictering the molecule as a distinct unit, three coordinates are needed to describe a
translation of the molecule and three coordinates are necessary to describe the rotations.
This means there are 3N-6 degrees of freedom remaining to describe the vibrational
motions in a molecule.
Not all of the vibrational modes can be activated by infrared radiation. Only those modes
causing a change in the dipole moment of the molecule contribute to the infrared
absorption . The dipole moment p is defined as:
p =q * d

(2 .1)

where q (and - q) is the charge and dis the di stance of separation.
The ball-and-spring model (which corresponds to the well known harmonie oscillator) can
approximate the vibration of two atoms. The relation between the distance of the two
atoms and the potential energy is a parabolic one, and the energy levels are given by:
E vib ,11

= (n + Yz)hcv

(2.2)

with n the vibrational quanturn number, h Plank ' s constant, c the velocity of light and
v the fundamental energy in cm- 1. It is clear from equation (2 .2) that in this harmonie
approximation the energy levels are equidistant, as is shown at the left side of Figure 2-1 .
In reality the vibration is not totally harmonie, and the potential energy resembles the
shape shown at the right si de of Figure 2-1. This deviation results in energy levels that are
not equidistant. The distance between two levels becomes smaller as the quanturn number
increases, eventually resulting in dissociation.

- 3-

Study of interaction of two solids using ATR

-6

-4

-2

Figure 2- 1. Left: energy levels for a harmonie oscillator. Right: energy levels for a real bond.

The harmonie model can be used in combination with electromagnetic theory to get
2
information about the absorption of electromagnetic radiation by a vibrational mode .
Since light waves are electromagnetic waves, they obey the well-known Maxwell
equations:

V ·E=p l e

(2 .3)

as

VxE=--

at

(2.4)

'Y ·B=O

(2 .5)

(2.6)
In which E is the electric field, B is the magnetic field, p is the electric charge density,

J1 is the relative permeability, J1 0 is the permeability of free space, e is the electric
permittivity, a is the conductivity and t is the time . These equations are only stated for
those regions in space where the physical properties of the medium (characterized by e
and J1) are continuous. The electric permittivity of the material is given by e =e,.e 0 , with

e,. the dielectric constant. The permeability 11 is taken to be equal to unity. In the
dielectric media that will be used in this report p and a are presumed to be zero.
The Maxwell equations constitute a set of coupled, first-order, partial differential
equations for E and B. They can bedecoupled by applying the curl to (2.4) and (2 .6) :

Vx(V x E) = V(V · E)- V' E =V x(-~~)

a
aE
= - -(VxB)= -11 e at
a ar
2

(2 .7)

2

V x(V xB) = V(V · B)- V ' B = Vx(.u ,e ~~)

a
aB
= J1 ê - (V XE)= -J1 ê at
at
2

0
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Since V· E = 0 and V · B = 0, these equations can be written in the following wave
equations for the electric and magnetic field:

(2.9)

(2.10)
For light propagating in the z-direction with velocity v and a polarization in the ydirection, the plane wave solutions to the wave equations are:

Ey(z,t)

z

= E0Y cos[w(t --) + 8]
V

1
z
Bx(z,t) =- E 0Y cos[w(t--) + 8]
V

V

(2.11)

(2.12)

with w the frequency of the wave, 8 an arbitrary phase and v the speed of light in the
medium, given by:

1

v=--

~eflo

(2.13)

For light polarized in the x-direction similar equations hold and any arbitrary light wave
can be written as a combination of a x and y polarized ray.
The ratio of the speed of light in vacuum and the speed of light in a material is called the
absolute refractive index n . For dielectric materials nis given by:

(2.14)

where

x is the electric susceptibility.

Now the electric field is known, the interaction of this field with the dielectric medium
will be considered. The electric field exerts a force F on the electric charges of the
molecules in the dielectric medium. Each atom has an effective fractional charge q that
depends on the atoms it is bound to. The equation of motion for an atom under influence
of an electric field E = Eocos( rot) is:

mi= qE 0 cos(wt)- m{i- mw~ z

(2.15)

The first term on the right hand side is the driving force F = qE, the second is the damping
force and the last term is the restoring force due to elasticity of the bond, m is the mass of
the atom, y is the damping coefficient and ro0 is the resonance frequency of the oscillator.
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In this situation the solution to the equation of motion is the following, using a steady
state solution of E0 e - iUJ1 :

z(t) =

qE(t)

m(w~ -w 2 -iyw)

(2.16)

This displacement of the charges causes a change in the dipole moments p in the medium.
Wh en there are N contributing charges, the density of dipole moments (called the electric
polarisability P) is:

P = qzN = (t: -t: 0 )E =E 0 XE

(2.17)

Combining equation (2.16) and (2.17) and using equation (2.14) results in the following
expression for the refractive index as a function of the frequency when no dipole-dipole
interaction is present. This expression is also known as the dispersion relation.
2
2

n (w)

= 1+-qN (
E0 m

2

W0

1

.

-w 2 -qw

J = 1+ X(W)

(2 . 18)

This equation considers only one oscillator, but the media under investigation usually
contain lots of oscillators, each with oscillator strength fj . With this consideration the
refractive index becomes:

(2 . 19)
In this equation the sum of all oscillator strengths fj is one. As can be seen from the
preceding equations, the refractive index has become imaginary due to the damping force
acting on the oscillators. This means the refractive index can be written as :

n=n+i · k

(2 .20)

The imaginary part k is called the attenuation or absorption index. The real and imaginary
parts of the refractive index are related to each other by the Kramers-Kronig relations.
Substituting this complex refractive index in equation (2 .11) with the use of (2.14) shows
that an exponentially decaying term in the z-direction arises in the description of the
electric field:

(2 .21)
meaning that the amplitude of the electric field decays exponentially when the wave
propagates through the medium. The intensity ofthe wave is proportional to the square of
the amplitude, implying to the following equation for the intensity:
(2.22)
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where a is called the attenuation or absorption coefficient. The attenuation index k 1s
related to the absorption coefficient a via:

c

À

2m

4n

k=a-=a-

(2.23)

From these derivations it becomes clear that the damping of the oscillations of the atoms
in a molecule causes absorption of the incident electromagnetic radiation. As it is stated
before, the resonance frequency and the damping force depend on the bond of the atom
with the nearby atoms. As a result the vibrational energies of each molecule will be
different. Due to this fact identifying molecules by analyzing their absorption energies is
possible, which is done in infrared spectroscopy.

2.1.2 External reflection
When an electro-magnetic wave strikes a sharp interface between two media with
different refractive indices, it will be partially reilected and partially transmitted. This
process is shown in Figure 2-2. The reileetion is govemed by Snell's Law, which states
that the angle of incidence is equal to the angle of reilectance, according to:

Figure 2-2. Reflection and refraction of a light ray.

The amplitudes of the electric field change after reileetion and refraction. A
distinguishment has to be made between parallel and perpendicular polarized light,
because the electric vector may vibrate in the plane perpendicular or parallel to the plane
of incidence, so its amplitude will depend on the polarization conditions3.
These amplitude changes can be determined from Fresnel's equations for parallel
polarization, also known as TE (transverse electric) or s (senkrecht) waves, and for
perpendicular polarization, also known as TM (transverse magnetic) or p (parallel) waves:

no coseo -n, cose,
r = --"-------''-------'-----'s

no coseo + n, cose,

(2.25)
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nl coseo - no cos el

r

=~--~--~--~

p

nl coseo + no cos el
coseo: . _____
= ____2no
____::_____

t
s

no coseo + nl cos el
coseo: . _____
= ____2no
____::_____

t
p

nl coseo + no cos el

(2 .26)

(2.27)

(2.28)

The intensities, which are measured in practice, are proportional to the square of the
amplitudes. The reflectivity R is the square of the Presnel reflection coefficients. The
transmittance T is given by:

Tsp

,

- nl cosel 2
n0 cose 0 t sp,

(2.29)

in which the pre-factor arises due to the difference between the refractive indices of the
two media.

2.1.3 Attenuated total reflection
"Total rejlection results in a standing wave in the densermedium normal to the
rejlecting surface, and an evanescent, non-propagating field in the rarer medium
whose electric-jield amplitude decays exponentially with distance from the
surface. Using the Poynting vector normal to the boundary it can be shown that
the energy jlows to and fro, but that the time average van is hes. No lasting energy
flow is present into the second medium. However, when the second medium is
absorbing, the resulting rejlection is attenuated,· the energy is absorbed and is not
transmitted. This effect is called attenuated total rejlection. "
When the light in Figure 2-2 approaches the interface from the denser medium, the
reflectivities and transmissions are calculated with the same equations as (2 .25) - (2.28).
Both lrsl and IrPI become 1 at the critica! angle e = ec, given by:

(2 .30)
When the angle of incidence exceeds ec, the sine of the refracted angle e1 becomes larger
than 1. This is only possible when a complex value for the refracted angle e1 is used,
which can be obtained in the following manner:

(2.31)
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When this complex angle is used in the Fresnel-equations, it becomes evident that lrsl = IrPI

= 1, indicating that the reflection is total and no net energy is transmitted into the second
medium: total intemal reflection occurs for angles between the critica! angle and grazing
incidence.
The discussion thus far holds for non-absorbing media. lf the second medium is
absorbing, the real index n1 has to be substituted by the complex refractive index
nl = nl - ikl (see equation (2.20)).
It seems that in case of total intemal reflection no in formation can be gathered about the
second medium. But after calculating the electric fields near the surface with the aid of
Maxwell ' s equations, it can be shown that a standing wave pattem can be established
normal to the totally reflecting surface because of the superposition of the incoming and
reflected waves:

(2 .32)
where À is the wavelength, and z is the direction of propagation, when the reflective
surface is the xy plane. It follows from the boundary conditions for electromagnetic
radiation that in this case in the second medium a field has to be present. This penetrating
field joins onto the sinusoidal field at the surface, where the boundary conditions of the
Maxwell ' s equations have to be satisfied. This disturbance is an evanescent wave whose
electric field amplitude falls off exponentially with distance to the surface by the
following equation:

EE 0 e -z / dp
-

(2 .33)

With Eo the electric field amplitude at the surface, and dp the penetration depth. The
penetration depth is defined as the distance after which the electric field amplitude has
decreased to 1/e of its surface value, and is given by:
dp

À

=----;=======
sin '

e-(Y.,)'

(2.34)

In case the second medium is absorbing in the frequency-range of the incident light,
absorption occurs at the evanescent wave. This results in a withdrawal from the reflected
light. Instead of total reflection, the reflected light is attenuated. The dependenee between
the penetration depth and the angle of incidence, according to equation (2.34), makes
attenuated total reflection especially interesting. Because the region of which the
absorption is measured can be changed, quantitative depth profiling can be performed.
For more extensive reeding on this subject Pedrotti 2 is recommended.

2.1.4 Polarizers
It is generally known 3 that the use of polarized light and the ability to change the state of
polarization can considerably enhance intemal reflection spectroscopy, especially in
quantitative work. The reflectivity Ris dependent on polarization, as equations (2.25) and
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(2.26) indicate. Since the light in a spectrometer always is partially polarized, the degree
of polarization has to be known in order to perfarm quantitative measurements. The
polarization principle is shown in Figure 2-3:
y

TA

Figure 2-3 . The polarization principle.

In this figure the components of the electric fields along the Transmission Axis TA are
transmitted, while those perpendicular to TA are absorbed.

2.2 Diffusion
2.2.1 Diffusion in polymers
Diffusion is the process by which matter is transported from one part of a system to
another as a result of random molecular motion. When the concentration of particles in
one part of a closed volume is higher than the concentration of the remaining volume, a
transfer of particles occurs due to this random molecular motion.
The mathematica! theory of diffusion in isotropie substances is based on the hypothesis
that the rate F of transfer of diffusing substance through unit area is proportional to the
concentration gradient:
F=-D()C

dx

(2.35)

where D is the diffusion coefficient, C is the concentration and x is the space coordinate
measured normal to the section. Diffusion constants, apart from their concentration
dependence, also depend on molecular size and shape, and crystallinity and orientation
have important effects on the transport process.
Assumption 1:
The diffusion coefficient D is considered to be constant, and is directed along the x-axis.
By consiclering the mass-balance of an element of volume it is easy to show that the
fundamental differential equation of diffusion takes the form:
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ac-Daze
- -dt
dx 2

(2.36)

Equations (2 .35) and (2.36) are commonly referred to as Fick's first and second laws of
diffusion.
To clarify the diffusion process in relation with the surface behaviour of the diffusant
which is of interest for the ATR method, an example calculation will be presented. The
second law of diffusion will be used together with appropriate boundary conditions to
determine the intensity changes ofthe diffusant in the matrix surface against the crystal.
Consider a thin film of material with thickness 1. At t = 0, one side is brought into contact
with an unlimited amount of diffundant which will diffuse into the absorbant. The other
side is considered to be impermeable for the diffundant. This is precisely the situation for
the ATR experiment, with the ATR crystal ' s surface at x= 0. The following boundary
conditions will be met:

x=l:
x= 0:

c-c
ac =O
-

0

(2 .37)

dx
These boundary conditions lead, together with equation (2 .36), to the following result
C(x, t) = 1 _ ..i
C0
tr

L (-l)k ex [- (2k + 1) n Dtl co{(2k + 1);rx)
2

k

2k + 1

p

4/ 2

4

:

2

2/

(2.38)

where C 0 is the concentration of the diffundant at the surface x = 1 immediately after
application ofthe diffundant. The effects of diffusion at the edges ofthe film arenottaken
into account. Equation (2.38) can be integrated to yield the mass uptake by the film :

(2 .39)

where Moo is the mass uptake at equilibrium. At short times this equation reduces to:

4(Dt)y;

MI--- - M~
I n

(2.40)

which provides a conven ient way of measuring D from mass uptake experiments.
As is mentioned before, the sensitivity of the ATR sampling method drops off
exponentially with distance into the sample. The actual contribution to the infrared band
intensity at a particular depth x in the sample will therefore be proportional to the product
of the relative concentration, as is given in equation (2.38), and the relative electric field
amplitude E(x) l E 0 • The total intensity will be proportional to the integral ofthis product
over the entire film thickness 1, and can be written in the form of a relative intensity ratio:
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I

J C(x, t) . E( x ) dx
I(t)
f(oo)

C

E

A(t)- A(O)

0
0
0
= -"-------=-=----=---=

JE(x) dx
o

(2.41)

A(oo)-A(O)

Eo

where C0 is the (constant) concentratien outside the polymer sample, J(t) is the intensity
of the penetrant infrared peak at time t and I ( oo) is the intensity at equilibrium, at which
point the relative concentratien C(x,t) IC 0 = 1. I(t) / l(oo) is measured experimentally via
the secend equality, in which A(t), A(O) and A( oo) represent the integrated absorbance
of the selected penetrant peak at time t, t = 0 and t = oo, respectively. Inserting equations
(2.33) and (2 .38) in equation (2.41) and integrating yields the following expression for
I(t)/I(oo) 5:

(2.42)

where r

= 1I d P.

For many cases of practical interest, r >> 1, and equation (2.42)

simplifies to:

(2.43)

Assumption 2:
In many polymer systems, D depends strongly on the concentratien C. In this case
equation (2.36) becomes:

ac =~(nacJ
dt

dx

(2.44)

dx

In order to assess possible solutions, starting conditions of equation (2.3 7) will be used4 .
One solution that appears to be a reasonable correct one is the method of moments, in
which an approximate solution Cn is substituted in the one-dimensional diffusion equation
in a way that a residual En is left:

de" _j_(F(e ) de

ar ax

n

11

J-

ax -

c

11

(2.45)

In seeking a solution that makes En small, the method of moments multiplies equation
(2.45) by a weighting factor X" and averages over the total range in X. For the further
determination of the concentratien profile, see pages 12 9-13 5 of Crank4 .
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2.2.2 Statistica} mechanical approach to the diffusion process
The diffusion process can be approached in a macroscopie manner, as is done in the
former chapter. A different way of looking at the problem is to consicter the wax as a
molecule, and try and find what its relation is to the diffusion constant. This will be done
in the following segment.
Consicter a solute that is present in very low concentrations in a fluid solven{ Let n(r,t)
denote the non-equilibrium density of solutes at position rat timet. That is
n(r, t)

= p(r, t)

(2.46)

where p(r,t) is the instantaneous observed density at position r.
The density in a region of the fluid changes in time because particles flow in and out of
the region. However, neglecting chemical reactions, molecules cannot be created or
destroyed. So, the total number of solute molecules in the total system is a constant. This
con servation leads to an equation of continuity
:t n(r, t) =-V· j(r, t)

(2.47)

where j(r,t) is the non-equilibrium average flux of solute particles at position rat timet.
The macroscopie thermadynamie mechanism for mass flow is a chernical potential
gradient or equivalently, for a dilute solution, a solute concentration gradient. Hence, a
reasonable phenomenoLogical relationship is
j(r,t)

= -DVn(r,t)

(2.48)

Forthesharp observer this relation is again Fick's first law written in different constants.
Wh en combined with the equation of continuity (2.4 7) it yields

(2.49)
Solutions to this partial differential equation describe how concentration gradients relax in
terms of the diffusion constant. To leam how this transport coefficient is related to
microscopie dynamics, let' s consicter the correlation function
C(r, t)

= (8p(r, t)8p(O,O))

(2.50)

According toOnsager's regression hypothesis, which is treated in great detail elsewhere
C(r,t) obeys the same equation as n(r,t). That is

7
,

(2.51)
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But note that (8p (r, l)8p (0,0)) is proportional to
P(r,t) =conditional probability distribution that a solute partiele is at r at time t given that
the partiele was at the origin at time zero.
As a result,

dP~~' l) = D'\1 2 P(r, l)

(2.52)

Since P(r,t) or C(r,t) is well defined at the molecular level, these differential equations
provide the necessary conneetion between the diffusion constant D, and microscopie
dynamics. Of course, it is impossible for equations like dC I dl = DV 2 C to correct for all
time or spatial variations. The error in the equation is due to the inadequacies of Fick's
law.
For the proceeding ofthe analysis, consicter the following equation

(2.53)
which is the mean squared displacement of a tagged solute molecule in a time t, as is
shown in Figure 2-4:

\

\

rN
\
\

.N
Figure 2-4. Displacement of a tagged solute moleculeaftera timet.

For this mean squared displacement is valid
(2.54)
Thus

d
.
- M 2 (l) = Idr · r 2 dP(r, l) I dl
dl

=I dr · r 2 dP(r, l) I dl= 6I dr · DP(r, l)
where the last equality is obtained by integrating by parts twice.
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Since P(r,t) is normalized for all times, the next equation holds
!!_M 2 (t) = 6D
dt
or M 2 (t) = 6Dt

(2.56)

This formula (fi.rst derived by Einstein) clarifies the physical meaning of the diffusion
constant. However, it is valid only after an initia! transient time: In the inertial regime, a
partiele does not encounter its neighbors, and it moves freely undeterred from its initial
direction of motion. It takes a finite amount of time for a force to alter the initia! velocity
of a particle. This time is called the hopping time 'thopping, and is visualized in Figure 2-5:
length network

<

a

Figure 2-5 . Movement of a solute partiele in a polymer network.

With the understanding that R = R· a , with R the normalized distance and a the length of
the separate net-work spaces of Figure 2-5, and t =i · r"opping, with i the normalized time,
the following expression for the diffusion constant can be derived

R2

R_ 2

6t

6i r hopping

a2

D = - = - ·- -

(2.57)

For the case of diffusion an energy barrier has to be taken, which leads to the introduetion
of an Arrhenius' exponent to the frequency of hopping

(J)hopping

=

1
_!p_
- - - · e koT

1
rhopping

in which

'f,wpping

(2.58)

fh opping

is the hopping time for free diffusion (at which T=oo). Next is the task to

find an expression for this

'f,wpping .

From the theory follows that for the diffusional regime

to dominate the motion, which is in our model the hopping time, the next equation holds:
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~
'! hopping

=

m sotureD

(2.59)

k T
B

Where msolute is the weight of the diffusing component, Dis the corresponding diffusion
coefficient for free diffusion and k 8 the Boltzmann constant.
Combining equations (2.57), (2.58) and (2.59) leads to the following expression for the
diffusion coefficient on a microscopie scale:
2

En

_ C amatrit ksT · e - k8 T
D- .

(2.60)

m solute
~?

with C arbitrary constant including

R~~ · D.

6t

2.2.3 Thermodynamics of polymer solutions
A solution can be defined as a homogeneaus mixture of two or more substances on a
molecular scale. Under the usual conditions of constant T and p, the thermadynamie
requirement for formation of a two-component solution is that the Gibbs free energy G12
of the mixture must be less than the sum of the Gibbs free energies G1 and G2 of the pure
components. This requirement is defined in terms ofthe Gibbs free energy of mixing
(2.61)
which must be negative for a solution to form. Since Gibbs free energy is related to
enthalpy H and entropy S by the standard thermadynamie equation G = H- TS , a more
useful expression for 11G"' is the following :
(2.62)
where /1H"' is the enthalpy (or heat) of mixing and 11S"' is the entropy of mixing.
In the particular case of a smaller solvent in larger polymer chains, the used theory is the
one of Flory-Huggins 7 . This theory sets out to predict !1G111 for the formation of polymer
solutions by consiclering the polymer molecules to be chains of segments, each segment
being equal in size to a solvent molecule. The number of segments in the chain x defines
the size of a polymer molecule and is given by the ratio of the molecular volumes of
polymer and solvent (hence x is not necessarily equal to the degree of polymerisation).
On this basis it is possible. to place solventand polymer molecules in a three-dimensional
lattice consisting of identical cells, each of which is the same size as a solvent molecule.
Each lattice cell is occupied by either a solvent molecule or a chain segment, and each
polymer molecule is placed in the lattice so that its chain segments occupy a continuous
sequence of x cells.
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The first stage in the developrnent of the Flory-Huggins theory is to derive an expression
for the combinatorial (or configurational) entropy change !hl"' comb when f:Jl"' = 0. The
basis of the calculations is the formation of a theoretica} polyrner solution by mixing N 2
polyrner molecules, each consisting of x chain segrnents, with N 1 solvent molecules in a
lattice containing N, + xNz (= N) cells. The restrictions irnposed by partial occupancy of
the lattice are taken into account with the use of a rnean-field approxirnation, ultirnately
teading to the following expression for the entropy change
(2.63)
where q> 1 and q> 2 are the volurne fractions of solvent and polyrner respectively, and are
given by q> 1 =N 1 /(N1 +xN 2 ) and q>2

=xNzi(N1 +xNJ.

Ha ving derived an expression for !hl"' comb , the second stage in the developrnent of FloryHuggins theory is to calculate a term which accounts for the effects of intermolecular
interactions. The effects of interactions will be treated here in terms of a contact Gibbs
free energy change, !:J.G"' colltacr . The calculation is sirnplified by restrietion to first
neighbour interactions on the basis that the forces between uncharged molecules are
known to decrease rapidly with their distance of separation. Three types of contact need to
be considered, each with its own Gibbs free energy of interaction:

Type of contact
Solvent-solvent
Segment-segment
Solvent-segment

Gibbs free energy of interaction
gil

gzz
g12

For every two solvent-segment contacts formed on mixing, one solvent-solvent and one
segment-segment contact ofthe pure cornponents are lost, as is shown in Figure 2-6.

Solvent

[RJ

Segment

Figure 2-6. Contact change on mixing between solvent and segment.

Thus the Gibbs free energy change, !:J.g 12 , for the formation of a single solvent-segment
contact is given by
(2.64)
lf p 12 is the total nurnber of solvent-segmentcontactsin the solution, then
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1'1G

co11tact

m

For

p 12

=

P12

1'1

(2 .65)

g1 2

the following expression can be derived

8

(2.66)
combining equations (2 .65) and (2 .66) leads to

(2.67)
where z is the number of adjacent cells to a solvent molec'ule. Because the lattice
parameter z and the Gibbs free energy change 1'1g 12 are not easily accessible, a new
parameter x is introduced, which is commonly known as the Flory-Huggins polymersolvent interaction parameter and is defined by
X=

(z- 2)1'1g12 I kT

(2 .68)

Combination of equations (2.67) and (2.68) together with the relations n 1 = N 1 I N A and
R = kNA leads to

(2 .69)
Now all that is required to obtain the Flory-Huggins equation for Gibbs free energy of
mixing is to combine flS 111 comb (equation (2 .63)) and 1'1G111 colltact (equation (2 .69)) as follows
f'1G

111

= f'1G111 co11tact _

TflS

co111b
111

to give

(2 .70)
Using the Flory-Huggins equation it is possible to account for the equilibrium
thermodynamic properties of polymer solutions like phase-separation, which will be
discussed in the next paragraph.

2.2.4 Phase-separation behaviour of polymer solutions
Phase separation can be treated theoretically on the basis of the earlier discussed FloryHuggins theory. It is common practice to deal with molar quantities and so both sides of
the Flory-Huggins equation (2. 70) must be divided by (n 1 + n2 x) where n1 and n2 are the
number ofmoles of solventand polymer present, and x is the number ofsegments in each
of the polymer molecules. This gives the following equation for 1'1G,:,, the Gibbs free
energy of mixing per mole of lattice sites
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(2.71)
This equation describes a series of curves for the variation of 11G,:, , with <p 2 the volume
fraction of polymer, one for each temperature. The curves have two general forms, as is
shown in Figure 2-7.

1000

!:J.G,:,

- 1000
0

<p2b'

-· · · ·

Tl
T2

0.2

0.4

0.6

0.8

<p2b'' 1

<j)2

Figure 2-7 . Schematic illustration of the variatien of 11G,:, with <p2 at two temperatures T 1 and T 2 .

At temperature T 1 the polymer and the solvent are rniscible in all proportions, as a result
ofthe curve shape belonging to the temperature T 1. It is easy to see in Figure 2-7 that the
Gibbs free energy change associated with the phase separation process is given by the
difference between (i) the value of 11G,:, corresponding to the point of intersection of the
tie-line Uoining points a' and a") with the vertical <j)2 = <j)2a line, and (ii) the value of 11G,:,
on the curve at A It is clear that this difference is positive for all points on the curve and
so the existence of a single homogeneaus phase is favored for all <p2.
The situation at temperature T2 is more complex since two 11G,:, minima are present. For
values of a homogeneaus solution corresponding to 0 < <p2 < <j)2b' and <j)2b" < <p2 < 1 the
same conditions are present as in the T 1 case. Consiclering a situation of a homogeneaus
solution with <j)2 (= <j)2b) corresponding to point B on the curve (<j)2b' < <j)2 < <j)2b"). In this
case the tie line intersects the vertical <j)2 = <j)2b line below the curve, leading to an unstable
homogeneaus solution. As a result phase separation takes place, until the system reaches
the binodal compositions <j)2b' and <j)2b"·
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3 Models
Various methods exist for determination of the diffusion behaviour of the diffusant in the
matrix in a diffusion experiment. This behaviour is most influenced by the boundary
conditions imposed by the method of experimenting. When those conditions are closely
determined, a suitable theoretica! model can be chosen.

3.1 Time lag metbod
When a diffusant is brought in contact with a matrix material, it takes a certain time for
the diffusant to cross the matrix and to reach the opposite side. When this time 1s
determined, the diffusion coefficient can be calculated using the following approach4 :
When the experimental conditions are similar to the developed example of section 2.2.1
except for the impermeable boundary at x=O, the total amount of diffusing substance
Q1 which passes through the thin layer in time t can be calculated. This expression
simplifies when the concentratien at the face through which the diffusing substance
emerges is maintained effectively at zero concentration. In this case the following
expression is found:

(3 .1)
which, as t

~ oo ,

approaches the line

(3.2)
The time after which the diffusant reaches the opposite side corresponds to the value of t
for which Q1 of equation (3 .2) equals zero. In that case the final expression for the time
lag

T;ag can be found :
f
Ql = Û ~ T;ag = 6D

(3 .3)

Using this last equation the diffusion coefficient can be determined from the time it takes
the diffusant to cross the matrix.

3.2 Model for stearone layer against ATR crystal
When performing a diffusion experiment, the side of the layer stack at which the ATR
spectra are taken (where the crystal is placed) can differ.
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First, a model will be presented where ATR spectra are taken from the supply side. This
set-up has the shape given in Figure 3-1:

Crystal
Diffusant
Matrix

x
Figure 3-1 . Layer set-up of stearone layer against IRE.

This approach8 considers the situation where the matrix is swellable only to a finite
degree by the diffusant. Hence, a moving boundary exists where the diffusant
concentratien attains its solubility Ks. There is no diffusive penetratien of the matrix
polymer into the diffusant thin film, and no volume of mixing is considered.
Conditions
The initial concentratien profile is described by
C(x,O) = C0 [1-h(x- b)]

a>b>O

(3.4)

where C0 is the diffusant polymer on the ATR element and 1i is the Heaviside function.
However, moving boundary conditions exists as the matrix setties into the film of
diffusant. Initially the time-dependent boundary position b1 (t), is at the thin film
thickness b .

(3.5)
At this front the concentratien is specified at its solubility limit.

(3.6)
A continuity balance of the diffusant determines the position of the moving front across
the front.
(3.7)

There is no material flux across the opposite side of the matrix, which is located at
position L1 = a - b + b, .
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(3.8)
Fick's law govems the diffusant sorption within the matrix.

(3 .9)

Analytica} solutions
In order to model the intensity of the diffusant equation (3.9) shows that both the
concentration profile as the moving boundary at which this profile is valid has to be
known.
1. Concentration profiles
The solutions for the concentration profiles are rather straightforward. Two regions can
be identified.
0 <x< b{ :
(3 .10)

The latter region hast he sameprofile as calculated in equation (2.38) with a negative xvalue and I replaced by (L 1 - b1 ) .
2. Moving boundary positions
In order to solve the position of the moving boundary, the differentiate of the
concentrabon at position b1 has to be found. In order to do so, a different set of coordinates is presented, shown in Figure 3-2. Instead of the diffusant layer of various
thickness in front ofthe matrix layer, the matrix layer is put in front ofthe diffusant layer.
The boundary conditions stay the same, only the moving boundary is at position I(= the
thickness ofthe matrix), and the totallayerstack has a thickness of(!+ b1 ) :
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c

c

I\

11\

Col-------.

Co ·······································.--------.

CoKs ···················

CoKs ......................................

~

/

/

l+bt
Figure 3-2. Layerstack used for the calculations. Left: General situation. Right: Different set of co-ordinates
for determination of the concentratien gradient at x=b 1.

As mentioned before, the differentiate of the concentration at position x=l has to be
found, according to the next equation (similar to equation (3 .7)
dl
dt

DKS

-=--- ·

acu,t)
(3 .11)

dx

The concentration profile is given by

I

C(x,t)=CoKs[1- f

k=O

(-1) k exp[2k + I

(2k+1): n2Dt]cos((2k+1)m:J~
4/

2/

(3 .12)

~

Differentiating this equation leads to

()C(x, t) =..4.C K
11:

dX

0

~

s .L,;
k=O

2

2

(-l) k
[- (2k+1) n Dtl . ((2k+1)mJ · (2k+1)n
exp
?
sm
2k + 1
4/ 2/
2/

which takes the following form after inserting x

()C(l , t)

dX

= 2C0 K s
f

ICk=O

(3 .13)

=l :
2

1)kexp[- (2k+l): n Dt]sin((2k+1)7rJ
4/
2

(3.14)

The latter part of (3.14) has the following value:

(3.15)

leading to a cancellation of the two ( -1) k factors .
The ultimate expression for the differentiated concentration profile at x
val u es of k > 0, is the following :
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2

oC(l,t) -_ oC(l,t)k=o -_ 2C0 Ks exp[ - rr Dt]
_....:.._:__...:_
l
4f

ax -

ax

(3.16)

Returning to the reallayer stack (Figure 3-2 left) and combining (3.11) with (3.16) results
in an expression for br :

db1 (t)

= -2DK; exp[-rr

dt

l

2

Dt]
4/ 2

(3 .17)

Integrating (3 .17) results in

(3.18)
The constant c can be found using boundary condition (3.5)

(3 .19)

Ultimately, combining (3.18) with (3 .19) leads to the final result for the moving
boundary:
2

b (t)
r

2

= ___
- +b
8/Ks ( 1-exp[ -rr-Dt]J
7r2

4f

(3.20)

3.3 Diffusion in a plane sheet
When a plane sheet is brought into contact with a diffi.1sant source, the diffi.1sant will start
to diffuse into the sheet materiaL The concentration profile of the layer will behave as is
explained in paragraph 2.2.1 invalving the diffusion in polymers. This behaviour will
continue until the diffusant reaches the opposite side of the sheet. The concentration
profile is shown in Figure 3-3, tagether with the layer stack and the ATR crystal.
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Rubber

Stearone souree

Crysta l

Figure 3-3. Layer stack and con centration profile of stearone in the rubber sheet at trime lag · Thickness of the
sheet= l.

When the rubber sheet is impermeable at the rubber crystal interface, the stearone profile
in the layer will behave as is explained in paragraph 2.2.1, leading to long periods until a
layer is completely filled. So, ultimately, a steady state will be reached where the
concentration in the layer C( x) and at the surfaces C0 and C1 for x = 0 and x = 1 will be
constant.
Constant diffusion coefficient
The diffusion equation in one direction for steady state reduces to

(3.21)

On integrating with respect to x this leads to
dC
-=const.
dx

(3 .22)

and by further integration this results in, by introducing the conditions at x= 0 and x = 1,

=>

C-C
cl

0

-C0

x

(3.23)

=-

l

These last equations show that the concentration changes linearly from C0 to C 1 through
the sheet. The rate of transfer of diffusing substance is the same across the whole sheet
and is given by
dC D
=>Flux= - D - = -(C0
dx
l
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Variabie dijJusion coejjicient
In the steady state the diffusion equation gets a slightly different form

!!_(DdC)=
0
dx
dx

(3 .25)

where D is the not necessarily constant diffusion coefficient. When D is a function of
the distance in the sheet, the following expressionscan be given for D and C:

D = D0 (l+f(x))
D 0 C = Af

dx + B = A- I+ B
1+ f(x)

(3.26)

From the statistica! mechanica! paragraph 2.2.2 it is known that D depends on T
I

according to D "" T · e-r . It is known that the temperature can change through the sheet
with a value of ~T = lO °C. Forthese small differences, D will be properly described
with D T. This temperature depends on the distance inthesheet according to

=

(3 .27)

leading to the following D value for variabie x
(3.28)

U sing this D , the integral of equation (3 .26) becomes
(3 .29)

leading to the resulting concentratien profile and Flux

(3 .30)

The resulting graph ofthe concentratien profile of stearone in the layer is given by Figure
3-4.
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Growing
stearone layer

Stearone souree

Rubber

~

,/ ;;~;;;;:::' ê'
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...··············

profile

Cry tal

Figure 3-4. Layer stack and concentration profile of stearone in the rubber sheet at too. Both the constant D
as the D(x) case are shown.

3.4 The physics of SCOUT
SCOUT is a technique to interpret optical spectra by a simulation of the experiment and
adjustment of the model parameters to fit the measured data. The model calculations of
this report are basedon the following aspects:
Optical constant models
As is mentioned in paragraph 2 .1.1, the dielectric function E, which connects the
dielectric displacement and the electric field vector, is closely related to the susceptibility
x (equation 2.18). Various susceptibility types are present in the SCOUT software. The
one used in the simulations of this report is the Brendel oscillator9 , which is a refined
version of the harmonie oscillator described in paragraph 2.1.1 . The Brendel oscillator
model accounts for local variations in disordered systems by a Gauss-distribution of
resonance frequencies, achieving any line shape between a Gaussian and a Lorentzian.
Effect ive medium concept for inhamogeneaus materials
The optical properties of inhamogeneaus materia1s can be described by so-called
effective dielectric functions if the wavelength of the probing radiation is much larger
than the typ ical sizes of the inhomogenities of the system. In this case retardation effects
can be neglected and the response of the mixed material to an incoming electromagnetic
wave can be calculated in a quasistatic approximation.
Macroscopically the inhomogeneities cannot be seen (there is no light scattering in the
long wavelength limit) and hence the system can be treated as being quasi-homogeneous.
An effective dielectric function can be introduced which is a non-trivial average of the
dielectric functions ofthe individual components.
Several mixing formulas have been developed. In this report the Bruggeman model 10 has
been used, for it is the most often used concept. The Bruggeman theory (also known as
'EMA' for effective medium approximation) gives the relation
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(3.31)
with

E

is the dielectric constant of the diffusant,

material,

Eeff is

EM

is the dielectric constant of the matrix

the dielectric constant ofthe effective medium and fis the volume ofthe

diffusant I total volume.
Equation (3 .31) is probably the most often used effective medium concept. For very low
volume fractions it is equivalent to the Maxwell Gamett theory, but for increasing
volume fraction its results are quite different. Below f = 1/3 there is no percolation, above
that threshold the embedded particles are partially connected.
Concentration gradients
Like simple layers concentration gradient layers have a thickness and a dielectric
function. However, the layer is divided into a set of sublayers. All sublayers have the
same thickness (the total layer thickness divided by the number of sublayers). Each
sublayer can have its own value of the volume fraction, which is defined by a userdefined formula.
The model can be compared to the experiment by fitting the computed spectrum to the
measured one. This is done by changing parameters of choice of the modelled sample,
recalculating the result spectrum and miniruising the cumulative deviation of the
simulated spectrum from the experimental spectrum at all points in the fitted frequency
range using the downhili simplex method.
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4 Experimental Set-up
4.1 Infrared Spectroscopy
4.1.1 Foorier Transform Infrared Spectroscopy
Infrared spectroscopy can be performed in various ways. One way is with dispersive
techniques, where one frequency in analysed at a time. This can be done either with a
laser of which the wavelength can be adjusted or with a continuous infrared light souree
in combination with a monochromator and a system of slits to isolate infrared intervals,
measuring them sequentially. Another way is the Fourier-Transform Infrared
Spectroscopy (FT-IR), which is used since computers became available. In this method
all frequencies are measured at the same time. A Fourier transfarm calculates their
contributions to the total detector signal. Because this method requires a lot of
calculations it has become interesting for commercial purposes since the recent
development of powerfut computers. In the next sec ti on the interferom eter, which forms
the main part ofthe spectrometer, will be discussed.
11

The key component of a FT-IR spectrometer is an interferometer . The most commonly
used interferometer is the Michelson interferometer, represented in Figure 4-1 . The
principal function of this interferometer is to generate a time-dependent IR signal from a
time independent IR source. It consists of two mirrors, one of which can move along an
axis that is perpendicular to its plane with a constant velocity. Between the two mirrors, a
beamsplitter is placed, where the incident beam from an external souree is partially
reflected towards the fixed mirror, and partially transrnitted to the rnaving mirror. After
reflection at their respective mirrors, both beams return to the beamsplitter and
interference occurs. The variation in the intensity of the beam passing the detector as a
function of the path difference ultimately yields the speetral information in a FT
spectrometer.
Fixed mirror

Movable
ffiliTOr

Souree

..........,: ................................................................................................

.................................................................................................

Beamsplitter

<::::=:>

I
:

:

Detector
Figure 4-1 . M ichelson interferometer
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To understand the process occurring in a Michelsen interferometer it is best to follow a
monochromatic beam entering the interferometer. This beam is infinitely narrow and
perfectly collimated. Let the wavelength of the radiation be À and its wave number CJ
be:

1

(j=-

À

(4.1)

The beamsplitter ideally divides this beam into two beams of equal intensity. According
to Figure 4-1, the path difference 8 between the beams travelling to the fixed and
movable mirrors is 2(0M-OF). Since 8 is equal for all parallel input beams the criterion
for an infinitely narrow input beam can be relaxed. When the fixed and movable mirrors
are equidistant from the beamsplitter, the two beams are perfectly in phase ( 8 = 0) and
constructive interference occurs. lf the movable mirror is displaced a distance J;; À, the
pathlenght difference becomes Yz À. On recombination at the beamsplitter, the beams are
out ofphase and interfere destructively.
lf the mirror is moved at constant velocity, the signal at the detector I'( 8) will vary
sinusoidal. A maximum is registered each time that the retardation is an integral multiple
of À. The intensity reaching the detector is given by:
1'(8)

=t I(v){ 1+ cos( ~ )} =t I(v){ 1+cos2nv8}

2 8

(4.2)

where I( v ) is the intensity of the source. The intensity reaching the detector consists of a
constant component and a modulated component. In spectrometric measurements only
the modulated component is important, and is referred to as the interferogram I( 8 ).
This is only valid in the ideal situation where no instrumental losses of intensity occur. In
practice, intensity will be lost by beamsplitter inefficiency, detector response and
amplifier characteristics. As a result, I(v) varies from one measurement to the next fora
given system contiguration while all other factors remain constant. Equation (4.2) can be
modified by a single wavenumber-dependent correction factor B(v) to give:
!(8) = B(v)cos2nv8

(4.3)

In this form I( 8) is the eosine Fourier Transferm of B(v ). When radiation of more than
one wavenumber is emitted by the source, the measured interferogram is the resultant of
the interferograms corresponding to each wavenumber. When the souree is a continuum,
the interferogram can be represented by the integral:

-

1(8)= JB(v)cos2nv8·dv

(4.4)

This equation shows that B(v) can be calculated from I( 8) by an inverse Fourier
Transform:

-J

B(v) = 2 I(8)cos2nv8 · d8
0

noting that I( 8 ) is an even function .
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4. 1.2 ATR measurement with the Seagull
The method of measurement used in this report to acquire ATR spectra is with the
Harriek Single Bourree ATR set-up : the Seagull™. This device is placed in a Bruker IFS
66 FTIR -spectrometer.
The optical principle ofthe ATR device is shown in Figure 4-2 .
From
souree

Ellipsoidal mirror

---I

Sample

~

~

To
detector

t

Parabolic mirror

Plane rnirror

Figure 4-2. Optica! set-up ofthe Seagull attachment.

This principle uses two ellipsoidal mirrors. By placing a rotating plane mirror in one of
the focal points, and the sample in the other, different angles of incidence can be chosen
by rotating the plane mirror. These two plane mirrors are coupled to rotate together, in
mirror image fashion, when the angle of incidence is changed, thus preserving optical
alignment.
From the Theory chapter it became clear that for ATR measurements an Internal
Reflection Element (IRE) is needed with a high refractive index. For the measurements a
ZnSe Hemisphere IRE element will be used, which has to be placed exactly in the focal
point of the Seagull. Because the exact position of this element is crucial the placement
and position has to be steady and well defined. Another condition is that the measured
samples have to be in good contact when placed underneath this element. The mounting
device shown in Figure 4-3 satisfies these conditions.

Crystal holder
Crystal
Sample
Torsion screw
-+- - Mounti ng
unit

r-\
r--------

,_...., r-'--IL-.

Figure 4-3 . Crystal holder set-up ofthe Seagull. Left: front view. Right: side view.
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The crystal holder holds the IRE in place on top of the mounting unit and prevents the
IRE to shift when the sample is pressed against its surface. The precise geometrie
orientation ofthe crystal holding unit in the Seagull is shown in Figure 4-4 .

Figure 4-4. Sample holding unit placed inside the Seagull.

It is clear from Figure 4-4 that the infrared beam can pass through the crystal, because the
crystal holder keeps the sides of the crystal free. When good contact is established
between the crystal and the sample the mounting unit is sledded into the Seagull in a
predefined manner. Therefore the precise position in the focal point is satisfied, and
measurements can be started.

4.2 U sed matcrials
The most important material throughout all experiments is stearone. This stearone is used
as a difft1sant and characterised by two C11H3s groups, connected in the ends by a C=O.
For the matrix material a variety of rubbers is used. The applicability of those rubbers for
the various experiments depends on the characteristics and the availability of the rubbers.
Most experiments are done with silicone rubber. This rubber can also be carbon filled, or
fluor groups can be added, leading to fluor-silicone rubber. PFPE rubber is used, which is
per-fluoro polyether rubber. Finally, experiments are performed with EPDM rubber,
which is an ethylene propene dienes monomer.

,4.3 Stearone rubber set-up
The approach for designing the experimental set-up with the rubber in which stearone has
to diffuse using the AIR crystal is done by evaluating the conditions, which have to be
met to perform an accurate experiment. These conditions are logical results from the
theory given in the previous chapter. First, the conditions for the AI R measurement are
given, foliowed by the terms for a valid diffusion experiment. Finally, the resulting
experimental set-ups will be given.

4.3.1 ATR measurement
The conditions for an accurate measurement imply a steady, horizontal AIR crystal. For
the beam to pass the Seagull in the desired way, it has to cross the air-crystal interface
perpendicular to the crystal 's surface in order to prevent reileetion at this interface. The
horizontal plain of the hemisphere has to be perfect level to ensure the correct path of the
beam.
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The contact between the crystal and the rubber to be measured has to be total. From
equation (2.33) it follows that the evanescent wave only has to occur at the crystal rubber
interface. When this interface isn 't perfect, disturbances in the signal reflecting from the
sample willlead to disturbed results.

4.3.2 Diffusion experiment
For the diffusion of stearone in rubber to occur in the desired way the following
conditions have to be met:
• The stearone has to be applied to the rubber in the form of an infinite souree to
meet the boundary condition of equation (2.37).
• The contact between the stearone and the rubber has to be suftleient so the
stearone can cross the interface without restraints.
• The other side of the rubber, which is not in contact with the stearone, has to be
impenetrable for stearone so the boundary condition of equation (2.3 7) holds.
• The moment of contact has to be known, to determine t = 0 for the various
models.
• Because the diffusion coefficient is dependent on the temperature (equation
(2.60)), precautions have tobetaken to control this effect.
Another desirable feature is a heating device. It is expected that the diffusion at room
temperature will take more than one day, while elevated temperature means faster
diffusion.

4.3.3 Stearone rubber layer set-up
This first set-up will be used for diffusion experiments at which the experimental
temperature stays below 75 °C, which is the approximate melting temperature of
stearone. Because the stearone stays solid, a simple stearone tablet can be used for the
infinite diffusant source. This tablet is made by pressing stearone powder for 1 minute at
10 bar. The contact between the stearone tablet and the rubber, and between the rubber
and the crystal is established with a torsion screw. The whole layerstack is shown in
Figure 4-5.

Cover sheet

IRE

Rubber
Stearone tablet
Temperature
control
unit

Support rubber
Heating p late
Torsion screw

Figure 4-5. Stearone rubber layer set-up.
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The support rubber is placed beneath the stearone tablet to prevent it from breaking. The
cover sheet is used to shield the crystal from any diffusant vapour, preventing the
stearone to condense at the upper side of the crystal. Pressure is applied using the torsion
screw of the crystal holder.
The temperature control is dorre with a heating plate of 15 W beneath the layer stack
coupled with a Pt-1 00 thermo couple. This coupling is dorre with a FP21 Shimaden
temperature control unit. Because the temperature is applied from one direction and the
temperature has to stay below the melting temperature, a temperature gradient is
inevitable. The set-up presented in the following paragraph is designed to minimise this
effect.

4.3.4 Stearone cell set-up
In order to perfarm the same diffusion experiments at temperatures above 7 5 °C, another
set-up has to be made incorporating the liquid stearone feature. The conditions stated for
the diffusion experiment imply some special requirements to the set-up:
• For the contact between the stearone and rubber to hold, the phase transition upon
melting has to be accounted for, along with the possible expansion of the liquid
stearone.
• Because of the higher temperature, substantial diffusion takes place if contact is
made between the stearone and the rubber befare the desired temperature IS
reached. No t = 0 can be defined in this manner.
In order to evereome these problems, the design of Figure 4-6 is presented:

Residue
chamber

Closing ring
Substrate
holder

Stearone
Pump

Figure 4-6. Stearone cell set-up principle.

This cell has a containment unit for the stearone where it can be heated and melted
separate from the rubber. When the unit is at the desired temperature the diffusant is
brought in contact with the rubber, and the remairring air in the containment unit is
transferred to the residue chamber. Due to this design the expansion of the melting
stearone is accounted for, and the moment of contact is well defined.
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Using this principle set-up the final unit is designed in co-operation with the physics
department, and is made at the workshop of the GTD of the TUE. Figure 4-7 shows the
resulting set-up:
Piston
Containment unit
Closing ring
Thermometer
Cartridge Heaters

·- '

Figure 4-7 . Final stearone cell set-up.

In this set-up the piston is placed at the bottorn of the containment unit. The stearone is
placed on top of this piston. When the temperature of the total device is at the desired
level, the piston is elevated, bringing the stearone in contact with the rubber.
This last procedure is clarified with Figure 4-8, which represents the total set-up,
including the stearone cell, the ATR element and the temperature control.
IRE

Rubber
Stearone

~====~ Temperature
control
unit

Pressure syringe

Figure 4-8. Total stearone cell set-up.
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After the solid stearone is placed in the cell, the rubber is carefully stuck against the
crystal, squeezing all remaining air out of the interface between the rubber and the
crystal. This combo is put in the crystal holder, and the holder is screwed up on the sled,
resulting in a geometry where the rubber sample is directly above the stearone cell.
Finally the cell is pressed against the rubber and the crystal using the torsion screw and
the whole unit is shoved into the Seagull. Using an Anatech electrothermal temperature
controller the temperature is brought to a predefined level. After 2 minutes of stabilising,
the syringe, which is in contact with the piston, is pressed to a certain level using a micro
wrench, bringing the stearone in contact with the rubber. After this action the recording
of the spectra can be started.
Because of the dimensions of the whole unit and the higher temperatures used, the
temperature gradient will be lower, although it still can not be suppressed.
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5 Results
5.1 General
It is known from experience and literature 3 that the experimental conditions of ATR
measurements require precision. Various circumstances influence the experiment, so
before starting the diffusion measurements the most important experimental conditions
will be investigated.

5.1.1 Set-up
Before the preliminary experiments involving basic properties of ATR measurements can
be done, the experimental set-up has to be optimised and checked for non-ideal
behaviour. The limitations of the used set-up will be of minimum effect once their
influence is charted. After the equipments behaviour is verified, the desired experimental
conditions can be investigated.

5.1.1.1 Spectrometer instrumental setting
The reference settings ofthe FTIR are 4.0 cm- 1 resolution, 128 scans, Blackman-Harris 3
term apodisation function and zero filling = 2. The meaning of these settings is explained
in the literature 11 . In order to varify whether the reference settings are optimal, the
settings have been varied, and spectra are measured of 2.5 J..Lm PET on top of nitrile
rubber using the ZnSe _çrystal at an angle of incidence of 48°. The nitrile peak has been
integrated, and the signal to noise ratio (both Root Mean Square as Peak Peak) has been
measured. The results are given in Table 5-1.
Table 5-1 . Signa! to noise ratios for different FT features , taken from 3225 to 3136 cm- 1• The reference is a
48° angle ATR spectrum of2.5 f..UI1 PET on top ofnitrile rubber, 4.0 cm-' res., 128 scans, Blackrnan-Harris
3 term, zero-filling = 2, MCT detector.
(Changed) feature
Reference
Zero-filling = 4
Zero-filling = 1
Apodisation =
Black:man-Harris 4
term
Apodisation = Boxcar
Apodisation =
Norton-Beer medium

Signal/noise Signal/noise Noise [RMS)
10-6
[RMS)
[PP)
281.31
37.43
63 .9
226.25
62.36
73.4
59.55
14.58
95.9
226.25
62.46
73.4

19.07
67.63

3.86
18.78

151.2
110.9

Noise [PP)

Area uitrite

10-6

2255-2215 cm-1

244.8
312.2
391.7
314.1

0.030
0.026
0.017
0.016

746.0
399.3

0.028
0.028

From these values it is clear that the reference setting is indeed the best, leading to the
best combination of signal to noise ratio and area of the investigated peak. In the
continuation of this report the reference setting will be the setting that will be worked
with.
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5.1.1.2 Angle varianee ofthe ATR set-up
The Seagull set-up is suspected to exhibit non-ideal behaviour. To investigate its
behaviour a beam aperture varianee measurement has been performed. In this
measurement the aperture has been varied, while the spot size and divergence ofthe beam
is measured. The results are given in Table 5-2 .
Table 5-2. Spot size for various apertures in the IFS 66, fc = focal point.
Aperture (mm)
0 .5
2
4
6
9
12

Spot size in fc + 26 mm
(mm)
6.5x3.5
6.5x4
7x4
7x4
7x4
7x4

Spot size in fc
(mm)
1x1
2.5x1.5
4x2
5x2 .5
6x2 .5
6x2 .5

This experiment shows a considerable spot size in the focal point and divergence. It
would be best to work with an aperture as small as possible. Because a decrease in
aperture is accompanied with a loss in intensity of the beam, an optima! aperture of 2 mm
is chosen as a compromise.
To gain more insight in the consequences of this present spot size and divergence of the
beam to the spread in angle of incidence of an ATR measurement, an example will be
given calculating this spread. For the calculations the 12-mm aperture data will be used.
The rest ofthe used constants are given in Table 5-3 .
Tab ie 5-3 . Values of constants used in the calculation example ofthe spread in angle of incidence.
Constant
Spot diameter
Angle of incidence ei
Radius ofthe ZnSe IRE
Refractive index ZnSe

Value
6mm
45°
12mm
2.38

With these constants the following values in volving the spread in angle of incidence can
be obtained using standard optica! theory, as presented in the Table 5-4 and Figure 5-1.
Tab ie 5-4. Results of calculations on the spread in angle of incidence.
Constant
Divergence of incoming beam
Spread of er due tospot size
ei at IRE surface at 31 o
Resulting angle of incidence
Resulting spread in angle of incidence
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Value
tan-1(1 /26) = 2.2°
tan-1(3112) = ± 14°
(45° - 2.2°)- 31 ° = 11.8°
31 ° + 5° = 36°
54°<-> 36°

Results

1~

Air
n=l

Zn en=2.38

Figure 5-1 . Spread in angle of incidence. Left: total view. Right: zoom on airliRE interface.

This example makes clear that with an aperture of 12-mm a part of the beam has an angle
smaller than the critical angle mentioned in equation (2.30), which has a value of 39° for
a ZnSe/rubber interface. Due to this effect the resulting spectrum will be a mixture of an
attenuated total reflection spectrum and a regular reflection spectrum. This transitierral
spectrum will be treated in the next section.

5.1.1. 3 ATR!Internal Rejlection - transition
As shown in the previous section, during an ATR measurement with the Seagull using the
ZnSe hemisphere, a part of the beam can exceed the critical angle. This leads to a
transition between total internal reflection ( () > ()c ) and internal reflection ( () < ()c ). The
resulting spectrum is shown in Figure 5-2 .
.7
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c:: .5
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en
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4 mm aperture
6 mm aperture
8 mm aperture
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.1
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Wavenumber (cm-1)
Figure 5-2. Spectra of a 2.5 j.liil PET layer on top of nitrile rubber for different apertures, angle of incidence
= 42°, MCT detector.
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Table 5-2 showed that the beam spot size depends on the aperture. For larger apertmes
the spot size increases, which translates to a stronger transition effect. This is visible in
Figure 5-2 at the 1750 cm- 1 area where the intensity decreases, and at the 1500 cm- 1 to
1700 cm- 1 area, where the intensity is elevated. These disruptions increase for larger
apertures. To avoid these effects, a larger angle or a smaller aperture has to be chosen.
Because the intensity, which is crucial for the experiments, decreases for larger angles, a
standard angle of incidence of 45° is chosen in combination with an aperture of 2 mm.
This combination will cause a minimal transition effect while still having enough
intensity to perform accurate experiments.
The transition effect is not only related to the aperture, but also to the thickness of the
layer, as Figure 5-3 shows.

2270

2260

2~0

2240

2230

2220

221 0

2200

2190

Figure 5-3 . Spectra of PET on top ofnitrile rubber using the MCT detector. Red: PET with 2.5 !liTI
thickness. Green: PET with l.41J.m thickness. lntegration borders are indicated ofthe 2230 cm- 1 nitrile
peak.

In this figure the thinner layer has similar decrease for higher and increase for lower
wavelengtbs as Figure 5-2, while the thicker layer is more normaL The dependenee ofthe
transition behaviour on the layer thickness can be explained with the following
clarification.
The spot size and angle divergence of the incoming beam lead to an angle spread around
the intended angle of incidence. This angle spread leads to a spread in the penetratien
depthand the evanescent wave amplitude according to (2.33) and (2 .34), shown in Figure
5-4.
Angle divergence
.·~ and spot size

......···········

~ depth

Sample
wave

Figure 5-4. Influence of spot size and angle divergence ofthe IR beam on the evanescent wave.
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The degree of the evanescent wave varianee is dependent on the depth in the sample. In
Figure 5-5 the difference is given between two waves belonging to different angles of
incidence.
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Figure 5-5. Behavior ofthe evanescent wave intensity due to differences in the angle of incidence.

Figure 5-5 shows that the ratio between the energy belonging to the correct angle and the
energy belonging to the lower angles for depths > ± 1.2 dp = dp,criticai decreases for
increasing depth. So the influence of the transition effect on the spectrum lessens for
layers with a thickness above dp,critical· This is in accordance with the measured
phenomenon of Figure 5-3 where the transition effect occurs for the 1.4 M-m PET layer
but is practically absent for the 2.5 M-m PET layer (dp,criticai = 1.05 ± 0.05 M-m).

5.1.1.4 Determination ofexperimental injluences onATR spectra
The previous paragraphs emphasise the importance of a quantitative insight in the various
experimental influences on the ATR measurements. This is done for two reasons. First,
an ATR method development has to account for all aspects of the measurement,
including non-ideal behaviour. Second, one of the goals of this report is to create a valid
model of a possible gradient in the layer, which can only be done when all features of the
spectra are understood and accounted for during the modelling.
The determination of the influence of experimental conditions is done with the use of the
speetral ray-tracing program SPRAY, developed by Wolfgang Thei~. The program uses
3-dimensional geometrie input for the experimental set-up in which the desired
measurement has to be done. With this set-up it models the IR-spectrum of the desired
spectrum using the resulting lightbeam of the set-up. When the experimental set-up
resembles the actual set-up, conclusions can be drawn from the modelled results
concerning the real experimental conditions.
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The first step in using the SPRAY software is creating a model for the experimental setup used. This is done by exactly measuring the dimensions of the Seagull and translating
these values in the vector notation ofthe program. The resulting set-up is shown in Figure
5-6.

Figure 5-6. SPRAY set-up used for the simulations.

After finishing the experimental model, conditions like the beam divergence, the spot size
and angle of incidence are varied, after which the spectra can be calculated and compared
to the real conditions. For the coherence of the investigation, the values belonging to the
2-mm aperture will be used for the comparison between the actual conditions and the
simulated conditions (see Table 5-2).
For the ATR crystal material ZnSe is used, and the sample material is stearone. The
dielectric properties of these matcrials are known. First, the cone angle (=beam
divergence) is varied from 1° to 15°. The resulting spectra are given in Figure 5-7.
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Figure 5-7. Simulation of stearone for various cone angles, angle of incidence = 45°, spotdiameter = 0.15
cm.
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Figure 5-7 shows that for angles > 5° the signal decreases and transition to regular
reflection appears. In practice the divergence for 2-rnm aperture is 8.7°, so the cone angle
is of influence on the measured spectra.
Secondly, the spot size is varied. The results ofthis simulation are shown in Figure 5-8.
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Figure 5-8. Simulation of stearone for various spot diameters. Angle of incidence = 45°, cone angle = 1°.

When the spot diameter > 0.5 cm a decrease in signal can be seen, while for a spot
diameter> 0.1 cm transition to regular reflection appears. In practice the spot diameter is
0.2 cm, so the transition is occurring in the real set-up. Because an increased cone angle
also leads to a larger spot diameter, the cone angle influence will be accounted for by the
spot diameter variance. Existing mechanical variances in position of the crystal and
sample holder will be presumed to be negligible. Ultimately, for various angles the
simulation is performed. This leads to varying shapes ofthe spectra, shown in Figure 5-9.
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Figure 5-9 . Simulation of stearone for various angles of incidence, cone angle = 1°, spot diameter= 0.15
cm.
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From this last simulation it can be concluded that for an angle of incidence of 45° a
transition to regular reflection occurs due to the spot size. Before a solution for this
behaviour will be given, simulations done with the SCOUT software are presented.

5.1.1.5 Oscillator model ofstearone and rubber using SCOUT
As mentioned in the previous paragraph, the experimental anomalies have to be known in
order to make a valid model of the used materials and of the possible gradient in the
layer. Some aspects have been investigated using the SPRAY simulation, and in this
section this investigation will be completed using the SCOUT software. When this is
finished solutions will be given to overcome the experimental problems and to create a
valid model spectrum.
First, the influence of polarisation on the peakshape is determined. It follows from section
2.1.4 that the light used is expected to have a 0.5 p- and 0.5 s-polarisation. A
measÜrement is done with a wire grid KRS-5 polarisator, and shown in Figure 5-10 .
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Figure 5-10. Measured spectra of silicone rubber for p-, s- and no polarization at 45° angle of incidence.

Using this figure the p- and s-polarisation spectra are modelled using SCOUT. The
distri_bution between the p- and s-polarisation has been varied, leading to the spectra of
Figure 5-11.
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Figure 5-11 . Simulated spectra for various mixtures of p- and s-polarization compared to the measured
spectrum of silicone rubber at 45° angle of incidence.

It can be seen in Figure 5-11 that the 0.6 s-polarisation mixture corresponds best to the
actual situation, although the influence of polarisation is small. Although it is best to
measure with a polarisator, the measurements have been performed without a
polarisator.To complete the investigation, the angle dependenee on the peak shape is
determined. The angles of incidence are varied from 44.5° to 45 .5°, which is the intrinsic
deviation ofthe Seagull. The result ofthis final rnadelling can beseen in the Figure 5-12.
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Figure 5-12. Simulated spectra for various angles of incidence compared to the measured spectrum of
silicone rubber at 45° angle of incidence, 0.6 s-polarization is used.

From Figure 5-12 can be concluded that the varianee in spectra due to the intrinsic angle
varianee of the Seagull set-up alone is of equal size as the spread due to the polarisation
variance. Therefore the polarisation will be no further accounted for.
In order to create a realistic model spectrum of the matenals used, the transition to
regular reflection due to the spot size is the largest influence, and this effect has to be
accounted for. This is done by an adjustment in the SCOUT software. A possibility to
model spectra with a summatien of various angles instead of just one angle is created.
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With this adjustment it is possible to add a small portion of angles below the critical
angle, resulting in a spectrum similar to the 45° spectrum of the experiments. The eftèct
ofthis adjustment is given in Figure 5-13.
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Figure 5-13 . Simulated spectra using SCOUT for various percentages of 45° angle of incidence compared
to 40° angle of incidence.

The transition effect is clearly visible in Figure 5-13, which is a direct result of the
adjusted model of SCOUT. Using this feature, the measured spectra can be modelled
more precisely, and more insight can be gained in the consequences of ATR
measurements at angles close to the critica! angle.

5.1.2 Preliminary experiments
When the features and the limitations of the set-up are known, the preliminary
experiments can be started. These experiments involve a basic introduetion to ATRdiffusion properties, measured with the experimental set-ups of paragraph 4.2. First, an
introductory experiment visualising the penetration depth will be shown.

5.1.2.1 Penetration depth determination using PET foil
In pa~agraph 2.1.3 is explained that the penetration depth dp, which is a measure of the
depth in which absorption occurs, depends on the angle of incidence ei (equation 2.34).
To visualise this dependence, the following experiment is performed.
PET foil is placed on top of nitrile rubber, and the angle is varied. The intensity of the
nitryl peak at 2235 cm- 1 will be measured and related to the intensity of the 1340 cm-1
peak of PET. This value decreases strongly when dp decreases, and will ultimately vanish
because the dp is insufficient to reach the lower nitrile layer. The angle at which this
occurs depends on the thickness ofthe upper PET layer, as Figure 5-14 clarifies.
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Figure 5-14. Ang1e dependenee of the nitrile-band intensity divided by the PET -band intensity. Nitrile
rubber is placed behind the PET layer, PET layers ofvarious thiclmess are used, applied pressure = 16
oz/in, MCT detector.

Figure 5-14 confirms the expected behaviour, visualising dp. A clear understanding of the
penetration depth is crucial for artairring insight in gradient measuring possibilities.

5.1.2.2 Introduetion to spectra of stearone diffusing through rubber
Because most of the experiments involve diffusion of stearone through rubber, an
example will be given of the found speetral diffusion result. In the rest of this report these
spectra will be referred to as stearone through rubber spectra. A typical example of a
series of spectra takenduringa diffusion experiment is given in Figure 5-15.
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Figure 5-15 . Stearone through fsil-rubber using the tablet. T = 55°C, angle of incidence
oz./in., aperture = 2 mm, 12 minute interval.

= 45°, pressure = 12

This experiment is done with the stearone tablet set-up explained in paragraph 4.2.3. The
tigure shows that a 2915 cm- 1 peak and a 2850 cm- 1 peak (both belonging to the C-H2
bond of stearone) arise in the spectra after a small period. This is the sign that the
stearone has crossed the rubber and has reached the opposite side. In order to gain more
insight in this behaviour, a more surveyable representation is introduced in Figure 5-16,
which will be used in the following paragraphs. lt is an intersection of Figure 5-15 in the
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1

1

2915 cm- and 2850 cm- region. Next to this figure is an intersection of a reference peak
1
of 1205 cm- of the fluor silicone rubber shown. The reference peak is measured to
confirm contact between the rubber and the crystal, and to normalise different
experiments so the relative intensities can be compared.
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Figure 5-16. Intensity of stearone through fsil-rubber using the tablet. T = 55°C, angle of incidence = 45°,
pressure = 12 oz./in., aperture = 2 mm, 12 minute interval. Left: 2915 cm· 1 ofstearone. Right: 1205 cm· 1 of
fsil-rubber.

To assess the detection limit of the spectrometer, the minimal increase in intensity still
measurable during a diffusing experiment is determined. Figure 5-17 is presented, in
which three different stages of a diffusing experiment are shown: the pure rubber
spectrum, the first appearance of stearone and a spectrum of diffi.tsant clearly present in
the rubber. From this figure the detection limit can be determined .
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Figure 5-17 . Spectra of PFPE rubber with increasing arnounts of stearone. Aperture = 2 mm, res . = 4 cm· 1,
DTGS-detector.

The positions of the stearone peaks are known from Figure 5-15. The detection limit is
defined in this case as the value of the intensity increase of the stearone peaks when this
increase exceeds the noiselevel of the signal. Applying this rule to Figure 5-17, a
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detection limit value of 0.001 absorption units can be found. This detection limit ensures
that the method of measurement is accurate and precise.

5.1.2.3 Visualisation of a stearone layer on the crystal
Before continuing the preliminary experiments attention is asked for the following
phenomenon. After the first diffusing experiment a deposition was found on the ZnSe
crystal. This deposition is investigated using a light rnicroscope, and the picture of Figure
5-18 is taken.

Figure 5-18 . Picture ofthe stearone deposited on the IRE crystal. The width ofthe picture is in reality 300
!liD·

Because the crystal is cleaned before the experiment, the deposited material has to be
stearone that has phase-separated from the rubber during the diffusion experiment. To
confirm this hypotheses, the structure of the deposition is compared to the structure of the
surface of the used rubber. The upper and lower surface of the rubber are shown in the
pictures ofFigure 5-19.

Figure 5-19 . Pictures of the fsil surface. Left is the upper side, right is the lower side. The width of the
picture is in reality 600 !liD·
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Cernparing Figure 5-18 with Figure 5-19 it is clear that the structure of the deposited
material is the mirror image of the structure of the surface of the rubber. This means that
the stearone came through the rubber, and moved between the crystal and the rubber.
This behaviour can be explained with the Flory-Huggins theory of paragraph 2.2.4,
knowing that a temperature gradient is present in the used layer stack. From Figure 2-7 of
the Theory chapter is clear that this gradient leads to a shift from the higher to the lower
curve, resulting in the found phase separation.
As a result of this effect no clear diffusion will be seen with the ATR method, because
the stearone forms a layer between the rubber and the crystal, .obscuring the real
concentratien profiles of stearone in the rubber. Only the corrected model of paragraph
3.3 for stearone layer growth against the crystal can be used.

5.1.2.4 lnfluence ofthe contact side of rubber against the crystal
It is seen in the previous paragraph that the upper and lower surface of the rubber differ,
due tö the preparatien process involving an upper and lower mould. The possible
influence of the surface of the rubber in contact with the ATR crystal is investigated, and
the results are shown in Figure 5-20. The non-ribbed side is the left picture shown in
Figure 5-19.

(?

-

r:::::

:::!:. 0.05

non-ribbedl

side
I
~ - ribbed side

r:::::

0

a(50.025 IJ)

~
0

-+---,.-------,---~

0

100
50
Time (min)

150

Figure 5-20. Intensity of stearone through fsil-rubber using the tablet method. T = 55°C, angle of incidence
= 45°, pressure = 12 oz./in., aperture = 2 mm, thickness = 0.77 mm, 2915 cm·1 peak of stearone is shown.

Looking at the figure, the shape and slope of the two absorption curves are similar, so no
further effort will be dorre to distinguish between them in the upcoming experiments,
because the two sides behave similar.

5.1.2.5 C=O peakshape variation
Before starting the real diffusion experiments, as a final preparatien the speetral shape of
the diffusing stearone through the rubber is examined. Because the used stearone is not
100% pure, and the possibility exists that other materials, already present in the matrix,
participate in the diffusion process, the peak shape of the stearone characteristic bonds
have been closely monitored. Identifying the material by bond shape is the distinct
advantage of the AIR method.
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The bond chosen for the identification is the 1705 cm- C=O peak, which is typical for the
1
ketone structure of the stearone. First, the 1705 cm- peak of the stearone diffused during
the tablet experiment is shown in Figure 5-21, with a resolution of 2 cm-1.
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Figure 5-21 . C=O peak intensity increase during the stearone tablet diffusion experiment, res . = 2 cm- 1•

The increase of these peaks follows the increase of the 2915 cm- 1 C-H2 peak, leading to
the conclusion that the pure stearone is responsible for the measured increase in intensity
of the C-H2 bonds. The peak splitting will be dealt with in the proceeding of this
paragraph.
The same measurement 1s done with the stearone layer against the crystal method,
leading to Figure 5-22.
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Figure 5-22. C=O peak intensity increase during the stearone layer diffusion experiment, res. = 2 cm-
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The doubling first strikes as unexpected, but it can be explained from literature 12 . It is
known that doubling may result from rotational isomerism. To investigate the specific
peak shapes of the doubled C=O peak, a peak fit method is used, resulting in the
following figures.
Peok # 1 for qgwl754, Peok Type• Goussion, Areo• .J80326065, Cerrter• 1706.40978, Ht• .OJ57 410244, Wdlh• 10.0100964 #4
Peak #2 for qgwl754, Peak Type•Gaussian, Area•.118644499, Cerrter•1699.4464J, Ht•.0143039789, Wdth• 7.79217031
Fitted trace for qgvol754
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Figure 5-23. Peak fit ofthe C=O peak from the stearone tablet experiment with 2 cm·' resolution.
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Figure 5-24. Peak fit ofthe C=O peak from the stearone layer experiment with 2 cm·' resolution.

The results ofthis peak fit procedure are given in Table 5-5.
Table 5-5 . Peakfit properties ofthe C=O peaks ofthe stearone tablet and stearone layer experiments.

Experiment t)'pe
First peak

Second peak
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Feature
Centre (cm- 1)
Height (-In R)
Width (cm- 1)
Area
Centre (cm- 1)
Height (-In R)
Width (cm- 1)
Area

Stearone Tablet
1706.4
0.036
10.0
0.380
1699.4
0.014
7.8
0.119

Stearone Layer
1705.4
0.030
4.8
0.153
1698.9
0.025
5.6
0.153

Results

From these results a few conclusions can be drawn. First, the peak positions between the
two experiments differ not much, so the samecompound is present. Second, the different
peak splitting (rotational isomerism) due to different surroundings and crystallinity
results in a different peak ratio between the two experiments and in more broadened
peaks in the stearone tablet set-up . Finally, the fact that the bands are not broadened in
the case of the stearone tablet experiment is in agreement with the earlier found phaseseparation of the stearone and the rubber. If stearone is seen which is still in the rubber,
the peaks would broaden heavily due to the interaction with the matrix of the rubber.

5.2 Diffusion characteristics
Afte!" the preliminary experiments have been performed, the real diffusion measurements
can be investigated. For the experiments the following settings will be used: angle of
incidence = 45°, applied pressure = 12 oz/in, 2 mm aperture and 4 cm- 1 resolution.
In this paragraph various diffusion characteristics will be examined. The choice of these
characteristics is made on account of paragraph 2.2.2 in volving the statistica! mechanica!
approach to the diffusion process.

5.2.1 Temperature dependenee
Equation (2. 61) suggests that the diffusion coefficient has strong temperature
dependence. Because the reproducibility of the experimental behaviour is not perfect, the
temperature behaviour is determined by varying the temperature within one
measurement.
First, the temperature dependenee is investigated using the method invalving the
deposited stearone on the ATR crystal. After deposition, the stearone diffuses into the
underlying fsil rubber. The decrease in intensity of the C-H2 peak is measured while the
temperature is increased from 65°C to 70°C after 600 minutes. The resulting absorption
curve is shown in Figure 5-25 .
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Figure 5-25 . Intensity ofthe 2915 cm· 1 stearone peak with the layer on crystal experiment. T shifts from 65°
to 70° after t = 600 min.
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Figure 5-25 shows that the absorption decreases faster when the temperature is raised.
Increased temperature increases the diffusion rate, as equation (2.61) suggests.
This temperature varianee approach is repeated for the tablet method of paragraph 4.2.3
and the heating cell method of paragraph 4.2.4., and is shown in Figure 5-26 and Figure
5-27. It has to be emphasised that the intensity increase corresponds to phase-separation,
as mentioned in paragraph 5.1.2 .3.
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Figure 5-26. Intensity of2915 cm· 1 stearone peak divided by the 1205 cm· 1 fsil rubber peak duringa
stearone tablet experiment. T = 60°C and T = 60°C to 50°C after 180 minutes.
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Figure 5-27 . Intensity of 2915 cm· 1 stearone peak during a heating cell experiment. T = 11 0°C and T =
110°C to 130°C after 20 minutes.

These last two measurements indicate that the rate of phase-separation is also temperature
dependent, where increased temperature results in increased separation. This is in
apparent contradietien with the Flory-Huggins theory. It can be explained by the
following notion.
The amount of diffusing material is increasing at the interface between the rubber and the
ATR crystal, due to the larger diffusion coefficient and the larger solubility. So, even
with a lower percentage of separation, the total amount can increase leading to the
phenomenon found.
Further a clear delay in response can be seen between the applied heat and the diffusion
rate, especially in Figure 5-27. This is due to the layered geometry of the experiment, as
can beseen in Figure 4-5 ofthe experimentalset-up chapter.
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5.2.2 Pressure dependenee
The distance between two steps in the rubber matrix is of influence on the diffusion
coefficient, as is explained in paragraph 2.2.3 .. Because decreased pressure means an
increase in that distance, pressure can be of influence on the diffusion. This is
investigated with the tablet method by decreasing the applied pressure to the layer stack
and monitoring the diffusion. Figure 5-28 illustrates this procedure.

1:

.2

-a.- 0.6
(50::
1/)

1:

.Cl

0.4

ca-

0.2

'a;

0::

0

200
400
Time (min)

0

600

Figure 5-28. Intensity of stearone peak divided by the fsil rubber peak duringa stearone tablet experiment.
T = 55°C, pressure is decreased from 20 oz./in. to 12 oz./in. after 180 minutes, and from 12 oz./in. to 6
oz./in. after 360 minutes.

No dependenee to pressure can be seen in Figure 5-28. This leads to the condusion that
the matrix is fixed and no change in the distance between two steps occurs while the
pressure is increased.

5.2.3 Material dependenee
The last of the diffusion characteristics is the matrix material itself. The length of the
network, tagether with the activatien energy are features of influence which vary with
different materials. Therefore the tablet experiment has been repeated for 4 different
kinds of rubber, and shown in Figure 5-29.
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Figure 5-29. lntensity of2915 cm· 1 stearone peak duringa heating cell experiment. T = 110°C, Iayer
thickness = varying from 0.93 mm to 0.97 mm.
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A few characteristics can be obtained from Figure 5-29. First, the different diffusion
coefficients for the various matenals are determined with the Time Lag method (that will
be explained in the next paragraph) and are given in Table 5-6.
Table 5-6 Values obtained with the Time Lag method for the different materials.

Material
Carbon filled silicone-rubber
silicone-rubber
EPDM
PFPE

Diffusion coefficient (m 2 sec-1 )
(0.95±0.02} 10' 10
(1.90±0.02} 10'10
(0.25±0.02} 10' 10
(1.20±0.02} 10' 10

The differences in the value of the diffusion coefficient are striking. Not only the time
until the first stearone appears in the spectrum is different, also the speed of the stearone
increase differs. In PFPE the stearone flux is very slow, which is known, and the shape of
the curve suggests it still is Fickian diffusion . The EPDM however is differently shaped.
It is thought that no Fickian diffusion is present in the EPDM, due to the large amount of
swelling that occurs.
In order to cernpare these results with the statistica! mechanica! approach of paragraph
2.2.2, more information about these materialsis needed. Equation (2.61) suggests that the
property of the matrix influencing the diffusion is the length of the netwerk a . Therefore,
the value of this property has to be known to evaluate the applicability of the statistica!
mechanica! approach.
The values of a have been determined by measuring the crosslink density for the various
materials by a swelling method, and are given in Table 5-7.
Table 5-7 . Crosslink density and length ofthe rubber netwerk.

Material
C filled silicone-rubber
silicone-rubber
EPDM
PFPE

Crosslink density
(mol/cm 3 )
(2.95±0.05} 10-4
(4.31±0.05} 10-4
(2 .87±0.05} 10-4
(9.87±0.05} 10-4

a (m)

D/a 2 (sec- 1)

(1.78±0.05} 10'9
(1.57±0.05} 10'9
c1.8o±o.o5} 1o-9
( 1.18±0.05} 10'9

(3.0±0.3} 107
(7.7±0.3) ·107
(0.8±0.3) ·107
7
(8.6±0.3) ·10

Before evaluating these values, the significanee of the applied theory of paragraph 2.2.2
for the various used rubbers has to be determined.
It is known that the carbon in the silicone rubber is located in the free areas, not in the
chains. Because of the placement, the matrix has less crosslinks per volume fraction,
although this doesn 't mean that the diffusant moves faster through the matrix. The carbon
itself has a stearone affinity, so the stearone is extra bonded against the free carbon. So
the statistica! mechanica! approach doesn't apply to the carbon filled silicone rubber.
It is already mentioned that no Fickian diffusion occurs in the EPDM rubber, due to the
significant swelling of this rubber when a diffusant is present. This swelling disturbs the
crosslink density, leading to a variabie density in time. Therefore also the EPDM rubber
can not be used for evaluation ofthe theory.
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Only the silicone rubber and the PFPE rubber are used to determine the validity of the
statistica! mechanica! theory. In Table 5-7 the values of a are shown, together with the
ratio number D/a2• For the theory to hold, this number should be equal for different
materials according to equation (2.61). The values ofthe two rubbers are closely together,
giving confidence in the validity ofthe theory. More experiments should be performed to
investigate the other influences ofthis theory.

5.3 Model applications to the diffusion measurements
The models introduced and explained in Chapter 3 will be applied to the diffusion
experiments of the various experimental set-ups. The goal of this paragraph is to
determine the degree of applicability of the models, and to make a final judgement on the
depth profiling possibilities.

5.3.1 Time Lag determination
The Time Lag method is the first and most straightforward method to determine the
diffusion coefficient, and is explained in paragraph 3.1. The most pronounced feature of
this method is the dependenee to the thickness of the layer, as equation (3.3) states.
Therefore, to determine the validity of the method, various thicknesses are used in the
diffusion experiments.
First, the diffusion through silicone rubber of various thickness is measured using the
tablet method. The results ofthe experiments are given in Figure 5-30.
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Figure 5-30. Intensity ofthe 2915 cm· 1 stearone peak during the tablet experiment. Silicone rubber of
various thickness is used. T = 55°C.

The difference in thickness can be clearly seen from the shape of the absorption curves.
Using this figure the time lag constants are found and given in Table 5-8 .
Table 5-8. Found values of time lag constants from Figure 5-30.
time added to the time lag.

Thickness
(mm)
0.47
0.77
1.94

Time lag (min)
13 ± 1
25 ± 1
100 ± 1

D(m 2sec- 1)
(4.7±0.3)-10' 11
(6.6±0.3)-10' 11
(9.9±0.3)-10' 11

Dadj =

D calculated with the stabilising

Stabilising time
(min)
6± 1
7± 1
10± 1

Dadj(m 2sec' 1)
(8.8±0.5)-1 o- 11
(9.1±0.5)·10' 11
(12.0±0.5)·10' 11
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The differences in the diffusion coefficients are due to varying tablet thickness and
temperature variances.
When this experiment is repeated using the stearone cell, the thickness ofthe 'layer stack'
is better defined, and stabilising faults are decreased due to the faster process and higher
temperatures. The results are given in Figure 5-31.
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Figure 5-31. Intensity ofthe 2915 cm· 1 stearone peak duringa heating cell experiment. Silicone rubber of
various thiclmess is used. T = 11 0°C.

Again, the differences in thickness translate to a different behaviour of the diffusion
curve as expected. The amount of absorption stabilises because the stearone layer grows
beyond the 'range of vision' of the evanescent wave. The variatien of the stabilised
absorption levels are difficult to explain. These differences can be caused by differences
in contact between the rubber-stearone and the crystal, or different densities of the
stearone. From Figure 5-31 the time lag constants are calculated and are given in Table
5-9.
Table 5-9 . Found values of time lag constauts from Figure 5-31.

Thickness (mm)
0.46
0.72
0.97
1.96

Time lag (min)
3.50 ± 0.25
7.75 ± 0.25
13.75 ± 0.25
52 ± 1

D (m 2/sec)
(1.67±0.01)-10' 10
(1.86±0.01)-10' 10
(1.90±0.0 1)- 10' 10
(2.05±0.01)- 10' 10

The values of D are mutual much more similar than the values of Table 5-8, as predicted
from the higher temperature. In the last table the values of D are not yet adjusted with a
stabilising time period, for this will be done using the following new approach. Because
the set-up is the same for all the layers, a constant stabilising time (of the heating cell)
can be determined by varying the time lag and calculating the corresponding D. When an
intersectien is present between the different ~T/D-curves, a constant stabilising time is
found. This technique is performed in Figure 5-32.
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Figure 5-32. Varianee in D for variable time lag values .

From Figure 5-32 a constant stabilising time of 0.6 ± 0.1 minutes follows. The
10
2
corresponding D has a va1ue of (2.05 ± 0.05)-10- m /sec. This value is a factor 2 higher
than the D measured with the tablet experiment. This difference is mainly caused by the
higher temperature of measurement with the stearone heating c~ll experiment.
In conclusion, the Time lag methad proves to be an elegant way for determining the
diffusion constant.

5.3.2 Complete diffusion measurements
In the previous section only the first stage of the diffusion process is investigated.
According to the Models chapter the complete diffusion process can be analysed as well.
The first methad that will be looked into is the model for the stearone layer against the
ATR crystal of paragraph 3.2. Because this process is relatively slow, the experiment is
performed for several days, leading to the absorption curve given in Figure 5-33.
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Figure 5-33. Intensity decrease ofthe 2915 cm' 1 peak of stearone duringa layer on crystal experiment, the
rubber used is fsiL T = 70°C. Left: normal presentation. Right: alternative presentation.

This measurement is used to fit the model of paragraph 3.2 using the technical
calculations program Mathcad 7 Professional. The constants used in the calculations
are: solubility Ks = 0.01 (from Smax determination), temperature ofthe layer is approx.
45° C at the crystal to 70° C at the heating plate, the thickness of the rubber a= 0.93
mm and the thickness of the stearone layer b = 0.5 ~m. The experiment is interrupted
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at t=600, so this is a possible cause for a bend in the curve. The result of the
calculation is given in Figure 5-34.

Figure 5-34. Mathcad simulation with the moving boundary model ofthe experiment shown in Figure 5-33 .
Used constants: K.=O.Ol, C0=1 , a=0 .93 ·10-3 , b=0.5·10-6, D=5.2-10· 12 .m 2/sec. Blue: measured. Red:
simulated.

The fit corresponds best for t < 1500 min. For the period of t > 1500 the best
12
2
corresponding D value becomes 4.0·1 o· m /sec. The outcome of this model is in
agreement with earlier methods performed at Océ with the same fsil rubber. This gives
contiderree to the applicability of the method. To improve the method the temperature
gradient present in the layer should be accounted for.
The second method that will be assessed is the diffusion in a plain sheet model of
paragraph 3.3. The diffusion processis foliowed until the absor-ption stabilised, leading to
Figure 5-35.
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Figure 5-35 . Diffusion measurement of stearone tablet through fsil-rubber, T=55°C. Left: 2915 cm· 1 peak of
stearone. Right: 1205 cm·1 peak offsil-rubber.

When the two figures of Figure 5-35 are compared, it appears that the rubber peak
intensity has a delay in decrease in comparison with the increase of the stearone intensity
increase. This effect is an obvious example of the different penetration depths for
different wavelengths, as equation (2.34) indicates.
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For the applicability of the model, steady state has to be determined. To do so, first the
SCOUT model approach will be shown, after which the steady state rnight be established.

5.3.3 Gradient measurements
Finally, the possibility to change the depth of penetratien by changing the angle of
incidence is used to gain more insight in the stearone gradient preserree during the
diffusion experiments. This is dorre by measuring the intensity of the stearone peak at
various angles, and then using the SCOUT software to simulate the measured behaviour.
The physics behind SCOUT is explained in paragraph 3.4.
The experiment is dorre by changing the angle of incidence manually. Because this only
gives representative results when the diffusion process is slow in comparison with the
speed of measuring, the cell experiments have not been dorre in this manner.
First, the stearone layer against the crystal method has been used for a measurement at
different angles of incidence. The results are shown in Figure 5-36 .
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Figure 5-36. Intensity ofthe 2915 cm·' peak of stearone duringa stearone layer experiment for various
angles of incidence. T=85°C, res.=2 cm·' . Left: absorption. Right: relative absorption compared to the 1205
cm·' peak of rubber at t = 60 min.

The physical meaning of the shape of these curves will be discussed in the proceedings of
this chapter. Special attention is asked for the shape of the right figure of Figure 5-36.
The order of the curves tums after 300 rninutes. This special feature will turn out to be
decisi':e in solving the gradient problem.
Before the gradient model will be introduced the second gradient measurement is
presented, using the tablet set-up. The results of the measurement of the diffusion
experiment are given in Figure 5-37.
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Figure 5-36 and Figure 5-37 show that larger angles have a larger relative absorption.
Because the tablet experiment is similar to the layer experjm~nt, due to the formation of a
layer against the crystal, the layer experiment can be seen as the reverse of the tablet
experiment. Therefore, to evaluate the present profile or gradient in the layer of these two
measurements, the same approach is taken for both experiments.
Three different distributions of stearone in rubber are modelled. The different layers are
shown in Figure 5-38.
A

c

B

'

Figure 5-38. Layer approximation in the SCOUT model approach. A) Stearone gradient in rubber, B)
mixed interface layer of stearone and rubber and C) pure stearone layer on top of rubber.

The -three different layer-shapes are simulated separately. The first layer is the stearone
gradient in the rubber layer. The used profile is taken from equation (2.39) using 5%
solubility. The Bruggeman theory is used as the concept for the effective medium. The
resulting increase in absorption in given in Figure 5-39.
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Figure- 5-39 shows that the intensity is low, even for a large used solubility (in practice
for the fsil rubber a solubility of 1% is more accurate). Larger angles have a smaller
relative absorption, contrary to the measurements for different angles. Secondly, the
mixed interface layer is modelled with SCOUT. A linear i: r dependenee is taken, leading
to the curves given in Figure 5-40.
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This model layer results in a more realistic intensity in comparison with the
measurements. However, the shape of the curves, especially for the relative intensity,
differs greatly from the real situation. Finally, the stearone layer interface (which is the
actual model for the layer on crystal experiment) is modelled with SCOUT. The results
are given in Figure 5-41.
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The intensity corresponds to the measured intensity. The shape is similar, and an
alternation of the curves is seen at a thickness of 0.5 ~m in the right figure. At this point,
due to larger penetration depth for smaller angles of incidence, the relative intensity of
the stearone peak for smallerangles exceeds the relative .intensity for larger angles. This
is seen in practice in Figure 5-36 with the stearone layer set-up experiments. It can be
predicted that when the measurement for the tablet set-up is done for larger time periods,
this transition will be seen also.
1t can be concluded that the stearone layer against the crystal overrules the signal of the
stearone tilled rubber, so no gradient in the matrix can be seen. Therefore, the layer
against the crystal model of SCOUT corresponds best with the actual measurements.
When the phase-separation can be prevented, then it might be possible to see the gradient
in the layer.
Now that the absorption increase during diffusion experimentsis determined to be caused
by stearone layer growth, the SCOUT model of the pure layer can be compared to the
actual measurements. In paragraph 3.3 is seen that if a steady state is reached, the model
presented in that paragraph can be used. In case of steady state, the layer growth has to be
constant in time. To check if this is present, the shape of the intensity increase of the
diffusing experiments is compared to the shape of the resulting intensity increase for
increasing layer thickness. The result is shown in Figure 5-42 in which the layer thickness
of the SCOUT modeHing of Figure 5-41 is multiplied by a constant in order to compare it
to th~ measured absorption increase.
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Figure 5-42. Diffusion experiment invalving the stearone tablet set-up compared to the SCOUT layer
increase, angle = 45°. Thickness silicone rubber = 0.47 mm.
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From these calculations is clear that no evident temperature dep~ndence is present. This
is caused by the (1-dT/T) factor in (3 .29), which is close to 1 for the measured
temperature profiles. This will lead to a negligible deviation in the concentratien profile,
as Figure 5-44 clearly shows. Therefore a constant D will be used. To evaluate the
validity of equation (3.24), the dependenee of the flux on D, 1 and L\C will be
in vestigated.
Before proceeding, attention is asked for the following. During the series of experiments,
the measured flux varied considerable. To examine this variance, an identical experiment
has been repeated for 3 times, and the found flux has a spreading of a factor 2. So to
evaluate the dependenee correctly, only the trends will be used, and not the absolute
values. Because the flux depends on the layer thickness, the experiments with the variabie
thickness of paragraph 5.3 .1 will be used. For these experiments the diffusion coefficients
are determined with the time lag method, so the values of D are known. From these
experiments the flux is obtained corresponding to Figure 5-42, and shown in Figure 5-45 .
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The conneetion between the flux and D/1 should be a linear one, which is the case looking
at Figure 5-45 . The increase should be equal to the difference in equilibrium
concentratien according to equation (3 .24). But, when the two series are compared, the
cell experiment has a concentratien difference, which is 20 times larger as the tablet
experiment. In order to explain this feature, Figl:lfe 5-46is presented, which represents the
solubility of stearone in silicone rubber for various temperatures.
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Figure 5-46. Maximal solubility of stearone in silicone rubber measured by weight gain.
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There exists doubt in the absolute accuracy of the measured data shown in Figure 5-46,
but only the positive relation of solubility with temperature is of importance for this
outline.The concentration in steady state of the stearone in the layer is the maximal
solubility of stearone in rubber. When Figure 5-46 is combined with the temperature
difference across the layer of Figure 5-43, it can be concluded that for higher
temperatures the temperature difference across the layer is larger. This leads to a larger
value of (Co-C 1), and thus to a larger flux.
Another consequence of this relation between the temperature and the flux is that for
small temperature differences between the upper and lower side of a layer, a small
deviation from the desired temperature leads to a big change in flux . This could be
causing the large deviation in flux for the (similar) tablet experiments. This does not
explain the variation in flux for higher temperatures though, the cause for this varianee is
not yet known . The order of magnitude for the theoretica! ~C belonging to the ~T is
comparable to the experimental values. In order to obtain absolute values of this
behaviour, the temperature profile has to be examined more precisely, and the solubility
has to be known in greater detail.
Th is last remark concludes the explanation of the layer growth against the crystal during
a diffusion experiment. The most important conclusion is that when a temperature
difference is present across the layer, there always will be a phase-separation process at
the side ofthe lowest temperature.
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6 Conclusions
• The transition from AIR to regular reflection transition 1s identified and
explained.
• Experiments have been done with a stearone layer of 0.5 J..Lm thickness between the
AIR crystal and the rubber. The developed mathematica! model corresponds
accurately to the measurements, varifying the validity of the model. There is only
one fitting parameter: the diffusion coefficient D, which has a value of 5.2·10- 12
2
m /sec for the applied fluor silicon rubber.
• Experiments have also been done by placing the stearone souree at the other side
of the rubber. The used sourees are solid stearone tabiets and a thermostrated
stearone liquid cell. For the tablet experiments a diffusion coefficient D of (9.0 ±
0.5)-10- 11 m 2/sec is found, for the cell experiments a D is found of (2.05 ±
0.05)-10-10 m 2/sec, both using fluor silicon rubber.
• Each material is characterised by its own diffusion coefficient. The difference in
the values of the diffusion coefficient for the different materials is proven to be
caused by the cross link density, which is a material constant.
• When the stearone reaches the interface between the crystal and the rubber, it
actually leaves the rubber and forms a separate layer at this interface. The growth
rate of this layer is found to be independent of the applied pressure and of the
surface texture of the rubber layer. It does have a strong temperature and layer
thickness dependence.
• With the aid of the SCOUT model the layer growth rate is shown to be constant in
time. A physical model is presented to relate the constant flux of stearone through
the rubber to the diffusion coefficient and the gradient of stearone concentration in
the layer. The strong temperature dependenee of the growth rate can be explained
by the temperature dependenee ofthe solubility ofthe stearone in the rubber.
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7 Technology assessment
This graduation project is part of a co-operation between the Optica} Spectroscopy group
at Océ and the group Elementary Processes in Gasdischarges (EPG) of the Eindhoven
University of Technology. The main goal of this co-operation is to enlarge the analysing
opportunities for Océ.
With the investigation of the ATR spectroscopie measuring method it will be possible to
apply single bounce ATR spectroscopy using variabie angles to all kinds of small
samples. With the completion of the method the possibilities in volving gradients in layers
and different layer stacks seem endless, especially because it is non-destructive. This
method is a valuable actdition to the already present analysing methods within the group.
The ATR method has proven to be a good method to examine in-situ time related changes
in materials. Not only diffusion can be investigated, but also all time dependent processes
in the layer can be examined, as long as the changes are visible in the infrared spectrum.
By gaining insight in the stearone diffusion process the material interaction in rubber is
better understood. Not only are models given for the case of stearone, but also these
models can be used to form the basis of better understanding other matenals interacting
with the rubber. Better understanding will lead to improvements in the used materials and
the copying process, which in turn lead to an increase in the lifetime of the machine and a
decrease in the pressure on the environment.
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