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Abstract

The formation of molecular networks related to the consumption of unsaturated carbon–carbon double bonds (CaC) during oxidative drying of

alkyd coating films incorporating unsaturated fatty acids was studied. The concentration of CaC bonds was measured as a function of drying time

and distance from the exposed film surface (depth) using confocal Raman microspectroscopy (CRM). The change in spatial distribution of the

CaC double bond concentration across the film cross section provides information on the kinetics of the oxidative cross-linking process in the

alkyd films. It was found that the CaC bond consumption is not homogeneous across the depth of the drying film. The results obtained allowed us

to quantitatively monitor the progress of the drying process and the movement of the ‘drying front’ within the coating films. The drying profiles

suggest that oxygen penetration into the coating film is a rate-limiting factor in the drying process. Depth profiles during the film forming process

develop due to local variations in the oxygen solubility, diffusion coefficient of oxygen, and available amount of double bonds for cross-linking.

The influence of several industrially relevant factors, like oil length of the alkyd resin, thickener, solvent, and drier on the film formation process is

discussed. Depth resolution of the analytical approach and spatial accuracy of confocal Raman microspectroscopy are also treated.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There is an increasing global demand for reducing the

emission of volatile organic components (VOC) of paints and

coatings due to the harmful effects that organic solvents, used

in solvent-borne coatings, may have on the environment and

paint users [1]. One of the options to reduce the emission of

VOC is to replace organic solvents by water in coatings

formulations. Alkyd resins, which form the basis of a very

important class of coatings, can be transferred into water-borne

systems using emulsification processes with the aid of

surfactants [2]. Initially, water-borne coatings showed inferior

performance when compared with solvent-borne systems.

However, in view of recent advances in coatings technology,

water-borne alkyds are becoming competitive with coatings
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made with organic solvents. Several application related

properties like leveling out of brush or roller marks, open

time, wet-edge time and filling capacity still need to be

improved in order to make high gloss water-borne paints with

equal—or better—performance than solvent-based products

[3]. In aqueous coating systems, thickeners are used to provide

adequate stability in storage and yield suitable rheological

properties for applications [4,5].

Alkyds are oil-modified polyesters obtained by conden-

sation reactions between polyhydric acids and polyhydric

alcohols, and fatty acids from vegetable oils [1,6]. Depending

on the oil content, the corresponding coatings show different

properties [7]. After evaporation of the solvent, the alkyd film

is very soft. The hardening of the alkyd paints is based on the

cross-linking reaction of the fatty acid components, which

occurs in the presence of oxygen in the film. The drying

process consists of two main steps: oxidation of fatty acid

chains and cross-linking between the chains. The film

formation process is complicated; it involves a complex set

of chemical processes occurring simultaneously as the fatty
Polymer 46 (2005) 11330–11339
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acid components undergo auto-oxidation reactions. Various

strategies for chemical cross-linking of alkyds have been

reviewed elsewhere [8,9]. The chemistry of the reactions

involved can be efficiently studied using model compounds.

Usually, methyl or ethyl esters of the unsaturated fatty acids are

being used as model systems [10–13]. There is an important

difference between the viscosity of oils and alkyds however, as

the oil will be liquid like even after crosslinking. The changing

viscosity as a function of time plays an important role in the

drying process. The main steps of the chemical drying are

summarized in Fig. 1.

Despite successes in application technologies, the scientific

foundations of coatings often fall behind progress in

applications. In view of the complexity of coatings systems

and the relevant phenomena in polymer and surface science

associated with film formation, scientific information available

is often of qualitative, and observational nature. There is for

example only little known about composition gradients in

coatings films, and little information is available about the

coating—substrate interphase. In order to better understand the

film formation in water-borne alkyds, we used confocal Raman

microspectroscopy (CRM) to monitor the chemical compo-

sition changes across the thickness of films as a function of time

and depth from the film surface. The characterization of the
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Fig. 1. Schematics of the oxidative drying of oils used in alkyd coatings [5].
film formation process requires spatially resolved and non-

invasive techniques, which can probe the spatial uniformity of

the reaction and the possibility of ‘skin formation’ at the

surface. Only a few characterization techniques exist to fulfill

these requirements. One of these is magnetic resonance

imaging (MRI), where the changes in mobility of the polymer

segments can be monitored as a function of spatial position

(depth) [14,15]. Hyper frequency scanning acoustic

microscopy is an alternative non-destructive microprobing

technique, which is based on the measurement of Rayleigh

wave velocity related to Young’s moduli [16]. A non-direct

way of determining the crosslink density changes in the depth

of the film is possible by numerical modelling. A mathematical

model was developed based on CRM and tensile measurements

to predict the degree of effective cross-linking and the

mechanical behavior of the drying coating films with different

thickness [17] based on some assumptions regarding the

modulus depth profile.

A direct way of monitoring the cross-linking reaction is

given e.g. by measuring the changes in IR absorption [18–21].

One of the drawbacks of this approach is that the specific

absorption bands overlap with other bands in the spectrum,

which renders quantitative data analysis difficult. The other

major drawback is that information is not provided as a

function of spatial (i.e. in depth) position. Raman spectroscopy

has already been used to investigate the chemical cross-linking

mechanism of alkyd coatings in bulk films [22,23]. Confocal

Raman microspectroscopy has shown its efficiency for depth

profiling of coatings, composites and laminates [24–28].

Raman microscopy offers a good combination of spatial

resolution and chemical characterization. The confocal

aperture is designed to collect the Raman scattering only

from a distinct laser focal sampling volume within the

diffraction limit [29]. Thus, the Raman signal from a small

volume element in the sample can be selected and separated

from the signals originating from the surrounding material,

provided that there are no optical aberrations that degrade the

depth resolution.

We used CRM in this study to investigate the cross-linking

mechanism in alkyd coatings across the film thickness. This

technique can potentially measure the onset of cross-linking

spatially resolved in alkyd films [17,30]. During cross-linking,

the concentration of double bonds in alkyd coatings decreases

and finally approaches zero. Monitoring the change in the

spatial distribution of CaC double bonds in the coating layer

(as a function of depth) gives information on the progress of the

drying process. It is important to note at this juncture that there

is no direct relationship between the double bond concentration

and the extent of cross-linking. Following full double bond

consumption the cross-linking process can still continue. In

addition, other effective cross-linking sites (chemical and

physical) can contribute to the value of the elastically effective

network cross-link density, which determines mechanical

performance.

Any quantitative description of the film formation process

must take into account that the mechanical response of the

polymer changes as a function of time in a crosslinked
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polymer. Since the cross-linking process is initiated at the

surface, a so-called cross-linked ‘skin’ layer can form at the

surface. In order to assure the progress of the network

formation, a certain amount of oxygen must pass through this

layer, which is less permeable to the oxygen, to reach the film

interior [31]. During the cross-linking, with increasing cross-

link density and decreasing unsaturation at a given depth, the

mobility of the molecules decreases. This limits the oxygen

diffusion through the already dried layer [32]. Oxygen

solubility in the cross-linking film is also assumed to decrease.

As a result of the gradient in oxygen permeability (combined

effect of solubility and diffusion), and related also to the

variation of CaC concentration vs. depth, alkyd films dry

heterogeneously. In this work, the extent and rate of

crosslinking as a function of drying time and depth in alkyd

coatings will be discussed, and the influence of oil length,

thickener, and solvent on the drying front will be elucidated.

2. Experimental

2.1. Materials

Water-borne (WB) alkyd emulsions, as well as solvent-

borne (SB) alkyds (alkyd resin dissolved in 1-methoxy-2-

hydroxypropane) were studied. Alkyd resins (supplied by Akzo

Nobel B.V.) based on sunflower fatty acids with oil lengths of

40% (OL40), 55% (OL55) and 75% (OL75), respectively, were

used as binders. The term oil length is related to the fatty acid

content of the alkyd resin with respect to the total weight of

corresponding solvent-free solids. A water-soluble cobalt salt

(Co(NO3)2$6H2O) drier was added to the alkyd emulsions and

another cobalt containing formulation was added to the

solvent-borne alkyds to catalyze the cross-linking process

[33]. The quantity of the cobalt drier was 0.1 wt% of cobalt on

the solid resin weight for both the solvent-borne and water-

borne alkyds, respectively. An associative thickener was used

to adjust the viscosity of the alkyd emulsion coatings at 4 wt%

of the solid resin. The thickener was a hydrophobically

modified polyurethane compound. The alkyd films were cast

on glass plates using a 150 mm applicator, and then the coating

films were dried under normal laboratory conditions.

2.2. Techniques

CRM was used to measure the double bond concentration

decrease during the chemical cross-linking process. Raman

spectra of the alkyd films were recorded by a custom-made

confocal Raman microspectrometer using a 25 mm confocal

pinhole [29]. A Kr ion-laser (Coherent, Innova 90-K) provided

the excitation wavelength of 647.1 nm. A dry 63X objective

(Zeiss Plan Neofluar) with a numerical aperture (NA) of 0.85

was used for the acquisition of all Raman spectra. The spectra

were recorded with 30 mW laser power, and accumulation

times of 30 s were employed. A confocal set-up (Fig. 2)

ensured the optical sectioning in the depth of the film. The

depth profiling experiment was started by taking a spectrum at

the surface of the film, followed by collecting spectra at steps
of 4 mm in depth until the glass substrate was reached. The

scattering efficiency of the CaC bond peak at 1655 cmK1 was

extracted and normalized to a reference peak at 1000 cmK1,

which was unaffected by curing. CRM can be used for

quantitative analysis since the Raman signal is proportional to

the concentration of the given Raman-active group absorbing

at the chosen wavelength. The steps of the spectral corrections

will be described in detail in the ‘results’ section.

In our experiments we collected spectra of focal volumes,

which were located deeper in the film than the nominal depth

[34,35]. The size of the sampled volume increases as the focus

point goes deeper into the sample. Difficulties in data

evaluation arise from the diffraction and the refraction

limitations of the measurement. The refraction influences the

depth resolution and spatial accuracy of confocal Raman

microspectroscopy. To correct for these deviations a method

was established for determining the true point of focus and

depth of focus as a function of the apparent focal depth [34]. A

short summary of this correction method can be found in the

Appendix A. The factors affecting the depth of resolution are

the optical properties of the sample, the numerical aperture of

the microscope objective, and the magnifying power of the

objective lens.
3. Results and discussion

The onset of the cross-linking was monitored by measuring

the disappearance of the cis CaC stretching band at 1655 cmK

1 (Fig. 3) using CRM. The aliphatic cis CaC stretching

vibration gives rise to strong Raman scattering, and can be

clearly differentiated from the carbonyl band at 1729 cmK1 and

the characteristic doublet band due to the aromatic CaC

stretches around 1600 cmK1. A widening and shifting of the

CaC band was observed with the advancement of cross-

linking due to the double bond isomerization from cis to trans

(a shoulder appears at 1670 cmK1) and accompanying
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formation of conjugated structures (at 1630 cmK1) [18]. FTIR

showed evidence of the above-mentioned double bond

rearrangements [18]. The decrease of the antisymmetric

stretching of cis CaC at 3012 cmK1 could also be followed

by Raman spectroscopy [18]. However, in case of our samples

more vibration bands overlap with each other in this spectral

region, which makes the quantitative determination of CaC

bond concentration difficult to perform.

3.1. Network formation in alkyds

The CRM measurements reveal the decay of double bond

concentration as a function of film nominal depth for

specimens, which were dried for different times. Fig. 4(a)

shows a typical example of the cross-sectional intensity data,

where the CaC Raman intensity vs. nominal depth for

OL55WB samples dried for different times is depicted. The

Raman intensity was calculated as the integrated area under the

peak used. The individual lines from top to bottom represent

graphs belonging to samples dried for increasing times

involving 3, 8 h, 1 day, 2 days, 3 days, 5 days and 6 days,

respectively. In Fig. 4(a) the top gray line corresponds to

results at zero drying time. Nominal depth is defined as the

distance between the preset focal point within the film and the

film surface. The curve at the top (tZ0 h) was measured on a

sample from which the solvent was removed and the chemical

drying was blocked. Prior to the measurement this sample was
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kept under nitrogen to assure that the oxidation is prevented,

i.e. that all the CaC bonds remained. It is assumed that the

CaC concentration is homogeneously distributed in the alkyd

coatings before the onset of the chemical oxidation. However,

even in the unreacted samples, the measured intensity profiles

show ‘apparent’ differences in the CaC peak areas (Fig. 4(a))

as a function of depth. This intensity variation is due to the

effects related to the increase of the sampling volume as

described in the Appendix A. It can be seen in the graphs that

with increasing drying time the overall CaC concentration

decreases. However, because the sampling volume changes as

a function of the measuring depth, it is difficult to draw

conclusions from Fig. 4(a) for the ‘true’ CaC consumption as a

function of depth. The distorting effect of changes in sampling

volume with increasing nominal depth and the variation of the

CaC concentration must be adequately considered.

As a first approach to correct for the increasing sample volume

with increasing nominal depth the area of the CaC bond peak at

1655 cmK1 was normalized to the band area of the aromatic

group (at 1004 cmK1), which is unaffected by curing, thus will

have a constant intensity across the film. By using the ratio of the

two Raman intensities, the influence of the increasing sampling

volume is excluded. This bond is effectively used as an internal

standard. Possible effects, such as laser intensity fluctuations and

other time-dependent optical changes are eliminated by dividing

the area of the CaC peak by the peak area of the internal standard.

The resulting normalized curves are shown in Fig. 4(b) for
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OL55WB. These curves show the CaC fraction vs. nominal

depth as a function of drying times. Every calculated point stands

for an average CaC fraction in the actual focal volume, which is

more extended and placed progressively deeper in the film than
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Fig. 5. Scheme for the numerical procedure to determine the CaC
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Appendix A).
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corrected real (‘true’) depth, the measured Raman intensity
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CaC vs. nominal depth curves shown in Fig. 4(a) must be

corrected for the increasing sample volume and film depth as

shown in Fig. 5. In the first step (see STEP 1 in Fig. 5) the

Raman intensity of CaC bonds, ICaC, as a function of

nominal depth was corrected for the increasing sampling

volume and depth of focus according to the method described

in Appendix A. This depth correction was also carried out

with the Raman intensity of the aromatic groups within the

film, Iaromatic, vs. nominal depth curves (internal standard).

Then in the second step (see STEP 2 in Fig. 5) the depth

corrected Raman intensities of CaC bonds were normalized

to the depth corrected Raman intensity of the internal standard
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by dividing ICaC with Iaromatic (aromatic compound) at every

depth value resulting in a normalized CaC intensity, ICaC, as

a function of depth. This procedure was performed for all

ICaC at various drying times, including tZ0. Then all

normalized ICaC intensity values vs. depth at ts0 were

divided by the normalized ICaC vs. depth at tZ0 resulting in a

CaC fraction (see STEP 3 in Fig. 5). Based on these

calculations, the CaC double bond fraction as a function of

the ‘true’ corrected film depth is obtained as final normalized

CaC concentration profile. Results obtained as a function of

depth after several drying times are shown in Fig. 4(c) as an

example.
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Further results for other samples are also shown in Fig. 6(a)–

(f) displaying the Raman intensity of CaC double bonds as a

function of nominal depth. In Fig. 7(a)–(f) the CaC bond

fraction as a function of the real depth after 3, 8 h, 1 day,

2 days, 3 days, 5 days and 6 days of drying, respectively, are

depicted.

The extent of cross-linking is not homogeneous in depth, as

can be observed from the measured and calculated profiles. The

double bond consumption and corresponding chemical cross-

linking proceeded from the surface (in direct contact with air)

in the direction of the substrate. From the sample surface up to

a depth of 20 mm there is no significant difference in CaC
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In the course of the depth correction calculations it was

assumed that the resulting CaC fraction vs. depth curves can

be approximated by a Boltzmann function (Eq. (A7) in

Appendix A). The corresponding sigmoidal curves can be

divided into three regions, including two plateau levels and a

transition region in between. In the lower plateau level which is

situated close to the surface, the CaC consumption is

homogeneous. The higher plateau level is only visible after
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short drying times. After longer drying times this second

plateau disappears. The transition region became wider during

the course of drying and its center moved towards deeper layers

of the films with increasing curing time. The center of the

transition region provides information on the progress of cross-

linking. The transition region of the Boltzmann curve fitted can

be considered as an apparent ‘drying front’. The movement of

the apparent ‘drying front’ can be observed in Fig. 7.

The ‘drying front’ suggests a limiting factor in the cross-

linking process, which is presumed to be related to the limited

penetration of oxygen into the coating. Based on the measured

data, the film forming profiles are assumed to be the result of

interplay among oxygen penetration and diffusion, and double

bond concentration. In the outer layer the CaC consumption is

homogeneous. From this it can be concluded that there is no

diffusion limitation here and the oxidation reaction is the rate-

determining step. Beyond a certain film thickness the oxygen

diffusion (mass transport) becomes the limiting process. A full

model describing details of a mechanism proposed will be

published in a subsequent paper.

3.1.1. Influence of oil length

The drying behaviour of alkyds with different oil length

values was also compared. The oil length is an important

parameter of alkyds since the absolute amount of double bonds

in the alkyd coatings increases with increasing oil length. The

double bond fraction as a function of the corrected depth for

alkyds of different oil length is shown in Fig. 7(a: OL40, b:

OL75). Different trends were measured for the alkyds of

different oil lengths. After 3 h drying for OL40 and OL55, the

decay of CaC bonds just started. For OL75 close to the surface

approximately 50% of the CaC bonds disappeared after three

hours of atmospheric exposure. The decay of double bond

concentration is apparently slower for OL40 than for OL75. A

particularly large difference is observable in the deeper regions

of the coating films after 5 and 6 days of drying, respectively.

The OL55 sample behaved similar to the OL40 sample. The

results indicate a stronger effect of the diffusion limitation

during the drying of OL40 and OL55 compared to the OL75.

The higher viscosity of OL40 samples can explain the larger

oxygen diffusion limitation. The movement of the ‘drying

front’ as a function of oil length in Fig. 8 also clearly shows the

difference in the cross-linking behaviour among the alkyds of

different oil length. After certain drying times the position of

the transition region is situated deeper in OL75 samples than in

OL40 and OL55.

3.1.2. Influence of the thickener

In subsequent experiments a thickener was mixed into the

alkyd emulsion. A thickener is very often added to alkyds to

modify the rheological properties of the coatings [4,5].

Fig. 7(e) and (f) show the drying profiles of coating samples

with thickener. The thickener seems to have an accelerating

effect on the chemical oxidation, especially in the deeper layers

of the coating films. Fig. 9 shows also a noticeable effect of

thickener on the movement of the ‘drying front’. This

accelerating effect is less pronounced in case of long oil
alkyds, since the crosslinking reaction was already faster

without modifier. It seems that in the presence of the thickener

a more homogeneous and faster drying takes place. It is known

that thickeners plasticise coatings, thus they may increase

oxygen mobility in the coating film, resulting in faster kinetics.

This reasoning can explain also the stronger effect for OL40

since the short oil resin has a much higher viscosity at room

temperature than OL75.
3.1.3. Influence of the solvent

The drying behaviour of alkyd emulsion coatings and

solvent-borne alkyds was also compared. The drying profiles

for solvent-borne alkyds are displayed in Fig. 7(c) and (d) as a

function of corrected depth. If solvent-borne OL40 alkyd was

used, faster kinetics was observed than for water-borne alkyds.

There is a faster reaction in the first few hours and the decay of

CaC concentration in the deeper layers was also much faster

for the solvent-borne specimens. Furthermore, the comparison

of the advancement of the ‘drying front’ between the solvent-

borne and water-borne OL40 alkyds shown in Fig. 9 underlines

the previous statements. Oxygen is usually considered more

soluble in a less polar organic solvent than in water [37]. In

addition, for solvent-borne alkyds around 5% of the organic
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solvent remains in the coating film, while all the water

evaporates within 1 h after application of the coating. The

remaining solvent reduces the viscosity of the coating, and

decreases the glass transition temperature. Thus the oxygen

mobility is higher in the drying solvent-borne alkyd films,

which can explain the observed behaviour. In case of OL75 the

influence of the solvent is negligible. This can be (qualitat-

ively) due to the fact that OL75 alkyd even without any solvent

has a low viscosity, thus adding organic solvents does not cause

a significant change in the mobility of oxygen.

4. Conclusions

Confocal Raman microspectroscopy was successfully

applied to investigate the oxidative cross-linking as a function

of film depth in drying alkyd coatings. This type of information

concerning the cure profile helps to understand the buildup of

stress in the drying film. This technique provides new insights

into the network formation of alkyds. In addition, the results

were obtained in a non-invasive fashion. The method described

here can potentially measure CaC consumption, which is

related to the onset of cross-linking, spatially resolved in alkyd

films. Based on the results it is clear that the chemical cross-

linking is not homogeneous in the depth of the coating.

Different drying profiles were obtained for the long and short

oil alkyd films, respectively. The consumption of CaC bonds is

slower in the deeper layers of the alkyd films for the short oil

length alkyds. Adding thickener to the coating and changing

the water into organic solvent has a similar influence on the

drying process: both plasticize the coating film, thus accelerate

the chemical drying process. Based on the measured

concentration profiles across the film thickness the ‘true’

concentration profiles were calculated. The shape of the drying

profiles suggests that there is oxygen penetration control over

the cross-linking process. The cross-link density profiles

(related to double bond depth profiles) can be described by

models assuming concentration changes in films during

chemical reactions with gasses, accompanied by mass transfer

of gas molecules.
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Appendix A

A.1. Calculation of the depth correction in CRM

The confocal aperture is designed to collect the Raman

scattering from a distinct laser focal volume. However, in practice

the extent of the volume from which light is collected is

determined also by refractive index mismatch. Consequently, we
collected spectra offocal volumes, which are positioned deeper in

the film than the nominal depth, and this volume increases as the

focus point goes deeper into the sample [34,35]. This occurs

because the laser intensity spreads over a larger sample volume

due to diffraction and the refraction limitations of the

measurement and the set value of the film depth must be

corrected to obtain true depth values. The factors affecting the

depth resolution include the optical properties of the sample, the

numerical aperture of the microscope objective, and the

magnifying power of the objective lens [36].

To correct for these deviations a method was established

determining the true point of focus and depth of focus as a

function of the apparent focal point [34]. In this analysis, the

effect of diffraction is neglected and only the influence of the

refraction was considered. Based on the work of Everall [34],

the laser intensity distribution was calculated as a function of

focal position in the film (Fig. A1).

The true focal position is given by the following equation:

zðmÞ Z x m2 NA2ðn2K1Þ

ð1KNA2Þ
Cn2

� �1=2

(A1)

In this equation x is the nominal depth, m is the normalized

radius of the aperture, NA is the numerical aperture and n is the

relative refractive index of the sample. Based on Eq. (A1) the

range of laser focal positions within the sample, called the

depth of focus (dof), is given by z(mZ1)Kz(mZ0):

dof Z x
NA2ðn2K1Þ

ð1KNA2Þ
Cn2

� �1=2

Kn

" #
(A2)

This equation shows that not only the point of focus but also

the depth of focus increases linearly with x.

The intensity distribution, I, can be expressed in terms of the

normalized radius of aperture, m:

IðmÞ Z I0eK2m2=42

(A3)

where 4 stands for fill factor. If the radial intensity distribution

of the laser beam is I(m), then the overall intensity of all rays

originating from within the radius m is proportional to mI(m),

assuming circular symmetry. Thus we must weigh the
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contribution of each ray by the value of m. Fig. A1 shows the

laser intensity, mI(m) vs. true depth. The curves from left to

right are standing for nominal depth intervals of 4 mm at

consecutive depth increments.

Raman scattering can occur at any point within the

illuminated regions, but the probability of a Raman photon

passing through the confocal aperture to reach the detector will

depend on the point of origin. We must estimate the relative

contributions of Raman scatter from each point as a function of

depth. There are two methods for weighting the Raman

response, R(z) according to the following formulas [34]:

RðzÞ Z m2IðmÞ (A4)

RðzÞ Z mIðmÞ NA2
eff

� �
(A5)

The confocal weighting method (Eq. (A4)) assumes that the

numerical aperture works perfectly and only photons scattered

with a specific angle will pass through the confocal aperture.

The second approach (Eq. (A5)) simply weights every point by

multiplication using the square of the effective numerical

aperture. These two Raman response profiles are very similar

and both can give a reasonable fit to the experimental data [34].

In our case the confocal weighting method was applied. The

response function measured, c(x), is the convolution of the

Raman response distribution R(z,x) with the real concentration

profile, C(z), of the sample:

cðxÞ Z

ðT
0

CðzÞRðz; xÞdz (A6)

The normalized concentration profiles can be fitted by a

suitable function. We chose the Boltzmann equation as this

function exhibits a saturation plateau and a transition region

(sigmoidal shape). We assumed that the real concentration

profile as a function of depth could also be fit to the Boltzmann

equation:

CðzÞ Z
A1KA2

1 CeðzKz0Þ=w
CA2 (A7)

where A1 and A2 are the plateau concentrations, z0 is the center

of the curve and w is the width of the sigmoidal curves.

For every measured point the following equations can be

written:

c4K

ðzmZ1

zmZ0

CðzÞR4ðz; xÞdz Z D4 (A8)

c8K

ðzmZ1

zmZ0

CðzÞR8ðz; xÞdz Z D8

ciK

ðzmZ1

zmZ0

CðzÞRiðz; xÞdz Z Di
where cx and Rx(z,x) are the measured concentrations and

Raman intensity, respectively, at xZi [mm] nominal depth. In

the course of the calculations, the differences, Dx, described in

the above written set of equations are minimized, resulting in

numerical values of the unknown parameters (A1, A2, z0 and dz)

of the real concentration profiles, C(z).
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