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Chapter1: introductiou

1.1 Objectives

Organosilanes may be used in a laminate containing poly(vinylchloride) ( PVC )
and glass, to increase the adhesion between the two materials. The main objective of this
project is to measure the factors that affect adhesion in the glass / PVC / organosilane
laminate system. More specifically, the factors which affect diffusion and hydrolysis of the
organosilanes in the laminates are to be determined. It is believed that hydrolysis of the
organosilanes and their diffusion through the PVC film in a laminate are both very
important factors which determine the ultimate adhesion achieved in the laminate.

In order to do this, the primary techniques used are infrared and Raman
spectroscopy; collectively vibrational spectroscopy. These techniques are ideal for the
study because they can give distribution information on the required micrometer scale, as
well as structural and chemical information. This is important because the factors that may
be expected to affect adhesion include the distribution of the organosilanes, and the
chemical structures and reactions of these materials. This project was sponsored by
Pilkington plc, and therefore the materials and methods used are those of interest to
Pilkington. However, as will be shown, the adhesion of minerals such as glass to Ipolymers

with organosilanes is of wide interest, and the results are therefore widely relevant. This



chapter discusses the literature on organosilanes, including their uses, reactions, and

distribution in polymer films.

1.2 The uses of organosilanes

Organosilanes, also known simply as silanes, are used in a wide variety of scientific
and commercial applications. These include uses as adhesion promoters ( or coupling
agents ), lubricants*®, chromatography substrates®®, and chemical reagents’. However,
this project centres on their use as coupling agents, so only literature relevant to this
application will be reviewed. Silanes may be used to improve adhesion in systems where
limited adhesion already exists®, to allow adhesion of materials which normally have no
adhesion,™'°, or as a primer to provide a better substrate for another adhesive, such as an
epoxy resin'’. The most common use of silane coupling agents is in adhering inorganic

materials such as glass to organic materials such as polymers.

Organosilanes are so called because they consist of a functional organic group and
an alkoxysilane group, usually joined by a short aliphatic chain. The structures of the
silanes used in this project are shown in figure 1.1. The materials shown are [3-
(amino)propyl]trimethoxysilane, henceforth known as Al110, [3-
(phenylamino)propyl]Jtrimethoxysilane, known as Y9669, and [3-

(mercapto)propyl]triethoxysilane, known as A1891. Another silane widely studied is 3-



(amino)propyl]triethoxysilane ( A1100 ) which is identical to A1110, but with the methoxy

groups replaced by ethoxy groups.

@NH(CHz)ssi(OMe)s Y9669

HoN(CH,)3Si(OMe)s A1110

HS(CH,)3Si(OEt) A1891

Figure 1.1 : The chemical structures of the organosilanes

It is known that the silane functional groups of these molecules are capable of
reacting with hydroxyl groups on mineral surfaces to form covalent bonds'>’, and that
some organic functional groups may react with functional groups on polymers'®'’. This
leads to the 'chemical bonding' model of the action of coupling agents, which was proposed

over thirty years agolg'zo.

In this model, covalent chemical bonds would be formed
between the silane and inorganic surface, and between the silane and organic surface. The
silane is therefore acting as a bridge, and bonding the dissimilar materials together. This is

illustrated schematically in figure 1.2.
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of the alkoxysilanes to the hydroxy derivative. This involved reaction of the silane with
water to give the silanol form of the silane, producing an alcohol. The general mechanism

for this is shown in Figure 1.5.

HaN(CH;)3Si(OMe)s + HO ——— HaN(CH;)3Si(OH)(OMe)z + MeOH

Figure 1.5 : Hydrolysis of silane coupling agents

Further reaction can occur to the bi-silanol or tri-silanol form. The hydrolysed
silanes are reactive and condensation is known to occur with other silanol groups to form a
siloxane linkage . Therefore a silane which has been exposed to water may contain a
mixture of unhydrolysed silanes, silanes with one, two or three hydrolysed alkoxy groups,
and condensed silanes that have condensed, and formed siloxane oligomers or polyrher526.

The overall reaction of condensation is shown below :

RSiOH + HOSIR' — RSIiOSiR' + H0

Figure 1.6 : Condensation of silanols

Condensation may also occur at a silicate surface, with surface silanols as shown in

Figure 1.7.
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Figure 1.7 : Schematic drawing of silane grafting at a hydrolyslated silicate surface

The silanols undergoing condensation could be from two organosilanes, or from an
organosilane and a mineral surface. Thus, a siloxane polymer, or a silane - grafted surface

would be formed respectively.

Shih and Koenig” studied the hydrolysis of silanes in 50 and 2 % aqueous
solutions. The hydrolysis was monitored in solution using Raman spectroscopy. The
silanes studied were vinylsilane and methacrylsilane. For vinylsilane, a band at 1410 cm™
was thought to be indicative of hydrolysed silanes, and a band at 672 cm™ was assigned to

triply hydrolysed silanes. The 1410 cm™ band increases in intensity rapidly at first, and



much more slowly after about 50 minutes. This shows that after this time, there was very
little unhydrolysed silane remaining. The 672 cm™ band, on the other hand, increased up to
about 50 minutes, but then started to decrease in intensity. This indicated that hydrolysis
continued after the first silanol group was formed, and implies that all three alkoxy groups
would have been hydrolysed eventually. A very similar result was found with the
methacrylsilane, except that the hydrolysis was quicker, the equilibrium point of the 1410
cm™ band being reached after 30 minutes, and the 710 cm™ band ( equivalent to the 672
cm’”’ band in vinylsilane ) started to decrease after this time.

Blum ez. al.®® studied the hydrolysis of a number of coupling agents, including
A1110 and A1891. Hydrolysis was followed by measurement of methanol protons by 'H
NMR. The hydrolysis was followed in acetone - water solutions. For A1110, depending on
the amount of water and silane present, hydrolysis took between 5 and 200 minutes to
reach completion. In some cases, such the hydrolysis of glycidoxypropyltrimethoxysilane,
complete hydrolysis was not observed even after several hours. Although the hydrolysis
was complex, due to the competing reactions between silanes with different degrees of
hydrolysis, the production of methanol was found to fit a first order rate law, so rate
constants could be obtained. It was generally found that the aminosilanes hydrolysed much
faster than those without amino moieties, although similar rates could be achieved with the
non-aminosilanes by adding hydrochloric acid, which acts as a catalyst. The large
difference in hydrolysis rates was probably due to the ability of aminosilanes to self -

catalyse their hydrolysis®®. The behaviour of A1891 was only studied at high pH, but even



in this regime, hydrolysis was slower than that of A1110 under all conditions. The
adsorption of A1110 onto high surface area silica was also studied. The silane was used in
acetone-water solutions, after hydrolysis was thought to be complete. After reaction with
the silica, the silica was removed, and the concentration of the silane remaining was
measured with FTIR spectroscopy. Adsorption isotherms were obtained in this way. It was
found that above concentrations of around 0.2g. silane per 100 ml. solution, monolayer

coverage was obtained, with each silanol on the silica having one grafted silane.

Leyden and Atwater’ also followed the kinetics of silane hydrolysis, but found
different results. They used ATR-FTIR spectroscopy to follow the hydrolysis of the model
compound trimethylmonomethoxysilane ( TMMS ) in aqueous solutions. This silane was
chosen in order to simplify the kinetics, as just a single methoxy group is available for
hydrolysis. The intensity of the Si-O-C stretching vibration at 1083 cm™ was used to
determine evolution of methanol and hence the degree of hydrolysis. However, a plot of
In[TMMS] vs. time did not show a straight line relationship, indicating that first order
kinetics were not obeyed as reported by Blum e. al. and previously by other authors*®*%*!.
The hydrolysis was in fact found to be second order overall : first order in TMMS and first
order in water. The rate of condensation was also determined, by measuring the decrease
in the intensity of the Si-OH stretching band at 896 cm™. The rate of condensation was
found to be orders of magnitucie slower than that of hydrolysis, and also second order

overall. Both reactions were also found to be acid - catalysed.
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Trens et. al.*? also studied adsorption of an aminosilane on silica, although the
silane was A1100 it could be expected that the behaviour would be very similar to that of
A1110. MPS ( [3-(methacryloxy)propyl]trimethoxysilane ) was also studied. A1100 was
found to adsorb much quicker than MPS. This could be due to the faster hydrolysis of
A1100 compared to. MPS. However, the adsorption of A1100 was also compared to that of
propylamine. Propylamine and A1100 had similar adsorption enthalpies, which is
indicative of a similar bonding mechanism. The removal of adsorbed species by flow of
solvent was also studied. It was found that only 40 % of the A1100 was irreversibly bound,
although none of the propylamine was. It was presumed that two types of adsorption occur
in A1100, adsorption by a mechanism in common with that of propylamine, i.e. involving
the amine group, and irreversible adsorption, presumably involving the silanol groups. It
was also suggested that it may be possible for molecules to adsorb in both ways
simultaneously. The bond via the amino group was likely to be a hydrogen bond with a
surface silanol, whereas the irreversible bond was probably a siloxane condensation. This

is concordant with work by Johannson et. al.** who also proposed adsorption of A1100 by

both amino and silanol groups.

Piers and Rochester studied the adsorption of unhydrolysed A1110 and A1100 onto
silica in carbontetrachloride solutions®. Solutions of the silanes with a range of
concentrations were allowed to come into equilibrium with silica in solution, and then the
transmission infrared spectra measured. It was foﬁnd that in the more concentrated silane

solutions, intermolecular hydrogen bonding between silanes on the silica surface occurred

11



much more. This occurred in solutions of both silanes. It appeared that bonding to the
silica via both the silanol and amino moieties was observed. At higher concentrations,

more amino bonding seemed to occur than bonding via the silanol group.

Azzopardi and Arribart® studied the formation of silane layers at the surface of an
ATR ( Attenuated Total Reflectance ) crystal. ATR is a highly surface sensitive infrared
technique, which is explained in more detail in chapter 2. Because the crystal material was
silicon, with silica at the interface, the in-situ monitoring of mono- or multi-layer formation
was possible. The silanes used were mono- and di-hydrolysable ethyl silanes. These
silanes were able to interact with the silica surface only through their silanol groups. With
the monohydrolysable silane, a simple monolayer was formed. With the dihydrolysable

silane, chains of siloxane were formed at the surface. These were determined to average 10

silane units in length.

Plueddemann used proton NMR to study hydrolysis of silanes in solution®. The
methyl protons of silanols were measured to give an indication of level of hydrolysis. A
wide range of silanes were studied, including aminosilanes substituted at the 3 position (
like A1110 ) and aminosilanes substituted in the 1 and 4 positions. It was found the 3-
aminosilanes exhibited unique behaviour. Unlike other silanes which hydrolyse slowly,
and then condense into siloxane dimers and longer siloxane oligomers, 3-aminosilanes
hydrolyse very quickly, but then form stable solutions, which were not observed to

condense. The structure of 3-aminosilanes in water could not be determined, but based on

12



the importance of a 3-substituted amino group, one possible structure was proposed by

Plueddemann. This is shown in Figure 1.8.

Hy H,
0 c—=C
\Si/ \CH
2
’,o/ \o' +NH2/

Figure 1.8 : Ring structure of 3-amino silanes proposed by Plueddemann

The ring structure of this structure would explain the stability in water to hydrolysis.

Morrall and Leyden followed the hydrolysis of 3-(amino)propyl]diethoxy-
methylsilane ( APDMS )*. This silane is similar to A1100, but with only two hydrolysable
groups. Firstly, hydrolysis upon contact with atmospheric water followed by sealing the
sample tube was followed. Infrared spectroscopy was used, monitoring the O-H stretching
band area at 3080 to 3500 cm™ in neat silane exposed to air. This was found to increase
rapidly, until about 2.5 hours, then decrease to an equilibrium level. The area of the ethoxy
mode at 950 cm™ decreased on the same timescale, although it never reached zero. A
shoulder at 1050 cm™ also appeared, indicative of Si-O-Si linkages between hydrolysed
silane molecules. Clearly, partial hydrolysis as well as some condensation to siloxane
oligomers had occurred. Hydrolysis after treatment of an APDMS solution in dry toluene
with water was also followed. In this case, the rate of formation of silanol slowed, but did

not halt on the time-scale of the experiment ( 24 hours ). A solution of A1100 was studied

13



in the same way and gave similar results. Although condensation occurred in neat
APDMS, no siloxane bands were observed in the solution studies for either silane. The
authors also studied the reaction with glass surfaces of silanes deposited from dry toluene
solution. The silanes studied were [3-(cyano)propyl]triethoxysilane ( CNPTS ), A1891,
A1100 and (octyl)triethoxysilane ( C8TS ). The degree of hydrolysis was determined by
solution measurement of ethanol, and the interaction with the substrate measured by the
capacity factor of the resulting material. Because of the dry solvent, any hydrolysis of the
materials is likely to take place after adsorption, by interaction with water adsorbed at the
glass surface. The A1100 was by far the fastest silane to adsorb onto the glass surface. It
was believed this was because of hydrogen bonding between the silane N-H group and
surface Si-OH groups. This led to the A1100 also undergoing the fastest hydrolysis. It was
also found that a dried glass greatly slowed the production of ethanol, showing that
hydrolysis was indeed occurring at the glass surface. Even taking into account the
increased adsorption onto the surface by A1100, hydrolysis of this material was quicker,
again showing the catalytic role of the amine group in hydrolysis. In order to determine the
limiting step of hydrolysis in dry solution, an alkyl amine was added to the solution with
the non amine silanes. This would be expected to perform the same catalytic role as the
amine group in A1100. This did not increase the rate of hydrolysis. Therefore in this
system, the rate limiting step was adsorption onto the surface, rather than hydrolysis once

there.

14



Gauthier et. al’ studied the hydrolysis of a silane similar to A1891,
[mercaptomethyl]dimethylethoxysilane by FTIR. The reaction was followed in aqueous

solution, with HCl present as a catalyst. This did not allow for observation of the v(Si-OH)

__stretching mode of the silanols produced due to interference from water in this spectral

region. A band due to the ethoxy group decreased, when compared to the Si-CH; band at

833 cm™. A band also appeared at 886 cm’

which was assigned to OH stretching of
hydrolysed material. No bands appeared in the region where siloxane bands may occur,
indicating no condensation. This was in contrast to results seen previously which would
lead one to expect the mercaptosilane, once hydrolysed, to continue to react and form
siloxane oligomers. The hydrolysis of both this material and the triethoxy equivalent was
studied by '"H NMR. The protons of the ethoxy group and of the evolved ethanol were both
observed. In the case of the monoethoxysilane, the solutions were completely hydrolysed
when the first measurement was made. The triethoxy silane took longer to hydrolyse, on
the time-scale of a few minutes for complete hydrolysis. Hydrolysis was faster with a

higher concentration of HCI in solution. *Si NMR showed very similar results, but it was

observed that after a few hours, condensation started to occur.

Ishida and Koenig®® studied E-glass fibres coated with condensed silanes. The
treated fibre was exposed to water, and the FTIR spectrum monitored. The authors noted
the appearance of a band in the infrared due to Si-O stretching of Si-OH groups, occurring
at 870 cm™. The effect of this hydrolysis of silanes is to break the siloxane bonds of the

condensed layer. This showed that the condensation of silanes to oligomers is a reversible

15



process. This is technologically an important fact, as it means that upon exposure to water,
composites involving condensed layers of silane will tend to undergo hydrolysis. This

means the siloxane layer is depolymerised, weakening the composite. It was found that the

~ silane layer was considerably more stable to attack by water when polymerised. The most

stable was vinylsilane, which could be polymerised via the organofunctional group. It was

also found that insolubility in water increased resistance.

In order to elucidate the effects of moisture on a glass fibre / A1100 / epoxy resin
composite, Arvanitopoulos and Koenig® studied model composites. These consisted of a
single fibre mounted in epoxy resin. This fibre was used both with and without application
of pre-hydrolysed A1100. The model composites were exposed to water in a humidity
cabinet. The composites were studied by FTIR mapping, by automatically moving the
sample stage in 8um. steps in a raster pattern, and taking a transmission spectrum at each
point. Because the FTIR spectrometer takes a full range spectrum at each point, the data
can be analysed later to create maps of the intensity of any band in the spectrum. The
v(OH) band of water was used to create maps of relative water concentration. The silane
treated fibres were found to have the least water near the fibre surface. It was thought that
the silane protects the composite against water attack in the interfacial region, thus
prolonging the life of composites where it is applied”. This may be by inducing
hydrophobic character in the glass surface®’. It was also found that the epoxy intensity was
maximised at the fibre surface, in the case where silane was not applied. This was thought

to be due to the increased amount of water present, as water may catalyse the curing of the

16



epoxy resin. Composites that had not been exposed to humidity were also analysed. It was
found that the aliphatic polyamine curing agent occurred much less at the fibre surface in
the case of the silane-treated fibres, and also the spectrum of the epoxy resin near the fibre

surface was different when the fibre was silane treated. This was thought to indicate that

the epoxy adopts a different conformation when in contact with silane. It is possible that
the low level of cure of the epoxy resin near the silane-treated fibres explains the strength
increase in composites which use silane. A composite with a low level of cure will be less
rigid, and thus fracture at the fibre interface is less likely. A very similar system was
investigated with NMR imaging*?. However, the information available from this technique
is somewhat limited compared to FTIR, and few conclusions could be made. It was
observed, however that the silane-treated fibres caused no change in the level of cure of the
epoxy resin. This is not in agreement with the results from FTIR mapping, as discussed

above®, so the effect of silane on epoxy resin cure level is still unclear.

Johannson et. al. studied adsorption of vinyl silanes onto glass fibres, followed by
deposition of an epoxy resin layer”. It was found that after rinsing of the resulting material
with tetrahydrofuran ( THF ), substantial amounts of polymer remained on the fibres, but
that the resin on pure glass fibres showed hardly any polymer retention. This was assumed

to occur because copolymerisation occurred between the coupling agent and epoxy resin.

McKnight er. al.** cast prehydrolysed silane onto germanium or silicon ATR

crystals, and pressed polypropylene films onto these to form model silica / silane /

17



polypropylene laminates. The chemical formula of the silane used, known as CSS, is

shown below.

CH3CgH4CHaNH(CH,)sNH(CH,)2Si(OCHs)3

After deposition, a b;and at 905 cm™ assigned to Si-OH stretching showed partial hydrolysis
of the silane. A peak at 115 cm™ with a shoulder at 1038 cm™ showed that some
condensation of the silane had occurred. These peaks were present in both the silicon and
germanium experiments, indicating that the condensation was oligomerisation of the silane,
rather than grafting to the surface. When the silane was heated with polypropylene, no new
bands appeared in the spectrum, indicating no chemical interaction. As this system showed
good adhesion, this was believed to be evidence for the diffusional mechanism of adhesion
enhancement, rather than the chemical bonding theory. The band assigned to Si-OH
stretching was monitored as a function of time, after the laminate was exposed to a
reservoir of water. The water was observed to diffuse to the ATR crystal / silane interface,
and then the SiOH band increased as the silane was hydrolysed in situ. This was monitored
at room temperature and at 65 °C. At 65 °C both the water diffusion and the hydrolysis

were faster.

Kurth and Bein*’ formed monolayers of A1100 and A189 ( the methoxy derivative
of A1891 ) on oxidised aluminium mirrors. The aim was to form layers with which to
compare reaction on surfaces with reaction in solution. The monolayers were deposited by
vapour phase adsorption, as adsorption from solution was found to produce thick films, or
poor quality monolayers. This was attributed to oligomerisation of silanes in solution. It

18



was found that A1100 adsorbed giving a thick film. However, the large part could be
removed by evacuation, and it was assumed that this part was physisorbed, whereas the

remainder was a chemisorbed monolayer. This layer was proved to be a monolayer by

~_ellipsometry and the use of a quartz crystal micobalance. In the case of A189, the entire

film could be removed by evacuation, therefore no chemisorbed silane was deposited.
However, if the A189 was deposited from aqueous solution, i.e. prehydrolysed, monolayers
could be formed reproducibly. The films were measured by reflection-absorption infrared
spectroscopy ( RAIRS ). This technique is very sensitive to thin layers, and can also give
some information on the orientation of the layers. The spectra of A189 showed an Si-O-Si
mode at 1114 cm™ indicating condensation between the silanes, as well as a shoulder at
1960 cm™ characteristic of -OCH; groups. This indicates that there was both partial
hydrolysis, and condensation in the monolayer. The RAIRS spectra also indicated that the
alkyl chain stands proud of the surface, which was corroborated by the ellipsometric
measurements of the layer thickness, which gave a thickness of 9 + 1 A. In the case of
A1100, the thickness was 7 + 1 A, again corresponding to a monolayer perpendicular to the
surface. The RAIRS spectra also indicated chains perpendicular to the surface, and the
products of partial condensation and unhydrolysed silanes were again seen.

Boerio et. al.*

also used RAIRS to study silanes deposited onto metal mirrors. The
silane studied was A1100, and the substrates were polished iron mirrors. Films were
deposited from aqueous solution, and air dried. The films were found to be highly

hydrolysed. When dipped from the natural pH of the aqueous solutions, bands at 1480 cm’
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and 1550 cm™ were observed, and assigned to the S(NH,) mode of the amino group. A
band at 1105 cm™ from Si-O-Si groups in siloxane oligomers was observed. No ethoxy

band at 2970 cm™ was observed, indicating total hydrolysis of the ethoxy groups. The

structure proposed for the aminosilanes in the films is shown below:

O_  CHy—CHy
Ne”
/SI\ /C H2
0" O—H™Nf

This structure represents a very strongly hydrogen bonded internal chelate form of the
silane. This was proposed because it was observed that upon exposure to water and mildly
acidic conditions, the band at 1550 cm™ shifts to 1585 cm™ and the band at 1480 cm™
disappears. This was assigned to disruption of the strong hydrogen bonding, and a
reversion to a standard hydrogen bonding structure. When deposited from a higher pH ( 9.5
), the SQNH2) band frequency was as found in free amino groups, at 1600 cm™, i.e. there
was little or no hydrogen bonding. Films formed at pH 12 showed amine bands at 1580
cm™ and 1488 cm™, which were assigned to NH;* deformation modes, indicating complete
proton transfer from silanol to amine. In all cases, oligomerisation had occurred in the

films.

Naviroj ez. al.*” also found the structure of adsorbed A1100 on silica to depend

critically on the pH of the depositing solution. It was also found that from the same
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concentration solution, more silane would be applied from pH 10.6 solutions than from
either pH 9 or pH 12 solutions. Two other silanes, namely [3-

(methacyloxy)propyl]trimethoxysilane and (vinyl)triethoxysilane were also studied. In the

case of these silanes, no pH dependence was shown by the films. Clearly, the pH of the

depositing solution can strongly influence the structure of the aminosilane films.

De Haan®® er. al. studied the adsorption of organosilanes onto silica under dry
conditions. The silanes studied were A1100 and MPS ( [3-
(methacryloxy)propyl]jtrimethoxysilane ). The silica had been dried at 100 °C and the
silanes were boiled with the silica under an argon atmosphere. The transmission infrared
spectra were then examined to determine the type of bonding present. After the boiling
under argon, some unhydrolysed groups remained. Around 40% of the silanes existed as

the species shown below :

R—Si(OEt),—0—S ié

That is, the silane has one condensed bond to the silica, the other bonds remaining
unhydrolysed. 20% of the silanes had two bonds to silica with the remaining bond
unhydrolysed, and 35 % had two bonds to silica, with the remaining bond hydrolysed.
Other structures, such as silanes polymerised at the surface make up the final 5% of silanes.
After the silane-treated silica was heated at 80 °C for 30 minutes, more tri-dentate, and less

mono-dentate bonding was present. In another experiment, the same conditions were used,
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but some water was included in the boiling mixture. In this case, the silanes reacted more

with each other than with the silica.

Vrancken et. al.*’ studied the reaction of silica gel with A1100_in dry toluene

solution. Using a combination of *’Si NMR, FTIR photoacoustic spectroscopy ( FTIR-PAS
) and diffuse reflectance infrared Fourier transform spectroscopy ( DRIFTS ), it was

possible to distinguish between three types of surface silanol on the silica. These are

shown schematically in Figure 1.9.

Geminal Single Single Bridged
OH----OH
HO OH HO OH
._....___.>Si____ __________ \Sl/ _____ é. I H —_———
20N /N NG TS
/O O\\ /,O 0 O\ /,O o 0) 0 O\\
4 \ 7 \ \ ’ 1 H AN

Figure 1.9 : Silica surface silanols observed by Vrancken et. al.*’

The silica was heat-treated at 473, 672 and 973K under vacuum. The high temperature
treatments had the effect of reducing the amount of bridged silanols. In the case of either a
low concentration of surface silanols, which was achieved by heating at 973K, or low
silane solution concentration, the surface had a low density of silane molecules. In these

instances the silane silanols could be identified and were stable to condensation. At higher
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loadings, however the silanes polymerised on the surface. It was also observed that the
high temperature - treated silica showed predominantly monodentate bonding to the
silanes, whereas the lower temperature treated materials showed higher co-ordination. This

was presumed to be because in the high temperature treated silica, the chance of two

adjacent surface silanols is much lower.

Chiang et. al. studied the chemical structure of A1110 adsorbed onto glass surfaces
frpm aqueous solutions™. The silane was applied by dipping, followed by curing at 80°C.
Similarly to Boerio et. al.*, it was found that the NH, deformation mode shifted to 1575
cm™ upon curing, however it was found that upon further heat treating, the band shifted
back to 1600 cm™. Tt was shown that this was unlikely to be due to a hydrogen bond with
water, as the model compound propylamine did not show the same behaviour. Again, it
was suggested that the band was due to an internal hydrogen bond, with partial protonation
of the amine group. When deposited on silica surfaces, it was found that total hydrolysis
occurred, as no SiOEt groups could be detected. It was suggested that the silanes were

bound to the silica surface at both ends of the molecules, and to each other.

Kurth and Bein’' also studied silane films adsorbed on silicon by infrared
spectroscopy. They found that upon continued heating at 75°C, silane films believed to be
oligomeric in nature continued to condense, forming what they called a fully polymerised

film, with no infrared bands due to hydrolysed silane remaining,
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Domingue et. al.>* studied hydrolysed A1100 applied to silicon wafers, which had
had the outer oxide layer removed. Samples for XPS analysis were spin cast, and then
extensively washed with deionised water. The films thus produced were found to be

~ approximately 3.5 A thick, in comparison with the thicker films found by Kurth and Bein®*.
When examined by XPS, it was found that the silane appeared to have undergone
Vfragmentation and rearrangement, as the peak due to nitrogen was lost upon washing. It
was proposed that adsorption of the amino group onto the surface occurred, leading to
electron loss and homolytic scission of the N-C bond. This would leave a -C. group to
react further, though the products could not be determined. FTIR spectra were also
obtained, from similar samples. Before washing, thick films were obtained, which
appeared to be similar to the spectra of the neat silane. However after washing, the thin
films showed somewhat different spectra, in that no N-H stretching modes could be seen,
apparently confirming the XPS results. It may be that these are simply too weak to be seen,
however, as the signal to noise ratio from the resulting monolayers is very low. This

rearrangement and loss of nitrogen is a result not seen elsewhere, although the conditions

used here have not been exactly repeated elsewhere in the literature.

Miller  and  Ishida  *studied  the  adsorption  of  [3-
(methacryloxy)propyl]jtrimethoxysilane onto lead oxide surfaces from aqueous solution..
They used DRIFTS to study the absorption. DRIFTS is a surface sensitive technique used
especially for particulate samples, such as the lead oxide powder used here. At monolayer

coverage, it was found that some bands due to condensed silane occurred at 1120 cm™ and
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1040 cm™. The amount of silane condensed was calculated as 5 %, even though it was
believed that the silane was completely hydrolysed. A band at 965 cm™ could not be
assigned to the silane, nor the substrate, but was assigned to a condensation of the lead

oxide with the silanol from the silane, i.e. a vibration of the Pb-O-Si group. This result

shows that the silane forms a covalent bond to the lead oxide substrate, which is harder to
show in the case of silicon oxide surfaces, due to the similarity between the silane and

substrate.

Ishida, Chiang and Koenig> studied the hydrolysis and condensation of A1110 in
aqueous methanol solution using Raman spectroscopy. They also studied A1100, [3-
(amino)propyl]methyldiethoxysilane and [3-(amino)propyl]dimethylethoxysilane, i.e.
A1100 with three, two, and one ethoxy group available for hydrolysis. The Raman spectra
of A1110 showed two bands at 615 and 645 cm™ | assigned to stretching of the Si(OC);
group. These bands also occurred in the spectra of A1100 at 650 and 619 cm™. These
bands do not occur for the siloxane-condensed dimer in solution, and are therefore
indicative of silane monomers. In the case of A1100, at low concentrations, no monomers
were detected by this technique, indicating all A1100 existed as oligomers. It was found
that low solution concentrations led to smaller oligomers. However, no monomers were
seen, except at high concentrations. The model compound | [3-
(amino)propyl]dimethylethoxysilane was used to simplify the spectrum, because only one

condensation product can occur, namely the dimer. Upon condensation, the Si(OC); band

at 622 cm™ shifted to 632 cm™ It was found that upon condensation, a band at 533 cm™
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appeared. This could not be seen upon extraction of the dimer from solution, thus leading

the authors to conclude that most molecules existed as monomers.

1.4 : The diffusion of organosilanes

In the paper by Sung et. al®, the diffusion of A1100, the ethoxy derivative of
A1110, in the sapphire / polyethylene / A1100 laminate system was studied. Chemical
reaction between A1100 and polyethylene was said to be unlikely. Therefore the chemical
bonding model should not be applicable. Despite this, enhanced adhesion was achieved
using A1100. This implies that another mechanism was at work This is likely to involve
some interdiffusion of the silane with the polymer, possibly to form an interpenetrating
network ( IPN ). The location of the silane in the laminate was studied with Scanning
Electron Microscopy coupled with Electron dispersive X-ray analysis ( SEM-EDX ) in
order to determine whether diffusion had occurred. It appeared that a change in silicon
concentration profile did occur, upon changing the time the A1110 film was allowed to dry.
This implied both that diffusion does occur, and that some reaction of the A1100 upon
drying influenced the diffusional behaviour. This is likely to be a combination of

hydrolysis and condensation, as discussed in section 1.2.2.

In a later paper, Kaul and Sung® studied laminates consisting of sapphire, A1110
and Nylon 6. These showed strong adhesion compared to the polyethylene system. Peel

tests were performed to determine bond strength after exposure to water. The strength after
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exposure to water ( wet strength ) is an important factor in polymer laminates, one that is
considerably improved by the application of organosilanes™”. The peel strength without a

silane was found to decrease to 14 % of its initial value after exposure to water for 10 days,

but application of silane meant only 50 % of peel strength was lost._The silane was applied
to the sapphire from aqueous solution, and thus could be expected to be hydrolysed to a
large extent. After application, the silane films were dehydrated before laminating with
polymer. It was found that increasing dehydration decreased peel strength. It was further
found that there was an optimum concentration of silane to apply, implying that there was
an optimum thickness of A1110 film required for adhesion. The optimum concentration
correlates to a thickness of around 190 nm. This implies that too much silane can impair
adhesion. It was thought that the optimum thickness of A1110 may correlate with an
'optimum interdiffusional thickness'. It was thought that the large increase in bonding
strength of nylon vs. polyethylene laminates may be due to hydrogen bonding of the nylon

with the A1110, which is unlikely in polyethylene.

In the paper by Nordin et. al.”’, the chain length of a silane coupling agent was
varied in glass / silane / SBR ( silane-butadiene rubber ) laminates. The chain length was
varied between n = 4 and n= 30, and the adhesion of the resulting laminate measured by a
180° peel test. It was found that interfacial adhesion energy increased with increasing
chain length. If the bridging model was the sole mechanism of adhesion, this would not be

the case, therefore there is another mechanism at work. The increase in adhesion with
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chain length could be due to interpenetrating of the silane and polymer layers. It was

suggested that the silanes diffuse into the matrix, and may also cross link with the polymer.

In the paper by Stein et. al.”®, the system of silica filled and unfilled silicone RTV

elastomers, with A1110 as a coupling agent was studied. In order to assess diffusion of the
silane through the polymer matrix, Secondary Ion Mass Spectroscopy ( SIMS ) was used to
obtain depth profiles of the materials. The silane was used in both deuterated and
undeuterated forms, and was incorporated in the polymer formulation. The depth profiles
were obtained over a range of depths of 3 to 60 um. No change in elemental composition
was detected, with deuterated or non deuterated silanes, or filled or unfilled compositions.
These results indicate that preferential diffusion to interphase regions does not occur. It
also implies that diffusion to the silica filler does not occur, though it may be that the depth

resolution of the technique, which involves sputtering the sample away, was not sufficient

to determine this.

Chaudhury et. al.”® studied a laminate consisting of PVC films on silane-primed
germanium. The aluminium was treated with a pre-hydrolysed solution of [N-(2-
aminoethyl-3-aminopropyl)trimethoxysilane ( referred to as AEAPS ). The silane films
were estimated to be 150 nm. thick, and partly oligomerised. The PVC was then applied as
a platisol, and contained 47 % plasticiser ( di-isodecyl phthalate ) and 1 % stabiliser as
applied. It was likely that the film contained considerably less plasticiser when the

experiments were carried out, as the film was dried at 175 °C. The PVC film was 2 mm.
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thick when applied. The drying temperature of the silane film was varied between 25 and
175 °C. The laminate bond strength was measured with a 180° peel test. It was found that
there was an optimum drying temperature for maximum bond strength, at about 50 °C. It
was hypothesised that formation_of an IPN was necessary-for optimum-adhesion-in-this
system. For this to occur, both interdiffusion of silane and PVC, and polymerisation of the
silanes must be maximised. However too much crosslinking before diffusion may reduce
the penetration of the silane into the polymer layer. Therefore it was proposed that below
50 °C, sufficient crosslinking of the silane does not occur, but that above 50 °C, the level
crosslinking was too high, reducing interdiffusion of the silane and PVC. The laminates
were also studied by XPS ( X-ray photoelectron spectroscopy ) depth profile analysis. This
is an elemental surface analysis technique, combined with sputtering of the material to
form depth profiles. This technique is somewhat susceptible to errors from sputtering
artefacts, meaning that the depth profiling results are often qualitative, rather than
quantitative. The laminates studied contained silane layers dried at temperatures of 25 °C
and 175 °C. It was found that the film dried at 25 °C diffused further into the PVC than
that dried at 175 °C. This was presumably due to a higher level of condensation of the

silane when dried at higher temperatures.

Dibenedetto and Scola® investigated S-glass coated with either A1110, epoxy resin,
or a mixture of A1110 and epoxy resin. The silanes were deposited pre-hydrolysed, from
methylethylketone ( MEK ) solution. The technique used for analysis was ISS-SIMS ( ion

scattering spectroscopy - secondary ion mass spectroscopy ). This is a surface atomic
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analysis technique, but can sputter the surface, and so perform depth profile analysis. The
results of the analysis of the silane-coated glass show 3 distinct layers in the silane layer.

These consist of the outer 140 A, which is a hard, highly polymerised silane, a soft

oligomeric layer between 160 and 240 A depth, and finally another hard polymerised layer
from 240 A to the silane-glass interface. A large amount of water was also found at the
glass surface. Therefore, it may be that the change in polymerisation level of the silane
was due to the availability of water; atmospheric water at the surface, and interfacial water
at the glass interface. This was further shown by studying the effect of humidity on the
silane layers; upon exposure to 95 % relative humidity for 2 weeks, the entire film was
highly polymerised. The depth profiling of the laminates coated with a mixture of silane
and epoxy showed very little change in composition with depth, indicating no preferential

diffusion of the silane to either the air or the glass interface.

Hoh ef. al.%' followed hydrolysis of A1100 with atmospheric water by FTIR
spectroscopy. The hydrolysis was followed by monitoring the loss of the Si-O-Et stretching

intensity at 960 cm™

. Condensation was also observed as the appearance of the Si-O-Si
modes 1120 cm™ and 1044 cm™. It was found that hydrolysis was complete after 7 days.
In order to study the diffusion of epoxy resin, the silane was pre-hydrolysed, mixed with the
un-cured epoxy, and heated in air. The aim was to monitor the extent of cure of the epoxy
resin, which is related to the extent of interaction with the silane, as the aminosilane can act

as a curing agent for the resin. This was presumed to be a measure of the diffusion of the

epoxy resin, because the epoxy must reach the amino groups on the silane in order to be
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cured. The cure level of the epoxy was determined by measuring the loss of the epoxy
band at 915 cm™ by transmission FTIR spectroscopy. It was found that higher levels of
A1100 produced higher levels of cure, as did adding the solvent MEK. The polymer glass

transition temperatures ( Tg ) of mixtures of both hydrolysed and unhydrolysed silane with

epoxy resin were measured. It was found that in the case of unhydrolysed silane,
increasing levels of silane decreased the polymer Tg. This is not surprising, as the
monomeric or oligomeric silane is a much lower molecular weight material than the epoxy
resin, and thus acts like a plasticiser for the polymer, reducing its chain stiffness. In all
cases, the hydrolysed silane mixtures had higher Tgs than the unhydrolysed mixtures. This
was assigned to the ability of the hydrolysed silane to form siloxane polymer networks
when interdiffused with the epoxy, i.e. formation of an IPN. The trend in variation in Tg
with level of hydrolysed silane in the mixture shows the highest Tg for 40% A1100, with
lower polymer Tgs for both more and less silane in the mixture. This may be due to
competition between the IPN effect and the plasticising effect of the silane.

Gu et. al®?

studied the effect of treatment of the silane film on the adhesion of
copper / A1100 / epoxy laminates. It was found that there was an optimum concentration
of alcoholic A1100 solution for greatest adhesion at 1 % by weight. This formed a film of
silane around 1250 A thick. At lower thicknesses, adhesion was considerably lower, but
only slowly decreased as the thickness was increased above this value. It was noted that at

the critical thickness and above, blue patches appeared in the silane layer. Upon

inductively coupled plasma analysis ( I. C. P. ) to determine the elemental composition, it
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was discovered that these patches contained relatively large amounts of copper ions. It is
possible that the absorption of copper by the silane film is required for good adhesion.
Similar results were found when maintaining the solution concentration, and varying the

time for which the copper substrates were immersed in the solution. The pH of the treating

solution was also found to strongly affect the adhesion obtained. Whilst dry strengths were
similar, when the adhesion was tested after boiling the sample in water for 50 hours, the
sample treated at pH 7.2 showed greater adhesion than that treated at pH 10.4, and much
greater than that treated at pH 5.5. It was suggested that the pH of the treating solution
affects the adsorption mechanism of the silane on copper. The effect of variation of the
temperature of drying of the silane film was also studied. It was found that increasing the
temperature from 25 °C to 110 °C improved the adhesion resistance to water, but that
increasing it further to 170 °C decreased the wet adhesion of the laminate. The increase in
adhesion at 110 °C was almost certainly linked with increased condensation of the silane
layer at this temperature, as this was observed in the infrared spectra. At the higher
temperature, the amine band at 1581 cm™ was replaced by bands at 1605 cm™ and 1662 .
cm™ which were assigned to the C=N stretching mode of an imine formed by oxidation of
the amine. This oxidation of amine coupling agents to the imine form at elevated

temperatures has been previously reported®**.

Finally, the effects of rinsing the silane
layer with alcohol were examined. The rinsed laminates were found to show considerably
less wet adhesion than the unrinsed laminates. It was proposed that this may be because

the weakly bound material that can be removed by rinsing is required for interdiffusion of

the silane with the epoxy.
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Chapter 2 : Spectroscopic Techniques

2.1 : Infrared Spectroscopy

2.1.1 : Introduction

Infrared spectroscopy has been used for over a century to determine the chemical
composition of matter. Infrared light occurs between 0.7 and 500 pum. in the
electromagnetic spectrum, between the visible and microwave regions. When infrared
light interacts with the oscillating dipole of a molecule, absorption of light can occur. The
frequencies absorbed depend upon the fundamental frequencies of the vibrations of the

molecules absorbing the light. This is the basis of infrared spectroscopy.

2.1.1.1 : Interaction of infrared light with molecules

The oscillating molecule interacting with an incoming quantum of infrared light can

‘be considered as a quantum mechanical harmonic oscillator. Figure 2.1 shows the allowed = =

vibrational energy levels and transitions for a diatomic simple harmonic oscillator.
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where h=Planck’s constant
¢ = the speed of light
Vyibration = frequency of the oscillator

Einfrared = €nergy of the infrared photon

1. According to the harmonic oscillator selection rule, transitions between non -

adjacent energy levels in a system are not allowed.

Spectroscopically, the consequences of these rules are as follows. Rule one means
that only those vibrations that give rise to a dipole moment change may absorb infrared.
Rule two means that each vibration gives rise to discrete infrared absorption; therefore we
can identify a vibration by the frequency of its absorptions. Rule three means that only the
fundamental vibrational transition occurs ( i.e. An=1). In reality, molecular vibrations are
anharmonic. Therefore the An =2 and An = 3 etc. transitions can occur, but they are much
less likely. In infrared spectroscopy, the An = 2 and An = 3 transitions are known as the

first and second order overtones, and occur with much lower intensity than the fundamental

vibration.

2.1.1.2 : Dispersive infrared spectrometers

The traditional infrared instrument is a dispersive instrument. It is so called
because the light emitted by the infrared source is dispersed into its component

frequencies, which are detected one frequency at a time. A schematic of a dispersive
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light on the moving mirror optical path will travel 1/2 A further than the light reflected
from the stationary mirror, and thus destructive interference will occur. The pattern of

interference obtained is known as an interferogram. Because the source is polychromatic,

the interferogram obtained is the sum of interferograms from all contributing wavelengths

The detector therefore sees an interferogram as shown in Figure 2.4,

Figure 2.4 : The interferogram as seen by the FTIR detector

To the detector, the appears as a fluctuating intensity in the time domain. In order
to convert this signal back to a spectrum ( intensity in the frequency domain ) a Fourier

transform is used. The intensity of the infrared radiation at the detector can be written as

w — -
I = ISecos(2nvx)dv (2.1)
0

where I is the intensity of the signal at the detector
S(v) is the spectral density amplitude

and v is the frequency ( wavenumber )
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Because the Fourier Transform must be applied mathematically, the information
that the detector collects must be digitised. This is performed by measuring the intensity of

the signal at certain set distances of mirror travel, called the sampling interval. The

sampling interval is controlled by the frequency of a laser, most commonly a HeNe laser

emitting at 632.8 nm. The amplitude of each frequency element in the spectrum is given

by :

S - %I(x) cos(2mv)Ax (22)

where Ax is the sampling interval

The path difference, x is the product of the sampling interval, Ax and the number of
samples taken, usually in the range 500 to 10,000. Digitised sampling results in a lower

limit on the wavelengths that can be studied. This is given by the following equation :

AX < Apinizoum /2 2.3

where Apinimum 18 the minimum frequency that may be studied.

This means that the highest frequency that may be studied, V maximum isrgiv'gn by
V maximum = 172 AX (24)

This is called the aliasing frequency. If infrared radiation of a frequency higher than the
aliasing frequency is present, then severe distortion of the spectrum occurs. The most

common frequency used to control the sampling interval in FTIR spectrometers is a HeNe
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laser line at 632.8 nm. Thus, if sampling every two wavelengths, the aliasing frequency is
7960 cm™. In spectrometers with KBr beam splitters, this does not cause a problem, as the

spectral window of KBr limits the infrared light used to much lower frequencies.

2.1.2.2 : The advantages of FTIR spectroscopy

Clearly, FTIR spectrometers are much more complex than dispersive spectrometers,
and more complex processing of the data obtained is required. However, FTIR
spectroscopy was developed because it shows several advantages over dispersive infrared

spectroscopy.

1) The Fellgett Advantage

The Fellgett, or multiplex advantage arises because all of the spectral elements are
measured simultaneously. Thus, a spectrum can be obtained very quickly. The number of

spectral elements in a digitised spectrum are given by

where N is the number of spectral elements
wi is the highest wavenumber

w is the lowest wavenumber
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and  Aw is the resolution

For thermal detectors, the signal to noise ratio ( S / N ) of the spectrum obtained is

proportional to the square root of the time each element is_observed. Therefore.inan FTIR

system, the signal to noise is given by

S/Neo T (2.6)

where T is the total time of the experiment.

Whereas a dispersive system observes each spectral element in turn, therefore

S/N o T2 /N2 (2.7)

Therefore, a dispersive system obtains a poorer S / N in the same time, or takes longer to

acquire a spectrum with the same S / N. Therefore FTIR has obvious advantages for

kinetic analysis, or where there is poor S / N.

)  The Jacquinot Advantage

The Jacquinot, or throughput advantage arises because unlike dispersive

spectrometers, FTIR spectrometers have no slits which attenuate the infrared light.
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The spectral optical throughput of a grating instrument is given by

hH
G =—=Ro (28)

where Gg is the optical throughput per wavenumber

H is the height of the grating
h is the length of the entrance slit
f is the focal length of the collimator

and Ry is the theoretical resolving power.

In the case of the interferometer, assuming the beam area is equal to the beam area at the

grating,

Gy == (29)

where Gf-, is the optical throughput of the interferometer. The ratio of the optical

~throughputs is therefore given by

G%, 2nf
G~ h (2.10)
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For a sensitive grating spectrometer, f / h may be greater than 30. Therefore the FTIR
optical throughput would be around 190 times that of the grating spectrometer. This means
the signal reaching the detector is much higher, leading to a greater S / N for an FTIR

system.

OI) The Connes Advantage

The Connes advantage arises because the frequency scale of the spectrum is known
very accurately. This is because the time domain of the interferogram is fixed extremely
precisely by the wavelength of the laser. Therefore when the Fourier transform is applied,
the wavelength domain is very precisely known. This control over the calibration of the
wavelength domain means mirror movement averaging is possible. This means the
collection of many spectra and their co-addition. The addition of many spectra increases
signal to noise ratio, because S / N « T'"? ( eq. 2.6 ). An additional advantage of the
accurate wavelength calibration is that because the wavelength is known absolutely,

techniques such as spectral subtraction can be used without any wavelength calibration.

2.1.2.3 : The disadvantages of FTIR spectroscopy

FTIR instruments do have some disadvantages as compared to dispersive
instruments.  Firstly, FTIR instruments do not measure spectra; they measure

interferograms. Interferograms are difficult to interpret without first performing a Fourier
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transform to produce a spectrum. This used to be a major problem, but since the dramatic
increase in computing power, performing a Fourier transform is now a quick and easy
process. However, the way the interferogram is transformed can affect the results, and so

care must be taken.

Secondly, in systems that are source noise-limited, the Fellgett disadvantage
applies. This arises because all regions of the spectrum are observed simultaneously.
Therefore, if noise occurs in one part of the radiation from the infrared source, it will be
spread throughout the spectrum in an FTIR system. In a dispersive system, the noise would
be seen only in the region of the spectrum in which it arose. Fortunately, in mid-infrared
systems, as used here, the system is detector noise-limited, therefore the Fellgett advantage

applies, but not the Fellgett disadvantage,

Most importantly, FTIR instruments have a single beam, whereas dispersive
instruments usually have a double beam. Double beam instruments take a background at
the same time as the sample, whereas single beam instruments rely on taking a background

before the sample is inserted. Assuming there is no change in atmospheric conditions

throughout the experiment, this does not cause a problem. However, for highly sensitive

work, and experiments which take along time, changes in infrared absorbing gas
concentrations can severely affect the results. Therefore, when using an FTIR instrument,
it 1s necessary to purge the instrument of CO, and water vapour using an infrared

transparent gas such as nitrogen. Otherwise changes in CO, or water vapour level between
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taking the background and sample spectra will cause absorption from these gases to appear

in the spectrum.

2.1.3 : Attenuated Total Reflection (ATR )

The most common sampling technique used in infrared spectroscopy is
transmission, as shown in Figure 2.2. This technique simply involves steering the infrared
beam through the sample, and into the detector. Transmission has the advantage of
simplicity and ease of use, but has several restrictions. Firstly, the technique is limited to
weakly absorbing samples, in order that total absorption of the infrared light does not
occur. More importantly for this work, transmission provides very limited spatial
information, thus limiting its use in situ. For example, if a thin polymer film is examined
in transmission, the infrared beam samples the film throughout its depth, and therefore

diffusion in the film would be impossible to measure.

The technique of ATR on the other hand, is extremely well suited to the sampling
of strongly absorbing samples, and is highly surface sensitive, allowing the differentiation
between bulk and surface spectra. The detailed theory of ATR has been well reviewed by

Mirabella' and Harrick?, therefore only the relevant points will be discussed here.

A schematic of the ATR experiment is shown in Figure 2.5.
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Since the evanescent field samples the material of interest, its properties are

extremely important to the spectroscopist. The important points can be summarised as

follows :

1. There is no loss of energy at the interface between the optically dense and rare

media, and therefore total internal reflection occurs.

2, The evanescent field in the rare medium is not transverse and has components in all
directions. Therefore the field can interact with dipoles in the rare medium occurring in all

directions.

3. There is a non-zero energy flow parallel to the interface resulting in a displacement

of the incident and reflected waves. This is known as the Goos-Hinchen shift.

4, The evanescent field is confined to the surface of the rare medium and decreases

with intensity with distance from the interface ( i.e. along the z axis ).

This last point is extremely important, because the decay of the evanescent field

determines how much of the rare medium is sampled. The decay can be written as follows

2,
E = Eoex —)b—jt(sm2 Oue—nZ) Z:l (2.11)
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where E is the amplitude of the electric field a distance Z into the rare medium
E, is the electric field amplitude at the interface
iy 1 the angle of incidence

Ny is equal ton, / ny

where
n, is the refractive index of the rare medium
and  n; is the refractive index of the dense medium

and A, is the wavelength of light in the dense medium.

Equation 2.11 can be rewritten by replacing the exponential constant with the electric field

amplitude decay coefficient, y:

E =Ewexp[-yZ] (2.12)

. 1/2
2n(sin? Oine— 12,
M

where y= (2.13)

The depth at which the electric field E decays to Egexp[-1] is known as the depth of

penetration, or d,. The depth of penetration is defined by

z=d=2> (2.14)
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The depth of penetration, d, is sometimes referred to as the sampling depth.
However, at d,, the Electric field has approximately 37% of its value at the surface, so

some signal is collected from deeper into the rare medium. Although the evanescent field

theoretically continues to infinity, a practical sampling depth, d; is often considered,

beyond which very little sampling occurs. The sampling depth, d, is three times d,,.

It can be seen from equation 2.13 that the decay coefficient y, and thus d, depends
upon the incident angle, the wavelength of light used, and n,;, the refractive index
matching between the ATR crystal and the sample. Because it is usually desirable to have
a small d; high refractive index materials are usually used as ATR crystals. However, the
infrared transmission window of a material must also be taken into account. The properties

of some common ATR materials are shown in table 2.1

Material Infrared window Refractive Index, n,
Silicon 1300 - 8300 cm™* 3.4
Germanium 600 - 5500 cm™ 4.0
Zinc Selenide 450 - 20000 cm™ 24
KRS5 250 - 20000 cm-1 24

Table 2.1 : Optical characteristics of common ATR materials

Assuming a refractive index for the rarer medium of 1.5 ( common for polymers ),
dilicon as the ATR medium, an incident angle of 45° and infrared of frequency 1600 cm’,
a value for d, of 0.5 um. is found, giving a value for d; of 1.5 pm. In practice, d, tends to
vary between 0.1 and 5 um. One important consideration arising from equation 2.13 is that

across the spectrum d, will change, meaning that higher frequency bands will absorb less
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2.1.3.1 : The advantages of ATR

1. Many reflections in the ATR crystal lead to_large sampling number, thus increasing
sensitivity.

2. Thin films can be studied with great sensitivity as most of the signal is obtained from < 1
um. away from the surface.

3. The interface may be studied selectively, or depth profiling may be performed by
manipulation of the evanescent wave.

4. In situ experiments are possible.

5. Interference fringes seen in transmission are not seen in ATR.

2.1.3.2 : The disadvantages of ATR

1. Very good optical contact is required between the sample and ATR crystal.

2. The total internal reflection wave loses energy at each reflection.

2.1.4 : Diffusion measurements with ATR - FTIR

The diffusion of small molecules in polymeric materials has been widely studied,
and there is a large body of Work on the theoretical background>®. There are many
techniques which have been applied to the study of this diffusion, but most, such as the ‘pat

and weigh’ technique’, where a slab of the polymer is immersed in the diffusant, and
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removed for weighing, are ex situ techniques. In order to obtain kinetic information from
measurements, it would be preferable to perform them in sifu. In order to do this, this work
shows the use of ATR -FTIR to monitor diffusion in a PVC film in contact with the ATR

~crystal, in situ. This section will discuss the theoretical basis for these measurements.
2.1.4.1 : Models of diffusion

Ficks’ first law states that the rate of transfer of a diffusant through a unit area is
proportional to the concentration gradient measured normal to the unit area®. This can be

written as ;

R .__D(%x(i) (2.16)

where F, is the flux of diffusant in the x direction
o is the concentration gradient of the diffusant

and D is the diffusion coefficient.

However, Ficks’ first law only applies to steady state diffusion, i.e. a fixed
concentration of diffusant. For non-steady state conditions, Ficks second law gives the rate

of change of penetrant concentration :

(£-42)
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where C is the concentration of diffusant
tis time

and  zis the axis normal to the polymer surface.

The mass of molecules diffused at time t into a polymer sheet may be given by-:

Mt 4(Dt)n
Mo L\n= (2.18)

where M, is the sorbed mass at time t
M, is the sorbed mass at equilibrium

and L is the sheet thickness.

Experimentally, diffusion in polymeric materials can be categorised as follows™? :

1. Case I Diffusion : This occurs when the rate of diffusion is less than the mechanical

relaxation time of the polymer. This is also known as Fickian diffusion. This is believed to

be found when the motion of the diffusant follows a ‘random walk’ with no interactions.

In case I diffusion the parameter n in equation 2.18 has a value of 0.5.

2. Case II diffusion : This occurs when the rate of diffusion is fast compared to the

mechanical relaxation time of the polymer. This diffusion is characterised by a sharp

moving diffusant boundary which progresses into the polymer at constant velocity. In case

1I diffusion the parameter n has a value of 1.
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or II, more than one parameter may be required to describe the diffusion.

3. Case III diffusion : This is also known as non-Fickian diffusion. It may occur when
the diffusion and relaxation rates are similar, but is also used to describe all other cases

where neither case I or I occur. The parameter n may be between 0.5 and 1. Unlike case 1

If one assumes Fickian kinetics, it is possible to derive a general solution to the

equation for the mass of diffusant in a film of thickness 2L :

M, x 8 [-D@n+1)2n%t |
—t=1- ex
M., §(2n+ 1)’n? pL 412 J

(2.19)

In the ATR experiment, the measured absorbance does not have a linear
relationship with M,, the mass of molecules. Therefore, in order to measure D, the
diffusion coefficient, it is necessary to combine equation 2.19 with Harricks® equations for

12,13,18,20

ATR" ( see section 2.1.3 ). This has been carried out many times before , and so

only the answers will be shown here.

The equation describing Fickian diffusion in terms of ATR absorbance is given

below:
. 2.2 -'
. xp( D@n+ D] @nele oo oy (27)]
A& ¥ 4L 2L (2.20)
Ao al-exp2ly] S ot 1{472 +((2n+1)7:)2] J
2L
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where A, is the absorbance at time t

and A, is the absorbance at equilibrium

A model that fits into_the category of case III diffusion. is the dual-sorption-mode

.

This model has been shown to be useful in systems where more than one diffusion
coefficient is required to describe the diffusion'*!*'. In the model, one species is mobile
and able to diffuse freely in to the polymer matrix, while another species is described as
partially mobile. This may be due to some species being trapped in voids in the polymer
matrix'’. This results in two different but constant diffusion coefficients. The model also

requires the parameter x, which describes the proportion of molecules in the partially

mobile state.

The equation for describing dual mode diffusion in terms of ATR absorption, as shown

below, is a summation of equation 4.20 for the two species, convolved with the proportion

factor x, '3,
A, -A
At _A°—=(1—ZD1)X1+(1"ZD2X1_X1) (221)
® 0
where
-D,(2n+1)*7%t | 2n+n ]
e 2 exp(—2y2L) + (-1)*(2y) l
ZD _ 8y & 4L 2L
* q[1-exp(2Ly| = 2
e o]

where x=1orx=2.
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Using these two equations ( equation 2.20 and equation 2.21 ) it is possible to
determine diffusion coefficients from absorbance data®*?!, assuming the value L and which

model is appropriate are known. This is applied in chapter 3.

2.2 : Raman Spectroscopy

2.2.1 : Introduction

The Raman effect was observed by C. V. Raman in 1928*2. Raman obtained
spectra using a mercury lamp, but it was only with the advent of intense, monochromatic
and collimated light sources ( i.e. lasers ) that Raman spectroscopy became a practically
useful technique. Therefore, compared to infrared spectroscopy, Raman is a relatively new
technique, but further technological advances have caused the use of Raman spectroscopy
to grow more widespread in recent years. The theory of Raman spectroscopy has been

23,24,25

widely discussed in the literature , 80 only the main points will be discussed here.

2.2.2 : The Raman effect

The Raman effect occurs when light is scattered inelastically by matter. When a

photon of light interacts with matter, it may be scattered in one of three ways:
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i Elastic scattering, which results in no net energy transfer between the photon and

the matter. This is also known as Rayleigh scattering.

il Inelastic scattering where_the photon is_scattered_with lower energy-than-the

incoming energy. This is known as Stokes scattering.

iil. Inelastic scattering where the photon is scattered with higher energy than the

incoming energy. This is known as anti-Stokes scattering.

Both types of inelastic scattering ( ii and iii ) give rise to Raman spectra.

Classically, when a molecule is placed in an electric field E, a dipole moment, pq,
is induced. The size of the induced dipole is dependent on the polarisability of the
molecule, i.e. the ease with which the electron cloud of the molecule may be distorted.

The induced dipole is given by

Ming = OLE (222)

where « is the polarisability tensor of the molecule. If the applied field is alternating, the

induced dipole oscillates at the same frequency. The alternating electric field may be

expressed as :

E = E’cos2ntv, (2.23)
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where E is the electric field at time t

and vy is the angular frequency of radiation

The induced dipole emits or scatters radiation of frequency vy which is Rayleigh

scattering. Assuming a simple harmonic oscillator, a diatomic molecule vibrating can be

described by

Qv = QoCOS2TV,t (2.24)

where q, is the displacement at time t

and v, is the frequency of vibration.

If this vibration leads to a change in polarisability, the polarisability can be written

as

oo

0

a=ao +( ) v 2.25
o0 0q (225)

substituting ( 2.24 ) into ( 2.25 ) gives

a=0’ +( O ] cos2nv t (2.26)
aq, ),
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If radiation of frequency v, interacts with the molecule then the induced dipole is

given by :

Ming= 0E = ancos21wot (2.27)

substituting ( 2.26 ) into ( 2.27 ) gives

ool
1. = a’E° cos2nv,t+ (WJEO% cos2mv,tcos2mv,t

v

(2.28)
EOQO
2

1.4 = a’E° cos2nv,t + (a—a) [cos 2n(v, +v, Jt+cos2n(v, + vv)t]

oq

v

Therefore for Raman scattering to occur, a change in the polarisability of the molecule

must occur during the vibration. i.e.

oo
( 6qv]0 #0 (2.29)

must be true for a vibration to be Raman active.

From a quantum mechanical point of view, the processes that may occur upon
scattering of a photon are shown in Figure 2.7. When light is scattered, almost all of the
photons undergo Rayleigh scattering. The low probability of Raman scattering is the
reason why high intensity light sources are required for Raman spectroscopy. It can be

seen from Figure 2.7 that Anti-Stokes scattering occurs from a vibrationally exited state.
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As the majority of molecules occur in the ground state, Stokes scattering is considerably

more likely than Anti-Stokes scattering.

Virtual excited state

v=2

= ' '4
Voo 4

Stokes Rayleigh Anti-Stokes

Figure 2.7 : Quantum mechanical scattering processes

It can also be seen from Figure 2.7 that like infrared spectroscopy, Raman

spectroscopy probes the vibrational energy levels of a molecule. Because it is often the

En
aQ

I . . 0
case that for molecular vibrations, when ( the dipole change ) is large, ‘-3% ( the

polarisability ) is small, and vice versa, many vibrations are either strong in the infrared or
Raman, but not both. Although strictly incorrect, such vibrations are often said to be either

infrared or Raman active. Therefore infrared and Raman give the same kind of
information, but often about different molecular vibrations. Infrared and Raman are often

said to be complementary techniques.
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Practically, Raman spectroscopy is usually carried out on the Stokes part of the

spectrum, due to the higher intensity. This is illustrated in Figure 2.8, which shows the

Raman spectrum of a silicon surface. The Stokes v(Si-Si) vibration of silicon occurs at 520

cm’ relative to_the Rayleigh light, and the anti-Stokes-vibration-at-520-cm™

-1

It-should-be ——

noted that the Rayleigh light in this spectrum has been filtered; usually Rayleigh intensities

are several orders of magnitude greater than Raman intensities.

5000 -4

3000 -}

Raman Counts

2000 -

1000 -

520

400

T

0
Raman Shift (cm-1)

T
200

400

T
600

Figure 2.8 : Raman spectrum showing, from left, Anti-Stokes, Rayleigh and Stokes lines

2.2.3 : Raman microscopy

Like infrared spectrometers, traditional Raman spectrometers simply consist of a

light source, a dispersive element and a detector. However, Raman light sources need to be

monochromatic, in order to facilitate measurement of the Raman shift, which gives the
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vibrational information. The most common sources are HeNe, Argon ion, and NdYAG
lasers, giving possible excitation wavelengths between 480 and 633 nm. These are visible

wavelengths, which makes coupling of a Raman spectrometer to a microscope a relatively

simple task, as a standard optical microscope may be used.—Unlike-infrared spectroscopy,

Fourier Transform Raman spectroscopy is still relatively rare, although it is a well

developed technique®”’.

Most Raman spectrometers use a grating as the dispersive
element, such as the Renishaw Ramascope described herein. The use of a monochromator
and photomultiplier to reject light and detect the Raman light is common, but the

Ramascope, as described below uses a more novel system. As the performance of this

spectrometer is of direct relevance to this project, the details of the instrument are

discussed in the next section.

2.2.4 : The Renishaw Ramascope

The Raman instrument used in this project was a Renishaw Ramascope system
2000. The system 2000 features an additional optical path used for imaging which is not
discussed here. A schematic diagram of the components of the Ramascope is shown in

Figure 2.9,
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The spectrometer functions as follows: The source is a 25 mW. Helium-Neon laser
at 632.8 nm. This enters the spectrometer through a laser attenuation wheel. This can be
used to reduce the power of the laser. Unless otherwise mentioned, this was used at the full

power setting. The laser then passes through a plasma line rejection filter (PLF-). The PLF

rejects all frequencies except the 632.8 nm. line. The laser is guided into a beam expander,
which is simply two objective lenses required to expand the beam to the size used by the
microscope objective ( approximately 10 mm. ). The beam expander may include a
pinhole at the focus, to collimate the beam. However, in the system described here, the
. beam is collimated as it exits the laser, so this is not necessary. The expanded beam is then
guided onto the first holographic notch filter ( HIN.F. ). The HN.F.s act like
monochromators, as they reflect Rayleigh light ( i.e. the frequency of the laser ), and allow
all other frequencies to pass. The first HN.F. acts as a beam splitter, guiding the laser light
into the microscope, whilst allowing the returning Raman light into the spectrometer. The
light enters the microscope accessory ( an Olympus BH-1 optical microscope ), and is
directed onto the sample with an ordinary microscope objective. In this work, 100X, 50X

and 20X U.L.W.D. ( ultra long working distance ) objectives have been used.

The light scattered by the sample is collected by the same objective ( 180°
scattering geometry ). This light is a mixture of Rayleigh, Stokes and anti-Stokes scattered
light. The light is guided into the spectrometer, and passes through the two H.N.F.s. These
remove almost all of the Rayleigh light, as can be see in Figure 2.8. Without the HN.F.s
the Rayleigh light swamps the spectrum. The light is next focused through an optical slit.

This acts as one part of a spatial filter, and will be explained in the following section,
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describing confocal Raman microscopy. The light is then reflected by a triangular mirror
onto a diffraction grating. The grating is fixed to a rotating motorised stage, and the angle

of the grating determines the wavelengths of Raman light detected. After the grating, the

light is focused onto a peltier-cooled C.C.D. (_charge-coupled device)-detector.

The C.C.D. is a silicon array device which can detect light on any one of it’s 600 x
400 pixels. In order to collect a spectrum, the grating disperses light which is focused in a
line onto the long axis of the C.C.D. It is therefore possible to detect approximately 600
spectral elements without moving the grating ( a ‘static’ spectrum ). In order to collect full
range spectra, the grating is rotated. The spectral range of the instrument is approximately
200 to 5000 cm’. This is somewhat limited at low frequencies compared to
monochromator - based spectrometers, which can often detect light at Raman shifts as low
as 20 cm™. However, for organic materials ( e.g. polymers ) most bands occur between 500
and 3500 cm™, so it is suited to this work. The advantages of the Renishaw Ramascope are
high sensitivity due to the C.C.D. detector, and the ability to perform confocal Raman

microscopy, which is discussed in the next section.

2.2.5 : Confocal Raman microscopy

Confocal microscopy is a technique of eliminating light from outside the focal
plane. In optical microscopy, this allows images of ‘sections’ of a transparent material to
be obtained. Confocal Raman microscopy allows the collection of a spectrum from a very

small volume of material. In the x-y ( or focal ) plane, it is easy to collect light only from a
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small area, by simply focusing the laser to small spot. The area sampled is limited to about
1 um.? by the diffraction limit. In the z ( or optical axis ) however, it is not as simple to

collect a spectrum from a small region only. Confocal microscopy eliminates back

scattered light from above or below the focal plane.

The signal intensity that reaches the detector for a given Raman band is given, to a

first approximation by

SI~ I()G;)\.NGT}_SL ( 2.30 )

where Sl is the signal intensity at wavelength A
Iy is the laser irradiance at the sample ( in watts / unit area )
o is the differential cross-section for the analysed Raman band ( in cm? sterad™
molecule™)
N is the number of molecules sampled
0 is the angle of collection of the Raman light
T, is the throughput of the instrument

~and s, is the sensitivity of the detector at the given wavelength.
When in confocal mode, there is clearly a small value for N, as a small volume is

sampled. Using a high numerical aperture ( NA ) objective compensates for this

somewhat. The NA of an objective is defined as follows
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