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ABSTRACT

The modern pharmaceutical industry requires high quality performance and
documentation in all the manufacturing steps to meet continually increasing
economic and regulatory demands. This includes the need for new advanced
analytical methods to ensure high consistency of the incoming raw materials,
and of the intermediate and final products.

This thesis describes the development of new analytical methods or the
refinement of established methods for silicone elastomers with a focus on high
selectivity, accuracy and precision. Spectroscopy (NMR, IR MS),
chromatography (GC, LC) and thermoanalytical techniques (TGA, DSC,
DMTA) have been used to analyse the consistency of the silicone material
composition. These methods have also been used to improve the production
processes for a controlled drug release product and to ensure that the regulatory
demands of the final product are met.

The dimethyl silicone elastomer used was cured by a hydrosilylation mechanism
where vinyl and hydride siloxane groups add and form an ethylene crosslinking
bond. This reaction is catalysed by platinum in the presence of an inhibitor to
prevent the material from curing at room temperature. 

The low amounts of vinyl and hydride groups were quantified by a new NMR
method. As a complement, a large number of samples were analysed with
respect of their hydride content with a rapid IR method. 

The low molecular weight inhibitor was determined with a new headspace GC
method. We also found that the inhibitor content was of great importance in the
manufacture of the controlled drug delivery device. If the inhibitor content was
too low, the pre-curing made the material practically impossible to handle.

After curing, we found residues of hydride groups in the elastomer that had a
negative impact on the product properties. Using NMR and IR for hydride
quantification, we developed a controlled procedure by storing the material in a
room at constant temperature and humidity in order to decompose these hydride
groups.

Several other methods which were developed are also described in this thesis.
The methods are essential both during the development phase and in the quality
control phase in the manufacture of a silicone elastomer drug delivery device.
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1. INTRODUCTION

1.1 SILICONE APPLICATIONS IN DRUG
DELIVERY SYSTEMS

Silicones are frequently used in medical applications. For more than 50 years,
they have been used to treat glass surfaces to reduce the surface energy (Ref. 1),
as e.g. a lubricant to reduce friction between a rubber plunger and a glass
syringe or to reduce pain when an injection needle penetrates the skin. Other
medical applications for silicones are flexible tubings for catheters,
antiflatulents, body prostheses, intra-ocular and contact lenses and for controlled
drug release. 

Since the early 1970’s, silicone elastomers have been used as drug delivery
systems for female sex hormones (Ref. 2). At that time, WHO initiated the
development of a contraceptive intra-vaginal silicone ring (IVR) (Refs. 3-4)
(Fig. 1). This type of device gives a constant drug release over a long period.
However, during the initial period of a few days, the drug release rate is much
higher due to the washing out of the dissolved drug from the outer sheath
material. The NuvaRing® is another example of an IVR. It is made from a core
of ethylene vinylacetate copolymer containing etonorgestrel and
ethynylestradiol with a silicone membrane controlling the drug release (Ref. 5). 

Figure 1 Drawing of a hormone-releasing intra-vaginal ring with a core
containing the dispersed hormone. The right-hand figure shows a
cross-section of the ring

Today, there are several other devices available for contraception (Ref. 6).
Norplant® is an example of an implantable rod containing levonorgestrel. Six
rods are injected under the skin and they act for 5 years before they are removed
by surgery (Ref. 7). Levonova® (Fig. 2) is an example of an intra-uterine device 
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(IUD). A silicone elastomer covers the stem of the T-shaped polyethylene
device and contains the levonorgestrel hormone (Ref. 8).

 

Figure 2 Drawing of the Levonova® IUD, which gives a controlled release of
levonorgestrel dispersed in Silastic® silicone elastomer (black part)

Another example of medical application for the IVR is the Estring®. It is a low
dose releasing hormone IVR made of a silicone elastomer with a construction as
in figure 1. It has been developed for the local treatment of symptoms associated
with urogenital ageing. This product constantly releases 8 µg of 17β-estradiol
per 24 hours over three months (Ref. 9).

A major advantage of all these types of controlled delivery device for hormone
therapy compared to orally taken tablets is that the effects on first pass
metabolism are overcome, i.e. the side effect of high serum concentrations of the
hormone is much reduced. Another effect is that they are very convenient to use
and they have a long period of action before they have to be changed (Ref. 10)

1.2 DESCRIPTION OF THE SILICONE MATERIAL

The silicone material used in this thesis belongs to the Silastic® family of
elastomers, manufactured by Dow Corning, USA. It is a medical grade
elastomer and is used in many medical applications, e.g. Levonova®, Norplant®

and Estring®. The particular grade used here is called Silastic® Q7-4735. It is a
rather soft elastomer with a Durometer hardness of 35 Shore A. The pre-
elastomer, a gel-like material, is composed of two parts, Part A and Part B. Both
parts contain a base material, equal in both parts. The difference between the
two parts is that Part A contains the catalyst and Part B contains the crosslinker
and an inhibitor. Equal proportions of the two parts are mixed in a two-roll mill
into a homogeneous blend and the product is then formed into the desired shape.
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The formed material is then placed in a mould and heated to 100-150 °C. During
this heating, the crosslinking reaction occurs and the elastomer is formed. 

The base material is composed of roughly 70% of two high molecular mass
polydimethylsiloxane gums. Both polymers have terminal dimethylvinyl groups
and one of them also contains methylvinylsiloxane groups randomly distributed
along the polymer chain (Fig. 3). On average, approximately one in every 500
repeating units contains a vinyl group. 
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Figure 3 Structures of the two high molecular mass polydimethylsiloxanes
containing vinyl groups

The base also contains approximately 20% of the reinforcing fumed silica
particles (SiO2) and the rest of the base consists of two rather small hydroxyl-
terminated polydimethylsiloxane oils (Fig. 4). Their purpose is to deactivate the
silanol groups on the fumed silica surface during the mixing step in the base
manufacture. This deactivation step is essential. If it is not properly done, it will
have a negative influence on both the rheological behaviour of the uncured
material and the drug delivery characteristics of the hormones.
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Figure 4 Structures of the two organosilanols present in the base material 
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When the components in the base material have been thoroughly mixed, the
material is divided into two equal parts. The platinum catalyst, which is
dissolved in a vinyl-containing silicone oil, is added to Part A, and the silicon
hydride crosslinker (Fig. 5) and the inhibitor, 1-ethynylcyclohexanol (Fig 6) are
mixed with Part B. The crosslinker is a low molecular mass trimethylsiloxane-
terminated copolymer which consists of methylhydrogensiloxane and
dimethylsiloxane groups. These two parts are delivered by Dow Corning as
Silastic® Q7-4735.  
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CH3
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Figure 5 Structure of the silicon hydride crosslinker

C

OH

CH

Figure 6 Structure of the inhibitor, 1-ethynylcyclohexanol

The drug manufacturer takes parts A and B, and mixes them in a two-roll mill.
The material is then formed into the desired shape, normally by extrusion at
room temperature and put into a mould. During this period, the inhibitor
prevents the material from curing. When the material in the moulds is heated,
the curing proceeds (Fig. 7). In the curing reaction, all the vinyl groups react
with the low molecular mass crosslinker, as the crosslinker is present in excess.
The curing reaction demands the presence of a small amount of platinum
catalyst. The amount of platinum in this material was found to be about 20 ppm. 
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+ H2C CH SiSi H Pt CH2 SiCH2Si

Figure 7 The hydrosilylation reaction where silicon hydrides and silicone
vinyls add and form an ethylene bond in the presence of a platinum
catalyst

After curing, the remaining silicon hydride groups are slowly hydrolysed in the
presence of water into rather inactive silanol groups. In addition, the hardness of
the elastomer also increases after curing. These reactions are summarised in a
term called “post-curing”.

1.3 ANALYTICAL METHODS

Different analytical methods have been developed to quantify different groups in
the pre-elastomer. 

o The amounts of vinyl groups in the pre-elastomers are proportional to the
crosslinking density of the elastomer and have been measured by NMR and
gas chromatography. 

o The crosslinker with the active hydride group add to the vinyl groups. It is
present in excess in order to ensure a rapid and complete curing. The
crosslinker content has been measured with both NMR and infrared
spectroscopy (IR). 

o The silica filler content was determined by thermogravimetric analysis. The
remaining hydroxyl-terminated silicones used in the deactivating of the silica
surface were assessed by a liquid chromatography method after derivatisation
of the silanols. 

o The inhibitor was quantified by headspace gas chromatography (HS-GC).
o The amount of platinum in the catalyst was assessed by atomic emission

spectroscopy.

The pre-curing of the mixed material was studied by several techniques. 

o The heat evolved in the curing reaction was studied by differential scanning
calorimetry (DSC) 

o The change in elastic modulus was measured by dynamic mechanical thermal
analysis (DMTA). 

o Size exclusion chromatography (SEC) was used to study the increase in
molecular mass.

o The HS-GC technique was used to monitor changes in inhibitor content.
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The effects of humidity, atmosphere and temperature on post-curing were
studied.

o Residues of hydride crosslinker were measured by both NMR and IR.
o Durometer hardness and DMTA were used to study the mechanical changes.

The final elastomer was then analysed to qualify the material for its application
as an intra-vaginal drug delivery device.

o The material was qualified to meet the requirements in both the European
Pharmacopoeia and the US Pharmacopoeia.

o Hardness was used as an identity test to differentiate the elastomer from other
similar Silastic® materials.

o Swelling in toluene was used to measure the relative degree of crosslinking. 
o The non-bonded materials in the elastomer, the extractables, were quantified

by extraction followed by weighing. The extractables were identified by
NMR, IR, UV spectroscopic techniques, and by mass spectrometry. Further
identification of the extract was achieved with GC and SEC. 

1.4 PURPOSE OF THIS WORK

The modern pharmaceutical industry requires high quality performance and
documentation in all the manufacturing steps to met continually increasing
economic and regulatory demands. This includes the need for new advanced
analytical methods to ensure high consistency of the incoming raw materials,
and of the intermediate and final products.

The purpose of this work has been to develop analytical methods for silicone
elastomers with a focus on high selectivity, accuracy and precision. These
analytical methods were then used to improve the manufacture of Estring,
which led to a more reproducible manufacturing process, a higher production
yield and thereby reduced costs. It was important that the methods should be
able to determine small batch variations in composition of the pre-elastomer and
they should also be applicable to the silicone material during the different phases
in the manufacturing chain from the incoming pre-elastomer, over the blending
and curing and to the final elastomer. 
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2. ANALYSIS OF THE PRE-ELASTOMERS
BEFORE CURING

2.1 SILICONE VINYL AND SILICONE HYDRIDE CONTENT

The reason for quantifying the vinyl and hydridesiloxane groups is that they are
the two structures in the pre-elastomer that form the ethylene crosslinking bond.
The vinyl groups are distributed along the siloxane chains and they are also
found as terminal groups. Both types of vinyl groups are found in the high
molecular mass polymers. The hydride crosslinker has a rather low molecular
mass and is present in excess relative to the vinyl groups. The vinyl groups will
therefore be fully converted to ethylene groups, assuming that each vinyl group
leads to an addition to a hydride group. The degree of excess of the hydride
group will have an influence on the crosslinking density. Too little or too much
crosslinker will reduce the crosslinking density (Ref. 11). In addition, too much
crosslinker may lead to post-curing problems with unreacted hydrides.

Due to the small amount of vinyl groups in the pre-elastomers, around 0.2
molar-% in both Part A and Part B, only a few methods are applicable for this
type of quantification with acceptable accuracy and precision. Proton NMR is
one of the few spectroscopic techniques that can be used. Another possible
technique is gas chromatography, after alkaline or acidic degradation of the
polymers. For materials with a higher vinyl content, e.g. in reference standards,
it is possible to perform the quantification by other techniques such as titration
(Refs. 12-13) and infrared spectroscopy (IR). Raman spectroscopy is considered
to be unsuitable for the characterisation of silicone elastomers due to the very
poor quality of the spectral information (Ref. 14). 

The amount of hydride groups is about seven times greater than the amount of
vinyls. It is therefore easier to find methods to quantify the hydrides with
sufficient accuracy and precision. Old chemical quantification methods are
based on oxidation followed by iodometric titration (Refs. 15-17) or alkaline
reaction with water or an alcohol followed by measurements of the amount of
evolved hydrogen (Ref. 18). A sensitive method uses the reaction with a
carbenium ion reagent, which gives an intensive chromophore, which can be
measured in the visible region (Ref. 19). Modern methods are based on either
NMR or IR spectroscopy (Ref. 20). 
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2.1.1 Measurements of silicone vinyl and hydride groups using

proton NMR

29Si NMR is frequently used for the characterisation of silicone compounds
(Ref. 21) One of the advantages of 1H-NMR spectroscopy compared to 13C and
29Si is that it is much more sensitive, due to the use of an NMR active isotope
(1H – 99.9%, 13C – 1,1%, 29Si – 4,7%). Another important advantage of NMR
compared with other techniques is that, when the analysis is properly performed,
there is a direct relationship between the integral of the signal peak and the
molar amount of the nuclei, i.e. no calibration versus a reference substance is
necessary. Quantitative measurements using NMR on silicones have been
successfully used for several years (Refs. 22-25) But, no publications for this
type of material have been found.

The following 1H-NMR method was successfully developed and validated for
the quantification of both types of vinyl groups and the hydride group in the pre-
elastomer (Ref. 26). Approximately 75 mg of the sample was dissolved in 0.7 ml
deuterated chloroform (CDCl3) in a sealed vial overnight and analysed by one-
dimensional 1H-NMR spectroscopy. The spectrometer was a Varian Unity 500
MHz instrument. The experimental conditions were as follows: temperature
30 °C, spectral width -1.0 to 10.0 ppm, resolution 0.3 Hz, and the pulse delay
was 17.5 s, i.e. five times the relaxation time.

The signals were assigned by comparison of the spectral data obtained for well-
defined low molecular mass reference substances;  dimethylvinyl-terminated
polydimethylsiloxane (PS437), a methylhydrogen-dimethylsiloxane copolymer
(PS123) and a dimethylsiloxane-vinylmethylsiloxane copolymer (PS422), all of
which were obtained from ABCR, Karlsruhe, Germany and manufactured by
Hűls America Inc, USA.

The NMR spectra of Part A and Part B are shown in figures 8 and 9. The huge
methylsiloxane peak is at approximately 0 ppm. The methylhydrogensiloxane
group in the crosslinker in Part B (Fig. 9) shows a singlet at about 4.7 ppm and
the complex spectrum from the vinyl groups is at about  6 ppm. There is a broad
peak from water and organosilanol groups between 1 and 2 ppm and the peak at
about 7 ppm is from the solvent (chloroform). 
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Figure 8 500 MHz 1H-NMR spectrum of Silastic® Q7-4735 Part A in CDCl3

Figure 9 500 MHz 1H-NMR spectrum of Silastic® Q7-4735 Part B in CDCl3
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Figure 10 shows an expansion of the proton NMR spectrum in the region
around 6 ppm where the signals from vinyl protons occur. 

Figure 10 500 MHz 1H-NMR spectrum of Silastic® Q7-4735 Part B in
CDCL3, showing an expansion the spectrum of signals from the
vinyl protons around 6 ppm

The method also included a system suitability test to ensure proper performance
of the instrument. The line width at half height for the CDCl3 signal, which was
set at 7.27 ppm, should be less that 2.0 Hz. In addition, the signal-to-noise ratio
for the signal at 6.1 ppm should be at least 4, where the noise was measured
between 6.4 and 6.9 ppm. 
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The proton signals were integrated over the ranges given in table 1.

Table 1 Integration range in the 1H-NMR spectrum for the different
siloxane structures

Integration
range
(ppm)

Chemical group Structure

-0.7 to 0.8 dimethylsiloxane (DMS) Si

CH3

CH3

4.2 to 5.2 methylhydrogen groups
(MHS)

Si

H

CH3

5.6 to 6.0 methylvinyl groups (MVS) Si

HC

CH3

CH2

6.0 to 6.2 dimethylvinyl groups (DMVS) Si

HC

CH3

CH3

CH2

A correction has to be made for the integrals of the MVS groups, as the DMVS
groups have 2/3 of the peaks in this region. The results for the different groups
are calculated as relative molar-%, i.e. the sum of DMS, MVS, DMVS and MHS
is 100%. The silica filler and any proton NMR inactive group will not be
measured. It is of course possible to further develop the method as a true assay
method, which would involve a known amount of an internal standard.
However, it was considered that this relative method was sufficient for
monitoring the consistency of the different pre-elastomer batches

The method was validated for reproducibility using one of the pre-elastomer
Part B batches containing both the crosslinker with the methylhydrogen group 
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and the polymer with the vinyl groups. Ten different sample preparations were
made and analysed during a period of two weeks (Tab. 2). 

Table 2 Precision of the 1H NMR method for the quantification
of vinyl and hydride groups in the pre-elastomer.

Average
molar-%

RSD
%

MVS 0.15 3.7

DMVS 0.05 6.3

MHS 1.55 0.7

The accuracy of the method was also validated. The methylsiloxane protons are
in a great excess relative to the groups that are to be quantified and this may
cause deviations in accuracy. However, it was found that the instrument gave a
linear response for DMS over the whole concentration range. In addition, the
accuracy of the NMR method was checked  by comparing the results with IR.
As the IR technique is quite insensitive to vinyl groups, a substance with a
higher amount of vinyl groups was used (Tab.3).

Table 3 Comparison between the 1H NMR method and IR for the
quantification of vinyl and hydride groups. 

NMR IR

Vinyl 1.65 1.56

MHS 1.52 1.31

There is a small deviation in results between NMR and IR. The reason for this
deviation was not fully resolved, but one possible explanation is that the setting
of the baseline in the IR method introduces a slight systematic error.
 
Approximately ten batches, several samples taken from every batch, were
analysed and the vinyl content results are shown in table 4.
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Table 4 Vinyl content in ten batches of Silastic® Q7-4735 Part A and Part B.

Average
molar-%

Std.dev.
molar-%

RSD
%

MVS Part A 0.149 0.010 6.9

MVS Part B 0.143 0.008 5.8

DMVS Part A 0.066 0.011 15.9

DMVS Part B 0.046 0.007 15.1

MHS Part A 1.52 0.12 7.8

There is a slightly higher terminal methylvinylsiloxane (DMVS) content in Part
A than in Part B, approximately 0.02 molar-%. These vinyl groups originate
from the platinum catalyst, which is dissolved in a vinyl-terminated silicone oil.
The vinyl content seems to be quite consistent compared to the hydride content,
considering the method variations.

2.1.2 Measurements of silicone vinyl and silicone hydride groups

using infrared spectroscopy (IR)

IR spectroscopy is often used as the primary technique for the identification of
unknown samples. However, the technique is also very suitable for quantitative
analyses. The different measuring techniques commonly used for silicones are
transmission through a liquid cell for liquid silicones or solutions, or through
thin pieces of elastomers, or photoacoustic or reflection techniques (Refs. 27-
35). 

A simple procedure for obtaining an IR spectrum for this type of soft uncured
material is a reflection technique, Attenuated Total Reflectance (ATR). A thin
slice of the sample was cut to closely match the crystal area on the horizontal
ATR accessory, Spectra-Tech QC ATR with a 45° ZnSe crystal. The sample
was slightly pressed onto the crystal surface and the infrared spectrum was
recorded on a Nicolet 60SXB FTIR instrument, 32 scans with a resolution of 8
cm-1. The background spectrum of the clean crystal was subtracted from that of
the sample spectrum. This method was selected for identification of the two pre-
elastomers. Figures 11 and 12 show the two different spectra of Part A and Part
B. The spectra are very similar, apart from the band at 2160 cm-1 for Part B 
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which comes from the hydride crosslinker. This absorption at 2160 cm-1

corresponds to a stretching vibration of the methylhydrogensiloxane group. 

Figure 11 Reflection IR spectrum of Silastic® Q7-4735 Part A.

Figure 12   Reflection IR spectrum of Silastic® Q7-4735 Part B.



20

In order to quantify the methylhydrogensiloxane groups, the sample spectrum
was converted to absorbance and scaled between 0 and 0.1 absorbance units in
the range of 3300 and 1500 cm-1. The peak heights (H) were measured for the
two peaks at 2160 cm-1, the methylhydrogensiloxane group, and at 1944 cm-1,
the siloxane polymer backbone which was used as internal reference. The
baselines were set as indicated in figure 13. 

Figure 13  Expanded reflection IR spectrum of Silastic® Q7-4735 Part A,
using absorbance scaling

The MHS content was calculated according to following equation:

Molar-% MHS = 








×

1944

2160109.1
H
H + 005.0        [1]

where H is the height of the absorbing band

This equation was obtained by running FTIR spectra of different mixtures of the
two silicone fluids PS123 and DC200. PS123 was obtained from ABCR, 
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Germany, and is a methylhydrogensiloxane dimethylsiloxane copolymer with
29.8 molar-% MHS measured by proton NMR. DC200 is a dimethylsiloxane
homopolymer (PDMS) obtained from Dow Corning. The repeatability of the
method was estimated by making ten successive measurements on the same
sample, which had a MHS content of 1.59 molar-%. The sample was removed
from the crystal after each measurement. The standard deviation was 0.013
molar-%, which is equivalent to a relative standard deviation (RSD) of 0.9%. 

Several batches and several samples per batch were analysed for MHS content
using the IR method. The average value for 30 batches was 1.30 mole-% with an
RSD of 8%. The same variation was found with NMR. The MHS content over
time is shown in a trend plot in figure 14. The MHS content seems to be quite
consistent considering the mean batch results. However, the variations within
the batches indicate a shift to larger variations in the middle of the trend plot, at
measurement numbers around 150. This increased variation was later found to
be related to a change in the pre-elastomer manufacture at Dow Corning. They
later changed to a much more efficient process giving very consistent pre-
elastomers.
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Figure 14 Trend plot over time for the MHS content in pre-elastomer Part B
measured by ATR infrared spectroscopy

The vinyl groups can also be measured by IR. The vinyl group cannot however,
be determined at low levels as in the case of the Silastic® materials. In order to
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illustrate the limit of what can be measured with IR, a vinyldimethyl-terminated
dimethyl silicone oil was used (Dow Corning SFD 119, Batch No ET020681).
This silicone oil has an average number molecular mass of approximately
10 000, which corresponds to approximately 1.5% of the dimethylvinylsiloxane
group. The IR spectrum shows a small absorption at about 3050 cm-1 for this
vinyl group (Fig. 15)

Figure 15  IR spectrum of the vinyldimethyl-terminated silicone oil SFD 119

The detection limit was estimated to be 0.1%, calculated as vinyldimethyl-
siloxane.

2.1.3 Vinyl content measured by gas chromatography

The vinyl content can also be determined by gas chromatography (GC) after
degradation into volatile compounds. Ethylene can be cleaved off from the
vinyl-containing polymer by alkaline fusion and quantified by GC (Refs. 36-39).
Acidic hydrolysis in excess of hexamethyldisiloxane gives dimethyl derivatives
of the monomer units (Refs. 40-41). The method used here is based on alkaline
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degradation in the presence of tetraethoxysilane. The main advantage compared
with the acidic degradation is that the alkaline degradation is much faster. Like
the acidic method, this method can be used for the determination of both
vinylmethylsiloxane (VMS) and terminal vinyldimethylsiloxane groups
(VDMS).

The principle of this method is that the sample is decomposed by breaking the
siloxane bonds (Si-O) in a hot alkaline solution using tetraethoxysilane as both
reagent and solvent. Ethoxy derivatives are then formed by neutralisation with
carbon dioxide, and the components are analysed by gas chromatography.
Figure 16 shows the three components that can be formed from the vinyl-
containing high molecular mass polymers in the pre-elastomer materials.
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Figure 16  Products formed from alkaline degradation in tetraethoxysilane of
the vinyl-containing polydimethylsiloxane in the pre-elastomers

Other siloxane groups present in the pre-elastomer material can also be analysed
by this method. However, the terminal dimethylsilanol group cannot be
analysed, as this group transforms to dimethyldiethoxysilane, the same
derivative as from the dimethylsiloxane group (Fig. 17).



24

O Si

CH3

CH3

OH O Si

CH3

CH3

OCH2 CH2 CH3H3C

Figure 17 Reaction product of the terminal dimethylhydroxylsiloxane group,
the same product as is formed from dimethylsiloxane

 
The methylhydrogensiloxane (MHS) group generates the methyltriethoxysilane
derivative (Fig. 18). This reaction product would also be found if the
methylhydroxysiloxane were present. This group was never specifically
analysed and, according to the manufacturer, it should not be present in the pre-
elastomer. 
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Figure 18 Reaction product formed from methylhydrogensiloxane (MHS) and
methylhydroxysiloxane. The latter is probably present only in very
low amounts in the pre-elastomer

We used tetraethoxysilane with a purity of 98% from Fluka, potassium
hydroxide of  analytical reagent grade from Prolabo or sodium ethylate, ≥ 95%
from Fluka. n-octane was used as internal standard, 99% from Ventron, and
vinylmethyldiethoxysilane (VMDES) from ABCR as external standard. For
neutralisation, we used gaseous carbon dioxide with a purity of more than 99.8%
from Alfax. 

The sample solution was prepared by weighing 10 mg of the sample into a 4 ml
Pierce Reacti-vial with a magnetic stirrer bar. 4.0 gram of tetraethoxysilane,
containing 0.05% n-octane as internal standard, and 0.1 gram of potassium
hydroxide or sodium ethanolate were added. The vial was sealed with a
Teflonised rubber septum and two 27 gauge needles were penetrated through the
septum. Nitrogen was bubbled through the solution for two minutes to remove 



25

dissolved oxygen. Both needles were then removed and the reaction was carried
out at 120 °C under stirring in a heating block for 60 minutes. After cooling to
room temperature, the cap was removed. Gaseous carbon dioxide was bubbled
through the solution for two minutes to neutralise the alkaline solution. After
centrifugation, the clear supernatant was checked to be slightly acidic using a
pH stick and then analysed by gas chromatography. 

For this purpose we used a Hewlett Packard GC model 5890A with a flame
ionisation detector. The column was a J&W DB-1 (30 m x 0.32 mm) with a film
thickness of 1 µm. Helium was used as carrier gas with a flow rate of 1.0 ml/min
(constant pressure).The instrument was set with an injector port, a  temperature
of 250 °C and a detector temperature of 350 °C. The column oven was
programmed with the following settings: 40 °C for one minute, 4 °C/min up to
140 °C and then 10 °C/min up to 325 °C at which the temperature was held for
20 minutes. The split ratio was 1:10 and the injection volume was 1 µL. 

The external standard solution for vinylmethylsiloxane was made from solutions
of vinylmethyldiethoxysilane (VMDES), from ABCR, dissolved in the internal
standard solution in the range of 25 to 600 µg VMDES/g tetraethoxysilane. The
chromatograms of the two pre-elastomers are shown in figures 19-20. A
chromatogram of a vinyl-terminated PDMS is shown in figure 21 for
comparison.

Figure 19 GC chromatogram of the alkaline tetraethoxysilane decomposed
pre-elastomer Part A



26

Figure 20 GC chromatogram of the alkaline tetraethoxysilane decomposed
pre-elastomer Part B

Figure 21 GC chromatogram of the alkaline tetraethoxysilane decomposed
silicone oil SFD 119

To identify the majority of the different peaks in the chromatograms we used a
mass spectrometer Hewlett Packard 5972, as detector. 
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♦ The first eluting peak at 4 minutes was ethanol, traces from or degradation
of the reagent, tetraethoxysilane. 

♦ The peak, at 7 minutes, was trimethylethoxysilane, which is the derivative
of the terminal trimethylsiloxane group. This peak was present only in the
chromatogram from pre-elastomer Part B. This compound originates from
the crosslinker, the only trimethyl-terminated siloxane in the pre-elastomer.

♦ The derivative of the terminal vinyl group dimethylvinylethoxysilane was
found at 10 minutes. This peak was very small in the chromatograms of the
pre-elastomers, but quite large in the chromatogram of the vinyl-terminated
silicone oil, SFD119.

♦ The relatively large peak at approximately 13 minutes was
diethoxydimethylsilane, the derivative of the major component in the
polymers, the dimethylsiloxane group. 

♦ The internal standard, n-octane, was found at about 15 minutes 

♦ The vinylmethyldiethoxysilane group from the vinyldimethylsiloxane
group (VDMS) eluted at 17 minutes. 

♦ After 18 minutes, methyltriethoxysilane eluted, which was the derivative
formed from the hydride group (MHS).  This peak was also found in the
chromatogram from pre-elastomer Part A contains no crosslinker. One
explanation of this finding is that this derivative can also be formed from
the silanol group methylhydroxysilane, which should be considered as an
impurity in the sample. 

♦ Some of the peaks eluting after the reagent itself (23 min) are cyclic
oligomers of dimethylsiloxane.

From a ruggedness study where different experimental factors were varied over
a range of approximately 10-50% we found that the results from this method
were dependent mainly on the sample weight and choice of catalyst. A small
amount of sample (≤10 mg) and the use of sodium ethylate as catalyst gave
almost full recovery for vinylmethylsiloxane (Ref. 42). 
The repeatability of the method for the quantification of the
vinyldimethylsiloxane terminal group was estimated to be 2% from five separate
determinations, where the content was determined to 0.21%.
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This GC method is more sensitive than proton NMR, for the determination of
different vinyl groups. Also, several different moieties can be analysed by the
GC method. The NMR method has the advantage that the measurements are
made directly on the sample solution without derivatisation. In conclusion, the
two methods are complementary and the choice of method is dependent on the
issue.

2.2 INHIBITOR CONTENT DETERMINED WITH
HEADSPACE GAS CHROMATOGRAPHY [Paper III]

In order to increase the available processing time of the mixed material prior to
curing, the manufacturer adds an inhibitor to the formulation. Different types of
compounds containing an acetylenic group have been successfully used for this
purpose (Refs. 43-44). As the silicone material is heated, this inhibition effect is
lost or strongly reduced and the curing reaction proceeds rapidly. 

No suitable method was found in the literature for the determination of the
inhibitor in the silicone matrix. On the other hand, indirect methods were found
where the curing rate was measured by e.g. rheometry, thermal analysis methods
such as DSC or DMTA and spectroscopically by IR (Refs. 45-48). However,
these indirect measurements reflect not only the content of the curing
components but also the presence of any substance that can poison the curing
process e.g. amines, sulfur, nitrogen oxide, organotin compounds and carbon
monoxide (Ref. 49). It was therefore necessary to measure the content of the
inhibitor itself. Different attempts to determine the inhibitor content by
spectroscopy (NMR and IR) failed, probably due to the rather low amount of
inhibitor in the silicone material. During the characterisation by gas
chromatography of oligomers in the pre-elastomers, we found that the inhibitor
present in Part B, 1-ethynyl-1-cyclohexanol, (ETCH) eluted at a rather low
temperature from the column. From this observation, we assumed that it could
be possible to develop a gas chromatography method using the headspace
injection technique. The advantage of using head space injection is that only the
volatile compounds are injected to the column, and the column will not therefore
be damaged due to injections of high molecular mass polymers.

As reference substance, we used 1-ethynylcyclohexanol, purum quality,
manufactured by Fluka Chemie AG, Switzerland (Fig 22). 
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Figure 22 Structure of the inhibitor, 1-ethynylcyclohexanol (ETCH)

Octamethylcyclotetrasiloxane (D4) with 98% purity, from ABCR, Karlsruhe,
Germany, was used for the system suitability test.

The equipment used was a headspace autosampler, Perkin Elmer HS40, which
was coupled to a Hewlett Packard gas chromatograph, model 6890A, with a
split/splitless injector and a flame ionization detector. The flame ionization
detector (FID) signal was processed by a Millennium 2020 chromatography data
system from Waters. The capillary column (30m*0.32mm) was DB1 from J&W
coated with 1 µm poly(dimethylsiloxane). For the identification of the unknown
peaks in the GC chromatogram, a mass selective detector Model 5972A from
Hewlett Packard replaced the flame ionization detector. 

Approximately ten grams of the sample were thoroughly mixed in the two-roll
mixer to ensure homogeneity. For each analysis, 1.00 ± 0.01 gram of the sample
was placed in each of two 20 ml headspace vials. 50 µl of ethanol was added to
the first vial and 50 µl of a standard solution of ETCH (10 mg/ml) dissolved in
ethanol was added to the second vial. The vials were put into the headspace
autosampler after being sealed. The sample vial was allowed to equilibrate at
90 °C for 60 minutes prior to injection into the gas chromatograph. The
sampling needle and the transfer liner were set to 120 °C and the applied
pressure time was 1.0 minutes, the injection time 0.06 minutes and the needle
withdrawal time 0.1 minute. The gas chromatograph was programmed with an
injection port temperature of 150 °C and a detector temperature of 250 °C. The
column oven was set at 50 °C for 1 minute and the temperature was then raised
by 10 °C/min to 250 °C at which it was kept constant for 1 minute. The flow
rate of the helium carrier gas was approximately 2 ml/min. The peak areas for
ETCH were determined for the sample with and without standard addition. The
retention time for ETCH was approximately 8 minutes. A standard addition plot
was constructed and the amount of ETCH was calculated.

A system suitability test was performed prior to the analysis of the inhibitor, in
order to verify that the headspace gas chromatographic system had the expected
performance. 50 µl of a solution of ETCH (0.5 mg/ml) and the cyclic silicone
oligomer, D4, (0.3 mg/ml) were transferred to a headspace vial. After the vial 
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has been sealed, the mixture was analysed according to the conditions for the
silicone material described above, except that the equilibration time was reduced
to 10 minutes. The resolution (Rs) between the two peaks should be at least 4 if
the instrument is working properly.

Measurement of the gas phase of the silicone sample takes advantage of the
relatively high vapour pressure of ETCH. The selected non-polar GC column
mainly separates substances according to their vapour pressures. It can be seen
in a typical chromatogram from a sample without standard addition (Fig. 23)
that the ETCH peak elutes rather early.

 

Figure 23  Example of a GC chromatogram from a gas phase injection of the
pre-elastomer Part B, containing the inhibitor, ETCH

The chromatogram also shows that other volatile substances are present in the
sample. The mass selective detector was used to identify these peaks,. The
interpretations of the mass spectra show a positive identification for 1-
ethynylcyclohexanol for the peak at approximately 8 minutes. Apart from the
first peak, which was the added solvent (ethanol), all other peaks were found to
be different species of silicone compounds. The largest peaks were interpreted
as being linear and cyclic oligomers of dimethylsiloxane, while many of the
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smaller peaks were related to the methylhydrogensiloxane crosslinker. For
comparison, figure 24 shows a chromatogram of Part A. The first large peak is
missing because no ethanol was added to this sample. 

Figure 24 Example of a GC chromatogram of the pre-elastomer Part A with
no inhibitor

Only the short linear and cyclic oligomers of poly(dimethylsiloxanes) can be
found in this chromatogram, apart from the first small peak which was related to
the vinyl-containing silicone oil. No peak was eluted at the retention time for
ETCH, which confirms that the chromatographic method separates ETCH from
other volatile compounds present in the sample.

The time for a volatile compound to equilibrate between the solid phase and the
gas phase is normally very long for solid samples. Attempts were therefore
initially made to dissolve the semi-solid silicone sample in different solvents. It
was found however that the sensitivity of ETCH became low using this
approach. In addition, the procedure was very time-consuming, as the silicone
material required a long time to dissolve. An investigation was therefore carried
out in order to determine the time required for ETCH to equilibrate between
solid and gas phase using the untreated sample. After initial experiments with
different equilibrium temperatures, the sample equilibration temperature was set
to +90 °C. This temperature was chosen as a compromise, between the need to
ensure sufficient sensitivity for ETCH, and the need to avoid degradation of
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sample components. The higher the temperature, the larger the amount of high
volatile silicone oligomers that would be injected into the column, and this
would result in column bleeding and, in the worst case, changes in the column
performance. As shown in figure 25, it was found that the peak area for ETCH
reaches a maximum value within approximately 60 minutes. The figure also
shows that the peak area was constant between 60 and 100 minutes, i.e. there
seems to be no degradation of ETCH in the sample matrix consisting of reactive
vinyl and hydride groups. 

Figure 25 Response curve at different times for the inhibitor at 90° 

The precision of the method was estimated from duplicate analyses of twelve
samples on different occasions. The relative standard deviation was estimated to
be 6%. The contents of ETCH in these samples were found to be in the range of
0.4 to 0.6 mg/g, i.e. 0.04-0.06%. The linearity of the method was examined by
making several standard additions to a sample with increasing concentrations of
ETCH. Figure 26 shows a graph where five standard additions have been made
to one sample. A good linear relationship was found within the examined
concentration range that covers an ETCH content up to at least 1%. 
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Figure 26 Peak area versus added amount of the inhibitor ETCH

The disadvantage of the rather long equilibration time of one hour for the semi-
solid silicone material prior to injection is easily overcome by the very easy
sample preparation and the use of automatic headspace equipment. In addition,
no time has to be spent on dissolving the sample, which would be quite time-
consuming for this type of high molecular mass polymer. There is of course also
an environmental advantage in using an almost solvent-free method.
 

2.3 SILICA FILLER CONTENT DETERMINED WITH TGA

Silica, both fumed and precipitated, is used as a filler for reinforcing the silicone
elastomer (Refs. 50-57).  The fumed silica used in this silicone elastomer is
manufactured by burning silicon tetrachloride (SiCl4) with hydrogen and oxygen
at a temperature of about 1000 °C. Agglomerates of very small silica particles
are formed and the diameter of the individual primary particles is in the region
of 5 to 20 nm. Due to the small particle size, the surface area is enormously
high, several hundred square meters per gram silica. The reinforcing effect is
very high with this filler. Unfilled silicone elastomers are brittle and have very
poor mechanical properties. The large reinforcement capability of silica is due
mainly to the strong interactions between the different silanol groups on the 
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silica surface and the silicone polymer through hydrogen bonds. The different
chemical groups on the silica surface are shown in figure 27 (Refs. 58-59).

Isolated
silanol

Geminal
silanols

Vicinal silanols Siloxane 

Figure 27 Different silanol groups on the surface of fumed silica

Examples of hydrogen bonds which can interact between silica and siloxanes are
shown in figure 28.  There is a strong interaction between two silanol groups
due to the possibility of double hydrogen bonds. A weaker hydrogen bond is
formed between the silica silanol group and the siloxane oxygen in silicone.  

Hydrogen bonding between an isolated
silanol on silica and a terminal
organosilanol group

Hydrogen bonding between an isolated
silanol on silica and a siloxane bonding
in a silicone polymer 

Figure 28 Hydrogen bonds in silica-filled silicone

It is important to use silicone materials with a consistent silica content and
surface properties, as these parameters influence the drug release properties,
both the drug solubility and the diffusion rate. One example of a drug – silica
interaction is shown in figure 29. In this case the nitrogen atom also contributes
to the interactions (Ref. 58)
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Figure 29 Possible interactions (dotted lines) between silica and besocain

The rheological properties of the pre-elastomers, which are important in the
manufacture of the finished drug products, are also influenced by the amount
and type of silica filler (Refs. 60-61).  Furthermore, the mechanical properties of
the cured elastomer, e.g. hardness, tensile strength, elongation and tear
resistance, also vary with filler content and type. 

Thermogravimetric analysis (TGA) is a common technique for studying thermal
decomposition and for determining the filler content in plastic materials (Refs.
62-65). This technique was also applied to the pre-elastomer samples. The TGA
equipment was from Mettler Toledo AG, Switzerland, and consisted of a
thermobalance TGA30 controlled by a computer, running the TA4000 software.
Platinum sample crucibles were used, and an inert atmosphere was maintained
in the sample compartment with a nitrogen gas flow of 200 mL/min.
Approximately 10 mg of the sample was heated from 30 to 1000 °C at a rate of
10 °C/min. The remaining white ash was assumed to be the silica filler. 

Figure 30 shows a typical TGA thermogram of the silicone pre-elastomer. Up to
400 °C, only the low molecular mass part of the sample evaporates, mainly
cyclic oligomers. At approximately 500 °C, depolymerisation starts with the
formation of volatile cyclic oligomers. 
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Figure 30 TGA thermogram of pre-elastomer Part B

We initially found silica contents of 26-31% for Part A and 23-24% for Part B.
This was not what we had expected, as the information supplied by Dow
Corning was that the silica content should be about 21%. We tried therefore to
further improve the method to make it more accurate. We knew that it was
essential that no oxygen should be present in the sample compartment because
silicone can oxidize to form silica (SiO2). Different parameters were tested in a
reduced factorial design experiment. 

♦ High purity nitrogen
♦ High purity helium
♦ Addition of  moisture to the atmosphere
♦ Gas flow rate
♦ Sample degassing prior to the pyrolysis
♦ Variations in heating rate
♦ Replacement of the platinum sample crucible by

aluminium oxide crucibles
♦ Addition of alkali to the sample
♦ Amount of sample

None of these parameters was able to reduce the amount of residue. The results
from Part A also showed large variations, 28-48%, which was probably due to
the presence of the platinum catalyst in the sample. From elemental analysis of 
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the residues, we found that they contained a significant amount of carbon,
indicating that part of the ash was silicon carbide (SiC). The results of the
carbon analysis (Tab. 5) indicate that this is not the only explanation, as the
silica content should be around 21%. 

Table 5  Results of carbon analysis and calculation of silicon carbide content

Sample TGA residue
(SiO2+SiC)

(%)

Carbon
content

in residue
(%)

Calculated
amount of SiC

(%)

Residue minus
SiC, equal to
silica content

(%)
Part A 47.7 10.0 33.4 14.3

Part B 23.9 1.3 4.3 19.6

During the thermal degradation of the samples, it is possible that the following
reactions occur where the small amount of platinum catalyst has a large
influence:

♦ Silicone depolymerisation into volatile oligomers (main
reaction)

♦ Silicone reduction into silicon carbide
♦ Silica (filler) reduction into silicon carbide

We also carried out experiments with mixtures of silica and silicone oils which
all gave very accurate results for the silica content. The silica in the pre-
elastomer samples is not chemically the same as pure silica, as it has been
chemically modified by deactivation with organosilanols. Part of the silica
surface is covered by covalently bonded silicone, and it is this which probably
does not depolymerise but rather converts into silicon carbide. We therefore
concluded that it was not possible to develop a method for the accurate
determination of silica filler in these types of silicone pre-elastomers. 

Although there is an overestimation of the filler content, we made duplicate
analyses of ten different batches by the method described. The variation in the
method calculated as the pooled standard deviation was 0.9% and the filler
content for the pre-elastomer Part B was found to be between 24.0 and 25.8%.
These results show that the filler content is very consistent in the pre-elastomer
batches. 
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2.4 ORGANOSILANOL CONTENT DETERMINED WITH HPLC
[Paper II]

Untreated silica in pre-elastomers tends to agglomerate, and this leads to a
reduction in mechanical strength of the final elastomer. This agglomeration can
be seen by transmission electron microscopy (TEM) (Ref. 66). It has also been
found, especially for high-consistency pre-elastomers, that the inorganic silanol
groups must be deactivated in order to avoid stiffening of the uncured pre-
elastomer, a phenomenom known as creep hardening (Ref. 67). 

Both the agglomeration and creep hardening can be avoided by deactivating the
silanol groups on silica with e.g. trimethylchlorosilane or hexamethyldisilazane.
Another common way of achieving this kind of deactivation is to mix the fumed
silica with low molecular mass organosilanols at an elevated temperature (Refs.
67-69). Excess organosilanols remaining in the material after the manufacture of
the pre-elastomers, due to poor deactivation, will affect the rheological
properties of the pre-elastomer, influence drug delivery properties and cause
leaching from the final medical product. It is therefore important to control the
pre-elastomers for these  non-bonded organosilanols. Figure 31 shows two
different types of silanol present in silicone pre-elastomers, inorganic silanol and
organosilanol. In addition, the organosilanol may be free, hydrogen bonded or
covalently bonded to the silica.

Figure 31 Two different types of silanol present in silicone pre-elastomers

The organosilanols, also called hydroxy-terminated PDMS, are produced by
hydrolysis of dimethyldichlorosilane (Fig 32).
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Figure 32 Polymerisation of dimethyl dichlorosilane in the presence of water

Organosilanols are stable but they may condense with an increase in the average
molecular mass, especially at high temperatures or in the presence of an alkaline
catalyst. They may also react with silanol groups on silica surfaces to form
siloxane bonds or strongly attach to the silanols by hydrogen bonds and thereby
deactivate the silica. 

Many methods have been used to estimate the silanol content, but a major
weakness of most of these methods is that they do not distinguish between
inorganic silanols and organosilanols. The use of a Grignard reagent, such as
methyl magnesium iodide, leads to the production of molar amounts of methane
which have been measured manometrically (Refs. 70-71). Another method
suitable for manometric measurement is treatment with the strong reducing
agent lithium aluminium hydride, which leads to the formation of hydrogen
(Ref. 72).  Several titration methods have also been described. In potentiometric
titrations, silanols can be titrated as weak acids with a strong base, e.g. lithium
aluminium dibutylamide (Ref. 73) or lithium aluminium amide (Ref 74). Karl
Fischer titration has been widely used for this application. In this method,
silanols and methanol (solvent) react and produce silyl ethers with water as a by-
product, and this water reacts with the Karl Fischer reagent. A major
disadvantage of this procedure is that water, silanol groups on silica and
organosilanols present in pre-elastomers are all determined simultaneously. It is
possible to perform water-specific determinations using larger alcohols as
solvent to prevent the condensation reaction and the difference between the two
methods hen gives the total amount of silanols (Ref 75-79). With spectroscopic
techniques such as IR and 1H-NMR, it is difficult to differentiate between
signals from inorganic silanols, organosilanols and water. It seems to be possible
to determine organosilanol using 29Si-NMR (Ref. 80) but, even though the
technique is highly selective, the sensitivity is fairly low. 

Several chromatographic methods have also been developed and they appear to
be more or less selective for silanols. The use of reverse-phase liquid
chromatography or size exclusion chromatography in combination with an ICP-
AES spectrometer (atomic emission spectroscopy) makes the detection highly
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sensitive and also selective for silicones, but unfortunately not selective for
organosilanols (Ref. 81). The use of an infrared spectrometer as detector for LC
makes the determination fairly selective but not very sensitive (Ref. 82). Gas
chromatography (GC) equipped with a mass spectrometric detector can be used
for silanol identification and quantification (Ref. 83). But only for low
molecular mass silanols which can be vaporised in the GC injector.
Derivatisation of the silanol groups makes it possible to expand the mass range
of silanols which can analysed by GC. GC is an excellent technique with a high
separating power for the smaller silanols, and the use of a flame ionisation
detector or mass spectrometer makes this technique very sensitive. A drawback
when using the chromatographic methods for silicones is the lack of suitable
reference standards. 

Here we present a new sensitive and selective method for the determination of
the total amount of organosilanols in a silicone pre-elastomer.  We used pyridine
with a water content less than 0.01%, non-stabilised tetrahydrofuran (THF)
(LiChrosolve), toluene, methanol, and methyl cellosolve (2- methoxyethanol),
all supplied by MERCK Eurolab, Stockholm, Sweden. The THF used for
derivatisation was stored with a molecular sieve (4 A) in a closed bottle to
reduce the water content. The Karl Fischer reagent, Hydranal Composite 5, was
obtained from Riedel-de Haen, Germany. The silylation agents,
dimethylphenylchlorosilane (DMPSCl) and 1,3.diphenyl-1,1,3,3-
tetramethyldisilazane (DPTMDS) were supplied by Sigma-Aldrich, Stockholm,
Sweden (Fig 33).

Si
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Cl Si N

CH3
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CH3

CH3

                DMPSCl DPTMDS

Figure 33 Structure of the two agents used for derivatisation of silanols

Fumed silica, Aerosil 200, was supplied by Degussa, Frankfurt, Germany.
Hydroxy-terminated polydimethylsiloxanes PS340, PS340.5, PS341, PS342.5
(organosilanol fluids), dimethylvinyl-terminated polydimethylsiloxane (PS437)
and methylhydro (30-35%) dimethylsiloxane copolymer (PS123) were all
obtained from ABCR GmbH, Karlsruhe, Germany. Three other organosilanol
fluids, DC-I, DC-II and DC-III, and several batches of the pre-elastomer
Silastic® Q7-4735 Part A and Part B were obtained from Dow Corning, Sophia
Antipolis, France. 
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The hydroxyl content of the organosilanol fluids was determined by Karl
Fischer titration. The principle of this titration is that both inorganic and organic
silanol groups condense with methanol to form an equivalent molar amount of
water (Fig 34). 

H2OSi

CH3

HO

CH3

O+ Si

CH3

O

CH3

O +H3COHH3C

Figure 34 Condensation reaction between methanol and silanols used in the
Karl Fischer titration

The condensation reaction is driven to completion as the water immediately
reacts with the Karl Fischer reagent. The titration was performed with a
titroprocessor, E 682, and a dosimat, E 665, from Metrohm Ltd, Switzerland.
The titration end point, when an excess of iodine remained in solution, was
detected amperiometrically with a twin-polarised platinum electrode.
Approximately 200 mg of the sample was dissolved in 100 ml of a pre-titrated
water-free methanol-toluene (1:1) mixture. The following instrumental
parameters were used: delay time 10 s, extraction time 300 s, end point potential
(EP) 250 mV. The titration was performed at room temperature. Any water
present in the standard samples was co-determined with silanol by this
procedure and this leads to an error in the hydroxyl determination. A separate
specific water determination was therefore made to correct for this error. In this
determination, methyl cellosolve (2- methoxyethanol) was used as solvent,
since negligible condensation of silanol groups occurs with methyl cellosolve
(Refs. 84-85). The procedure was otherwise the same as for the hydroxyl content
titration. Data for the organosilanol standards found by this procedure are given
in table 6.
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Table 6 Hydroxyl content found by Karl Fischer titration and calculated
number average molecular mass (<Mn>) in the organosilanol
standards, triplicate analyses.

Silanol standard Hydroxyl content  (%) <Mn> (calc.)

PS340 6.1-6.3 550

DC-I 4.2-4.3 800

DC-II 3.3-3.4 1000

DC-III 2.5-2.6 1300

PS340.5 0.9-1.2 3200

PS341 0.8-0.9 4000

PS342.5 0.2-0.2 17000

The aim was to develop a method for the selective quantification of  silicone-
bonded hydroxyl groups (organosilanols) in the pre-elastomers. The approach
was to combine silanol derivatisation with liquid chromatography using a small
pore size exclusion column (SEC).  All polymeric silicones would then elute
within a rather small volume, but only the derivatised polymers would be
detected. Derivatisation can be achieved with several different agents in order to
introduce a chemical group suitable for detection in a chromatographic system.
We chose to react the silanol groups with a mixture of two different agents, in a
manner similar to that described earlier for trimethylsilylation (Refs. 86-87). The
two agents, dimethylphenylchlorosilane (DMPSCl) and 1,3-diphenyl-1,1,3,3-
tetramethyldisilazane (DPTMDS), replaced the hydroxyl group on the silanol
with a dimethyl phenyl group, suitable for UV detection in a chromatographic
system. 

In the first study, 100 mg of the reference silanol PS340 was dissolved in 5.0 ml
of solvent. 100 µl of pyridine and 100 µl of each derivatisation agent were then
added. After 60 minutes at room temperature, the reaction was stopped by the
addition of 1.0 ml ethanol to deactivate the reagents. Different solvents were
initially evaluated. More or less poor recoveries were found with hexane,
methylene chloride, toluene and ethyl acetate as solvent, although these are all
good solvents for PDMS. The highest recovery was found when non-stabilised
tetrahydrofuran (THF) was used as a solvent, and THF was thus chosen as the
chromatographic eluent.
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After the initial tests, an screening study was performed in order to clarify how
different factors influence the derivatisation yield. Low, medium and high point
settings the five variables, sample mass, reaction time, reaction temperature,
amount of pyridine and ratio of the derivatisation agents were combined in a
factorial experiment. The factors and the experimental design are given in table
7. The temperatures of the solutions were controlled by water baths. The first
eluting part in the chromatogram in each run was integrated (approx. 5 to 6.5
min). This corresponds to the derivatised organosilanols. The peak areas were
then normalised with respect to the sample mass and final volume of the sample
solution. 

Table 7 Experimental design: Factors investigated factors and their settings.

Factor Low 
(-)

Medium
(0)

High 
(+)

Sample mass (mg) 10 55 100

Reaction time (min) 5 17.5 30

Reaction temperature (°C) 20 35 50

Amount of pyridine (µl) 0 50 100
Volume of DMPSCl 1(µl)

Total DMPSCl1 + DPTMDS1 = 100 µl 10 50 90

1  DMPSCl = dimethylphenylchlorosilane, DPTMDS = diphenyltetramethylsilazane

The statistical evaluation was carried out with Modde ver 3.0, Umetri AB,
Sweden, using multiple linear regression. 
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Figure 35 Variables and combination of variables having the greatest influ-
ence on the derivatisation yield. Only the amount of pyridine and
the ratio of reagents were significant

Figure 35 shows the variables and combination of variables having the greatest
effect on the derivatisation yield. It was found that only the amount of pyridine
and the ratio of silanisation agents had any significant effect. The medium and
high settings gave approximately the same result in both cases. In the final
selection of factor settings, the appearance of the total chromatogram was also
considered. For the high setting of DMPSCl, a large extra peak eluted at
approximately 16 minutes with strong tailing. As a consequence, the
chromatographic running time had to be prolonged to 30 minutes for these
samples. This peak was not found for the medium and lower settings. These data
were used to develop an optimised derivatisation procedure.

The chromatographic conditions were also optimised. A small pore, 50 Å, size
exclusion column was selected in order to separate the short chain silanols from
the derivatisation agents. The optimal detection wavelength was selected after
studying repeated injections of the same sample while varying the wavelength
between 250 and 270 nm. A wavelength of 264 nm gave the maximum peak
area. A large injection volume should be used to gain maximum sensitivity. In
order to maintain the peak resolution between the silanol derivative and the
reagents in the chromatogram, the injection volume should not however be too
large. Injection volumes up to 200 µl could be applied without losing too much
resolution. The resolution can be even better if a more efficient column is used
or if several columns are used in series. 
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In the final method, approximately 100 mg of the sample or the reference
standard silanol oil, PS340, was weighed into 10 ml glass tubes. The material
was dissolved in 5.0 ml THF. 100 µL pyridine, 50 µL DMPSCl and 50 µL
DMTMDS were then added and the solution was thoroughly mixed. After 30
minutes at room temperature, 1.0 ml ethanol was added to decompose the
remaining derivatisation agents. After another 30 minutes, the supernatant
solution was filtered through a 0.5 µm filter into autosampler vials and injected
into the column. 

The liquid chromatography system consisted of a pump M616, an autoinjector
WISP 712, a detector M486 and a Millennium 2020 chromatography data
system from Waters, USA. The size exclusion column, PLgel, Polymer Labs,
England, was 7.5 mm x 300 mm with 5 µm particles of crosslinked polystyrene
with a pore size of 50 Å. Single-use 25 mm PTFE filters with a pore size of 0.5
µm from Millipore, USA, were used. The chromatography conditions were:
flow rate of THF 1.0 ml/min, injection volume 25 µL and detection wavelength
264 nm. The peak area was obtained by integration after setting a straight
baseline from the start to the end of the run. The area was measured between
approximately 5.0 and 6.5 minutes. The area corresponding to a blank was also
measured using the same integration time limits. Figure 36 shows the whole
chromatogram for approximately 100 mg of the reference standard together with
that for a blank. The major peaks are components from the derivatisation
reagents and pyridine. An expansion of the first part of this chromatogram
shows the region where the organosilanol peak elutes.
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Figure 36 The full chromatogram for 100 mg of the reference standard,
PS 340, <Mn> = 550, together with that for a blank. The first
eluting region has been expanded, showing the organosilanol peak

The method for silanol determination was validated with regard to selectivity,
linearity, detection limit (D.L.), precision and accuracy. The selectivity of the
method was investigated with regard to the different compounds present in a
silicone pre-elastomer for hydrosilylation. Silicone oils containing vinyls
(PS437), hydrides (PS123) and fumed silica (Aerosil 200) were analysed
according to the described method. None of these compounds gave any
response. These compounds were also included in mixtures with the standard
silanol oil PS340 to see whether they had any influence on the response, i.e.
whether they inhibited the derivatisation reaction. The same response was
achieved with and without the added compounds. We therefore conclude that the
method is selective for organosilanol groups in pre-elastomers. 

The linearity of the response was studied for the standard silicone oil, PS340,
with a hydroxyl content of 6.2% (Fig. 37). Twelve separate derivatisations were
made on the standard oil in the range from 0.3 to 260 mg. The hydroxyl content
was then calculated for 100 mg of sample. The chromatographic peak height for
the largest amount of standard was approximately 1.0 absorbance unit. This is
probably the upper limit for linearity, as larger peaks will be outside the linear
response of the UV-detector. 
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Figure 37 The peak area for the reference standard, PS340, versus amount of
silanol groups

Dilute solutions of PS340 and blank solutions (THF) were used to estimate the
detection limit. The injection volume was increased to 200 µL. The detection
limit was estimated to 10 µg of PS340 or 0.5 µg expressed as hydroxyl groups. 

The precision (pooled relative standard deviation) of the peak areas was
estimated to be 3%. The accuracy of the method was investigated by comparison
with data obtained from the Karl Fischer titration. Figure 38 shows that the new
LC method gives results comparable to those obtained by conventional Karl
Fischer titration.
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Figure 38 Comparison between results obtained by the new LC method and
the Karl Fischer titration results for six organosilanols standards

Figures 39-41 show chromatograms of the three silanols PS340.5, PS341 and
PS342.5. The different sizes of the organosilanol molecules led to different
chromatogram patterns. The reference standard, PS 340, shown in figure 36, has
the lowest average molecular mass and is fully separated from the column void.
In contrast, the largest organosilanol, PS 342.5, elutes at the void of the column
(Fig. 41). Furthermore, the higher the average molecular mass the lower is the
area per mass, as can be seen by comparing the scales of the chromatograms. 
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Figure 39 Chromatogram of 94 mg of the organosilanol fluid PS 340.5
together with that of a blank, <Mn> is 3 200

Figure 40 Chromatogram of 110 mg of the organosilanol fluid PS 341
together with that of a blank, <Mn> is 4 000 
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Figure 41 Chromatogram of 100 mg of the organosilanol fluid PS 342.5
together with that of a blank, <Mn> is 17 000

The organosilanol content in six batches of the pre-elastomer Silastic® Q7-4735
Part A and Part B was determined by the new LC method. The results for the
different samples were quite consistent and the values obtained corresponded to
0.05 – 0.10% OH.

2.6 CATALYST CONTENT DETERMINED WITH ICP-AES

Platinum is used as a catalyst in the crosslinking reaction of Silastic® Q7-4735.
It is made from hexachloroplatinic acid dissolved in a vinylsiloxane-terminated
dimethylsiloxane forming a complex (Ref. 88). Platinum is well suited for this
reaction because it activates the silane bond cleavage (≡ Si-H), weakens the
carbon-carbon bond in the vinyl groups and resists reduction to lower oxidation
states during crosslinking. A drawback with this catalyst is, however, that it is
easily poisoned by sulphur, amines, and phosphorus compounds (Ref. 89). The
platinum content in the pre-elastomer (Part A) was determined by external
laboratories by either X-ray fluorescence or atomic emission spectroscopy (ICP-
AES). 

In the X-ray fluorescence method, the sample was decomposed at 500 °C. The
residue, consisting mainly of silica, was treated with hydrofluoric acid (HF) and 
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under slight heating the silicon fluoride formed evaporated prior to the final
measurement.

In the other method, the pre-elastomer was treated with a mixture of nitric acid,
hydrofluoric acid and hydrochloric acid in a sealed Teflon container in a
microwave oven to form a clear solution according to ASTM D3683. This
solution was directly analysed with ICP-AES according to EPA methods 200.7
and 200.8, respectively.

It was found that the platinum content was very consistent. We analysed 25
batches and the mean value was 22.1 µg/g with a standard deviation of 1.8 µg/g.
We did not perform any validation of these methods, but they are considered to
be highly specific, as well as having high accuracy and rather good precision.

2.7 CONCLUSIONS FROM ANALYSES OF THE
PRE-ELASTOMERS BEFORE CURING 

Several analytical methods have been developed to measure the amounts of
functional groups or compounds present in the pre-elastomers. Most of the
groups are present in rather low concentrations in the material. It was therefore a
challenge to create methods with high quality regarding accuracy, precision and
selectivity. 

The proton NMR method was able to quantify the terminal and total amounts of
vinyl groups simultaneously with the hydride groups without the need for
reference standards. Using the IR method, it was possible to measure the hydride
directly on the pre-elastomer. With this fast procedure a large number of
samples could be run to control the consistency of the delivered pre-elastomer
batches. By using alkaline digestion in the presence of tetraethoxysilane
followed by gas chromatography-mass spectrometry, it was possible to extract a
lot of information about the material composition which not had been identified
by either NMR or IR. 

The inhibitor content was successfully determined with headspace gas
chromatography using the standard addition technique. Even though the method
was found to be selective for ethynylcyclohexanol in Silastic® Q7-4735, it is
recommended that the flame ionisation detector be replaced by the mass
selective detector when this inhibitor or other similar inhibitors are analyses in
other silicone materials. 

Liquid chromatography was used to determine the organosilanol residues. The
selectivity was achieved by derivatisation of the silanol group, where a phenyl 
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group was introduced which could be detected by the UV detector. The silanols
were separated by size exclusion chromatography.

The amount of silica filler was determined by thermogravimetry. When the pre-
elastomer was heated, it degraded and produced volatile compounds. The
residue after the pyrolysis was mainly silica. This method was not applicable to
the platinum Part A pre-elastomer due to side reactions.

Atomic emission spectroscopy was used to determine the amount of the
platinum catalyst.
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3. ANALYSIS DURING CURING

Silicone elastomers can be cured in various ways and they can be divided into
room temperature cures or vulcanisations (RTV) and activated cures. RTV
curing starts at room temperature as soon as the components have been mixed,
whereas activated cure systems require heat or irradiation to start. One type of
one-component RTV curing system is based on the condensation reaction of
silanols which is catalysed by acids. However, due to the poor storage stability,
precursors of silanols such as alkoxy and acetoxy derivatives are used instead. If
the material is exposed to moisture, acetoxysilanol groups undergo hydrolysis
and silanols and acetic acid are formed. In the second step, the crosslinking
reaction between the silanols proceeds with acetic acid as catalyst (Fig. 42).

Si OH3C
O

O

C
O

CH3

+ H2O Si OHH3C
O

O

+ CH3COOH

Si OHH3C
O

O

SiH3C
O

O

Si CH3

O

O

O + H2OHOAc
2

Figure 42 Curing of a one-component RTV elastomer

The activated cures can be achieved by several reactions. A free radical initiator,
e.g. di-tert-butylperoxide, will abstract a hydrogen atom from the methyl group,
and the subsequent combination of two methylene radicals leads to the
formation of an ethylene linking group. The reaction rate of peroxide-initiated
crosslinking may be improved by the incorporation of vinyl groups in the
polysiloxane chain. 

A common system for crosslinking silicone for medical applications is the
hydrosilylation reaction (Refs. 90-94). The hydrosilylation curing is an addition
reaction between silicone hydride and silicone vinyl groups where platinum is
used as catalyst (Fig. 43). 
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Figure 43 The hydrosilylation crosslinking reaction used in the
Silastic® Q7-4735

It is important to consider all the different issues that can be raised due to the
curing of the material during the manufacture of a drug delivery device.

1. Pre-curing is an undesired partial curing that occurs in the material during
mixing, on subsequent storage and during extrusion. The pre-curing
influences the rheological behaviour of the material.

2. The curing itself may have undesirable side effects. If the curing
temperature is too high and/or the curing time is too long, the drug itself
may form degradation products. There is also a risk that the drug will be
oversaturated in the sheet layer of an intra-vaginal ring. This would lead
to an unacceptable high drug release during the initial use of the device. 

3. Post-curing will occur. During post-curing, residues of hydride groups
from the crosslinker slowly decompose. In addition, the elastomer shows
an increase in hardness upon storage. 
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3.1 TECHNIQUES TO MONITOR THE CURING REACTION

Moving Die Rheometer

A common technique used for cure monitoring close to the manufacturing
process involves the use of dynamical mechanical rheological instruments, e.g.
the Monsanto moving die rheometer, MDE 2000E. 
Between 4.5 and 5.0 g of the mixed material was put on the lower rheometer
plate. The upper plate which was oscillating with an amplitude of ± 0.5° was
lowered until it was close to the stationary lower plate and the torque was
measured for 3 minutes. The plates maintained a constant temperature of 120 °C
during the whole measurement. The curing profiles in figure 44 show that the
initial torque is quite constant. After the inhibition time, the crosslinking
increases and finally reaches a plateau when the curing is complete. It is
common to characterise this profile using the T90 value, i.e. the time to reach
90% of maximum curing. It is also possible from the slope of the curve to obtain
information about the crosslinker excess. The higher the slope of the curve, the
higher is the excess of crosslinker hydride groups to vinyl groups (Ref. 95).
Multiple measurements on the same blend should give only a small variation in
the T90 value, otherwise the material is not homogeneously mixed. The effect of
different degrees of mixing is shown in figure 44. In the lower curve the
material had been mixed more thoroughly, but it was still not fully
homogenised.
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Figure 44 Moving die curing profiles. In the lower graph, the material has
been mixed more thoroughly than the material in the upper graph

One parameter that must be controlled is the temperature of the pre-elastomer
blend that is to be measured. During mixing, a significant amount of energy is
absorbed by the material due to friction, and this leads to an increase in the
sample temperature. We obtained quite different T90 values by varying the
temperature of the blend at the time of loading the rheometer (Fig. 45).  For this
reason, we state that the temperature on the sample before measurement should
be 25°.
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Figure 45 Curing time measured by the moving die rheometer as a function of
sample temperature on loading

The main advantages of the moving die rheometer over the other techniques
used are that it is very fast and it is easy to load samples. Both these advantages
make the technique suitable as a technique during manufacture. The mean T90
value for 22 batches was 69 seconds and the standard deviation, including
method variation and batch variations, was 4 seconds.

Dynamic mechanical analyser, DMTA

A similar technique to the moving die rheometer is the dynamic mechanical
analyser (DMTA) (Refs. 96-98). The same information can be obtained from
both instruments. In our case, we used mainly the DMTA instrument as it was 
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available in the laboratory whereas the moving die rheometer was at the
manufacturing site. 

The DMTA measurements were carried out on a Netzsch DMTA 242 (Netzsch
Gerätebau GmbH, Selb, Germany) in the shearing mode, using serrated sample
holders in order to avoid slippage between sample and sample holder during the
measurement. Only newly mixed samples were measured with the DMTA
equipment. The sample area was 1.8 cm2, which was set by the sample holder
geometry, and the sample thickness was approximately 1 mm, accurately
measured on each occasion. The oven was purged during the measurements with
200 ml/min of dry air. The samples were normally run isothermally but it was
also possible to run temperature scans. The maximum dynamic force was 4 N,
no static force was applied and the maximum amplitude was 240 µm. As the
sample had been mounted in the sample holder, the pre-heated oven was raised.
After each run, the endset temperature was calculated using the DMTA
software, illustrated in figure 46. 

Figure 46 Curing with DMTA showing shear modulus (G’) development
during isothermal measurement at 70 °C

Differential scanning calorimetry, DSC

The curing can also be followed by DSC, where the heat of curing is monitored
versus sample temperature (Refs 98-101). The measurements were carried out
on a Mettler DSC 30 TA4000. The standard 40 µl aluminium pan was
completely filled with 40 mg of mixed samples using a spatula. For each run, a
separate mixing was performed on the pasta mixer. The samples were run from
30 °C to 250 °C with a programmed temperature increase of 10 °C/min. 
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Nitrogen was used as purge gas with a flow rate of 50 ml/min. Figure 47 shows
a typical exothermal peak between 100 and 110 °C for the curing of the Silastic®

material.

Figure 47 DSC thermogram showing the exothermal peak of the
curing reaction

The measurements were evaluated by measuring the area of the peak which is
equivalent to the heat evolved from the curing and peak apex temperature. A
noticeable slope in the thermogram was obtained using an empty aluminium
crucible as reference. It was possible to reduce his slope substantially when
using a fully cured sample in the reference crucible. Consequently, the
integration of the curing peak was much more accurate when using this
procedure.

The variation of this method was calculated from duplicate analyses of 15
batches. The standard deviation for the peak apex temperature was 0.7 °C and
the heat of curing 0.17 J/g. The mean value of the peak temperature for the
samples was 105.4 °C with a standard deviation of 3.2 °C, and the mean heat
was 2.08 J/g with a standard deviation of 0.21 J/g. 

3.2 PRE-CURING

The curing reaction starts as soon as the two pre-elastomer parts are mixed.
However, due to the presence of the inhibitor, the reaction rate is very low and
highly dependent on the sample temperature. On a production scale, large
amounts of material are mixed and, to ensure the homogeneity of the material,
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the mixing time may be quite long. In order to minimise the temperature
increase in the mixture due to the friction, the rolls are cooled inside by tap-
water, but temperatures up to 50 °C may nevertheless occur in the material. For
several reasons, it is desirable to have a consistent rheological behaviour of the
mixed material prior to extrusion and moulding into the finished product. We
performed some experiments where we stored the mixed material at different
temperatures and humidities in order to study the unwanted pre-curing reaction
and how this pre-curing was affected by variations in inhibitor and crosslinker
content. 

We received five different lots of pre-elastomer, basically Silastic® Q7-4735,
from Dow Corning S.A., European Healthcare Centre, Sophia Antipolis, France.
The samples were similar except for variations in the crosslinker system, i.e.
amount of inhibitor and crosslinker. They were analysed for their content of
inhibitor (1-ethynylcyclohexanol, ETCH) with headspace gas chromatography,
catalyst with atomic emission spectroscopy and methylhydrogensiloxane (MHS)
with infrared spectroscopy. The results are shown in table 8.

Table 8 Contents of crosslinking active components in the Silastic® Q7-4735
sample 

Sample No
Catalyst

Pt in Part A
(µg/g)

Inhibitor ETCH
in Part B
(w/w-%)

Crosslinker MHS
in Part B
(mole-%)

#1 21 0.025 1.2

#2 21 0.037 1.4

#3 21 0.065 1.1

#4 21 0.078 1.5

#5 22 0.051 1.3

Sample preparation and storage

The mixing was performed on different equipment depending on the amount of
material to be cured. On the small laboratory scale we used 5.0 - 25.0 g of each
pre-elastomer and mixing was performed on a pasta blender (Atlas model 150,
Marcato OMC) using slit 4. The material was drawn through the blender ten 
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times and after each passage the material was rolled up and then fed in the
opposite direction to get a homogeneous blend. 

On a pilot-plant scale, we used approximately 50-100 grams of each part, in a
two-roll mixer, Polymix 150 L/O (Schwabenthan Maschinen Gbmh&Co KG
Berlin, Germany) in order to achieve a homogeneous material. The mixer rolls
were continuously cooled internally with tap water in order to minimise sample
heat-up and thereby minimise the pre-curing reaction rate. The gap between the
rolls was 1.0 mm and the rotation speed was 10 rpm, the same for both rolls, i.e.
no shear was applied. The actual mixing was achieved by removing the material
sheet that eluted from the mixer and roll it to a cylinder and then again placing it
on the mixer rolls. This procedure was repeated ten times. The homogeneity of
the mixing procedure was verified by measuring the crosslinker content at
different positions in the material using infrared spectroscopy. 

The effect on storage humidity was first studied. Two different glass desiccators
partly filled with saturated lithium chloride and sodium chloride were used to
create controlled relative humidities at + 20 °C of 11% and 75%, respectively
(Ref. 102).  The mixed samples were subsequently stored at +4, +20 and +30 °C
at relative humidities of 54, 55, and 56%, respectively, which was achieved by
using a saturated magnesium nitrate solution

3.2.1 Size exclusion chromatography, SEC 
The molecular mass of the sample increases as the crosslinking proceeds. In the
beginning of this process, before any network is build up, some polymers are be
branched but still soluble in a suitable solvent. One possible way of following
this very early molecular mass development is to use size exclusion
chromatography (SEC). Another technique with a greater sensitivity for changes
in the high molecular mass region is light scattering. The light scattering signal
is proportional to the product of the molecular mass and the polymer
concentration. By measuring both the light scattering intensity and the
concentration simultaneously from a size exclusion column, it is possible to
follow the increase in relative molecular mass by dividing the area of the light
scattering peak by the area of the concentration detector peak. 

Sample pieces, approximately 500 mg in size, were dissolved or extracted as the
polymer network started to build up, in 100 ml toluene at room temperature
under vigorous mixing. The sample solution was filtered through a 0.5 µm
Millex filter (Millipore). The instrument consisted of a Waters HPLC system
with a pump M616, an autoinjector M717plus and a refractive index detector
M410 (tempered to +40 °C and the sensitivity set at 128) in order to measure the
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relative concentration. The light scattering detector was a Dawn DSP MALLS.
The detector was used at an angle of 90 degrees to measure the scattered light
intensity. Waters Millennium 2020 was used to control the chromatography
system and to collect and process the signals from the two detectors. A single
PLgel Mixed-C with 5 µm particles in a 7.5*300 mm SEC column, Polymer
Laboratories, UK,  was used to separate the low molecular part of the sample
from the main polymer. Toluene was pumped into the system at a flow rate of 1
ml/min and 100 µl of the filtered sample solution was injected into the system. 

When analysed by laser light scattering in combination with an RI concentration
detector the toluene extract of the blended and stored silicone materials showed
no significant change in mass average molecular mass, i.e. the quotient of the
scattered light intensity and the concentration was constant. This means that the
extract was unaffected by crosslinking. 

3.2.2 Differential scanning calorimetry (DSC)
The primary chemical reaction during crosslinking is the addition reaction
between vinyl and hydride. Heat is evolved in the curing reaction and it can be
detected and quantified by DSC.  For a new mixed sample, where no pre-curing
has occurred, a maximum heat of reaction can be detected. If any pre-curing has
occurred, less heat will be recorded by DSC. The results from the freshly mixed
samples are summarised in table 9.

Table 9 Results from the DSC measurements of the freshly mixed samples
where the heat of reaction and peak apex are shown.

Exp. No
Inhibitor
Content

(%)

Crosslinker
content

(%)

Heat of
reaction

J/g

Peak
temperature

(°C)

1 0,025 1,2 2,56 93,3

2 0,037 1,4 2,78 99,2

3 0,065 1,1 2,71 115,9

4 0,078 1,5 2,75 116,5

5 0,051 1,3 2,68 105,7
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As illustrated in figure 48 (left figure), there is a strong correlation between the
peak temperature of the reaction and the inhibitor content. The higher the
inhibitor content, the higher is the curing temperature. The content of the
inhibitor 1-ethynylcyclohexanol normally found in the Silastic® Q7-4735
batches (Part B) is around 0.05%. This amount corresponds to a reaction peak
temperature of 106 °C using this DSC method. On the other hand, there seems to
be no relationship between the peak temperature and the crosslinker content
(Fig. 48, right).
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Figure 48 Peak apex temperature measured by DSC versus inhibitor content
and crosslinker content

There seems to be a weak correlation between the heat of reaction and both the
inhibitor and MHS contents, although the significance is rather poor (Fig. 49).
This indicates that the inhibitor takes part in the crosslinking reaction, i.e. reacts
with the crosslinker as with the vinyl groups. The increasing heat of reaction
with increasing crosslinker content is probably due to secondary reactions of
MHS, e.g. with water and/or oxygen.
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Figure 49 Heat of reaction measured by DSC versus inhibitor content and
crosslinker content

The stored samples were analysed on different occasions, particularly in the case
of samples stored at higher temperatures. Figure 50 shows the heat of curing for
sample # 1. The data for +20 and +30 °C showed a linear decrease in the heat of
curing versus storage time, and the time for a complete cure was evaluated by
extrapolation. For the samples stored at +4 °C it was not possible to evaluate the
time for full curing as the decrease was less than 10%. 
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Figure 50 Heat of curing for sample No 1 stored at 4, 20 and  30 °C 

The extrapolated time for full curing showed a good correlation with the
inhibitor content (Fig. 51). For the normal batches with an inhibitor content of
0.05%, the time for full cure would be approximately two days at room
temperature.
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Figure 51  Time to complete curing versus the inhibitor content for mixed pre-
elastomers stored at 20 and 30 °C. The time to complete curing was
determined  by extrapolation of DSC data to ∆H=0



65

Another effect of pre-curing was that the DSC peak apex shifted to a lower
temperature with increasing the storage time. For the samples where the curing
was almost complete, i.e. showing very small peaks, the peak temperature was
as low as 75 °C. This reduction in curing temperature is probably due to the loss
of inhibitor, by evaporation and/or by a reaction with the crosslinker.

3.2.3 Dynamic mechanical thermal analysis (DMTA)

The increase in shear modulus, proportional to the degree of crosslinking, was
measured with DMTA. The standard deviation for the end-point determination
(Fig. 46) was estimated to be 3 °C for a sample with a curing time of
approximately 100 minutes (n=6). The humidity in the oven had no influence on
the end-point value. Two measurements each at 0 and 100% relative humidity
were made for one sample. The end-point was 98 +/- 3 minutes at the dry
conditions and 93 +/- 2 minutes at the humidified conditions. 

Samples of the five different compositions (#1-5) were run isothermally, in dry
air, at 24, 30, 40, 50, 60, 70 and 80 °C. A good correlation was obtained
between the logarithm of the curing time and the temperature for the five
samples (Fig. 52). 
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Figure 52 Curing time at different temperatures for the five compositions
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The points at the higher temperatures deviate from the straight lines, but this is
probably due to the high heat capacity of the sample holder and the slow heat
transfer from the surrounding air. The sample was mounted in the holder at
room temperature outside the pre-heated oven and had to be heated to the oven
temperature, which took several minutes. This delay was less pronounced at
lower temperatures. This means that there was a time lag before the sample
reached the equilibrium curing temperature. Nevertheless, by measuring the
curing time of an unknown sample at a few different moderately high
temperatures, it will be possible to foresee the pot life of the mixed sample at
room temperature.

The information in figure 52 is presented in a different manner in figure 53
which shows that there was a good correlation between time of curing and
inhibitor content at the different temperatures. These results are somewhat
different than those found by DSC. For instance, the mixed material with an
inhibitor content of 0.05% would be fully cured after 2 days at 30 °C according
to DMTA, but after half that time, i.e. one day, accoring to the DSC results. The
reason for this difference may be that the inhibitor is free to evaporate from the
open DSC crucibles during storage, whereas it is trapped in the DMTA sample
holder.

0,00

25,00

50,00

75,00

100,00

0 0,05 0,1

ETCH content (% )

T
im

e 
to

 fu
ll 

cu
re

 (h
ou

rs
)

  30°C

  40°C

  50°C

  60°C

  70°C

Figure 53 Time for curing versus the inhibitor content for mixed pre-
elastomers measured by DMTA at temperatures between
30 °C and 70 °C 
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3.2.4 Head space gas chromatography (HS-GC)

In order to follow the inhibitor concentration in the mixed silicone material
during curing, the headspace gas chromatographic method was used. One gram
of the mixed sample was placed in each 20 ml glass vial and screw caps with a
PTFE-coated silicone rubber were used for sealing. The vials were placed in the
heated headspace injector at 70 °C and the gas phase was automatically sampled
by the injector at 10 minute intervals between 10 and 90 minutes. 

As shown earlier, it takes a relative long time to reach equilibrium partition of
the inhibitor between the solid and gas phases at the investigated temperature; in
this case at least 30 minutes. In addition, the inhibitor content in the material
changed during the time of measurement. As we wished to measure the inhibitor
content from 10 minutes it was not possible to perform a quantitative
determination of the inhibitor but only a relative determination. The
determination was carried out using octamethyltetrasiloxane (D4) as an internal
standard, to the inhibitor where the content of D4 would remain constant. We
found that the ratio of the area for the inhibitor to the area for D4 measured on
Part B was constant from a few minutes up to several hours. 

In figure 54, the ratio of the inhibitor peak area to the D4 peak area is plotted
versus the reaction time at +70 °C in the closed system. 
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Figure 54 Inhibitor content versus storage time in a mixed pre-elastomer
stored at 70 °C measured by headspace gas chromatography using
D4 as an internal standard

The results show firstly that the inhibitor is volatile and that it can therefore be
lost by evaporation during storage, reducing the shelf-life of the mixed material.
Secondly, the inhibitor content in the gas phase and thus also in the material
decreases with time. After roughly one hour at 70 °C less than 10% of the
original amount is left to prevent crosslinking from occuring. As the
measurement was performed in a closed system, no loss of inhibitor by
evaporation was possible. Consequently, the inhibitor must have reacted
chemically during this heating process, either with the silicone components, e.g.
addition to the hydride group in the crosslinker, similar to the reaction between
vinyl group and hydride groups, or by degradation as a result of oxidation or
some other degradation process.

3.2.5 Conclusions from the analyses during curing; pre-curing

Thermal analytical techniques such as DSC and DMTA can be used to measure
pre-curing effects. Gas chromatography was also able to show that the inhibitor
was lost in the material, probably by addition to the crosslinker. 

The results clearly show that it is essential to keep the material at the lowest
possible temperature during mixing and subsequent storage to minimise pre-
curing. The material should preferably be used as soon as possible directly after
mixing. The humidity seems to have no effect on the pre-curing.

3.3 POST-CURING [Paper I]

During the development work on Estring, we found that the elastomer becomes
harder and that the modulus increases during storage, as a result of the elastomer
post-cure. We have also found that a newly prepared silicone elastomer contains
residues of unreacted methylhydrogensiloxane (MHS) groups from the
crosslinker. This is because an excess of crosslinker is added in order to ensure a
complete crosslinking of the vinyl groups. One problem with the remaining
MHS groups is that, in the method for the determination of the degradation
products of the drug, ethynylestradiol was used as an internal standard. Using
newly cured elastomers, we found a significant loss of the internal standard 



69

during these analyses, and this led to errors in the results for the degradation
products. This phenomenon was not observed on samples which had been stored
for more than one month at room temperature. We presume that the internal
standard loss was due to a reaction between the MHS group and the unsaturated
aliphatic group in the internal standard. As this loss of internal standard was not
found in stored samples, we believe that the MHS groups are decomposed
during storage. 

The post-curing reactions which change the mechanical properties of the
elastomer are probably such that they will increase the crosslink density. The
hydrogen bond between the filler and the polymer may also affect the
mechanical properties of the elastomer. Only a few papers have been published
discussing the chemical reactions causing the post-curing of silicone elastomers
made from hydrosilanisation. Reactions between residual vinyl and MHS groups
together with the reaction between silanols and MHS both increase the crosslink
density (Ref. 103). Another post-curing reaction is the decomposition of MHS.
This reaction will however, not change the crosslink density, it will only convert
the silicone hydride into a silanol group. It has been found that this reaction does
not occur if the elastomer is aged in dry nitrogen. No studies were made to
ascertain whether it was oxidation or hydrolysis that was the major cause of the
decomposition of the MHS groups (Ref. 95). 

Sample preparation

The pre-elastomers were thoroughly mixed in equal weight portions
(approximately 50 g of each part) in the pilot two-roll mixer. The homogeneous
material was then put into a stainless steel mould and cured into silicone slabs of
10 cm x 10 cm with a thickness of 0.6 cm. These slab samples were cured on a
heat press Polystat 200 S (Schwabenthan Maschinen, Gbmh&Co KG, Berlin,
Germany) with the sample placed in a mould between two preheated Teflonized
steel plates at 120 °C for 90 seconds. Immediately after curing in the mould, the
slabs (silicone elastomer) were placed in a desiccator containing the drying
agent Siccapent (phosphorus pentoxide). The desiccator was finally flushed with
nitrogen to give an inert and dry atmosphere to prevent post-curing. After
cooling at room temperature for two hours, the slabs were cut into pieces,
approximately 2 cm x 2 cm, and each piece was transferred to a gas-tight
aluminium pouch. A factorial design of the different storage conditions was
established with a combination of atmosphere (nitrogen or oxygen), humidity (0
and 100%), temperature (20 and 40 °C) and storage time (1 and 14 days). This
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design resulted in 16 different samples. A small amount of water (1 ml) was
added to half the samples and they were flushed either with oxygen or nitrogen
before sealing. The pouches were then stored at 20 °C and 40 °C for 1 and 14
days, respectively, before the analytical measurements were carried out. 

3.3.1 Analyses of residual MHS by NMR and IR

1H-NMR spectroscopy was used to determine the residual amounts of vinyl and
hydride groups. A small plug with a diameter of 3 mm was cut from the stored
silicone elastomer sample with the use of a hole puncher. The sample plug was
inserted into a 5 mm NMR tube containing 0.6 ml of deuterated chloroform,
where it was allowed to swell for two hours.  The 1H-NMR spectrum was
recorded on a Bruker Avance DRX 500 MHz spectrometer at 30 °C with the
following instrumental settings: sweep width 20.5 ppm, carrier frequency 4.0
ppm and number of scans 1500. As reference for quantification of the MHS
amount in the sample, the integrated methyl signal at 0.3 ppm was set to 10 000.
Integral regions were 4.4 to 5.0 ppm for the MHS signal and –1.9 to 2.6 ppm for
the methyl signal.

The NMR spectrum of the cured sample No. 1 stored for one day in dry oxygen
(Fig. 56), shows that no detectable signals of vinyl groups were found in the
region from 5.7 to 6.2 ppm in the sample. The same observation was made for
the other seven cured and stored samples. This indicates that the primary
crosslinking reaction (Fig 55), the platinum-catalysed hydrosilanization between
vinyl and hydride groups was complete. 

≡ Si – H  +  H2C = CH – Si ≡   
Pt

   ≡ Si – CH2 – CH2 – Si ≡        

Figure 55 The hydrosilylation reaction

Sample No. 1 was also found to have the highest relative amount of MHS
remaining in the sample. Table 11 summarises the residual amounts of MHS
found by NMR. 
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Figure 56 1H-NMR spectrum of the crosslinked sample No 1, stored for 1 day
in dry oxygen at 20 °C showing the signal from the residual MHS
group (≡Si-H) and the reference peak from the methyl group

Chloroform gives a signal at 7 ppm while the signals between 1 and 2 ppm in
the NMR spectra are probably due to the presence of silanol groups and/or
water. Furthermore, the ethylene group formed in the hydrosilanization reaction
should be seen in the region around 2 ppm. Identification and quantification of
this ethylene group would be a direct measurement of the primary crosslinking
density. However, we have not further investigated this possibility in this work.

Infrared spectroscopy was used to measure the amount of MHS in the samples.
The intensive absorption band around 2160 cm-1 was used for this purpose. The
overtone absorption band at 2500 cm-1 from the methylsiloxane group was used
as an internal reference band. A small 0.5 mm-thick slice was cut from the
sample with a scalpel and mounted in the sample holder. The transmission
infrared spectrum was recorded on a Nicolet Magna 560 with a resolution of 4
cm-1 between 1500 and 3300 cm-1. The absorption ratio A2160/A2500 was
evaluated as a measure of the amount of residual MHS in the silicone elastomer
samples.
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A standard curve was set up for this method, in order to enable the absolute
amounts of MHS residue in the samples to be calculated, in contrast to 1H-NMR
where only the relative amount was measured. Homogeneous solutions with
known concentrations of the MHS standard polymer were prepared in a silicone
oil standard in the concentration range from 0.1 to 1 mole-% MHS.
Transmission spectra of these standard solutions were recorded using a fluid
measuring cell. The absorbances of the two bands were then measured and a
calibration curve, A2160/A2500 versus content of MHS, was created.

The IR spectra evaluations of the stored samples were primarily used for
quantification of the MHS group. 

Figure 57 IR spectrum of the crosslinked sample No 1, i.e. the sample stored
for one day in dry oxygen, showing the MHS band at
approximately 2160 cm-1 and the reference band from the polymer
backbone at 2500 cm-1

As i evident in figure 57, the MHS group has an absorption band at approxi-
mately 2160 cm-1. As an internal reference for quantification, the band at 2500
cm-1 was used. This absorption band is an overtone band of the symmetric
deformation of the silicon-bonded methyl group found at 1260 cm-1. This
overtone band has been described as being suitable for measurements on thick 
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samples due to its low absorptivity (Ref. 103). From the calibration data, it was
found that the amount of MHS in the sample was equal to 0.307 * A2160/A2500
expressed as mole-%. As the MHS content measured with IR did not reach zero
for samples Nos. 4 and 8, as in the NMR measurements, the selectivity of the IR
method was examined. The stored sample with the lowest MHS content, i.e.
sample No. 8, was heated at 150 °C for four hours in a heating chamber in order
to decompose all the MHS groups. After cooling to room temperature, a new
infrared spectrum was recorded and the relative amount of MHS was found to
be below 0.01 mole-%. This experiment shows that the absorption at 2160 cm-1

is highly selective for MHS in the analysed silicone elastomer. Data for residual
MHS found in the samples from the factorial experiment measured by IR are
given in Table 11.

In the IR measurements, small pieces 0.5 mm thick were cut from the surface of
the samples. As the samples were 6 mm thick it was possible that an
inhomogeneity could arise in the MHS content, i.e. the decomposition could be
faster in the surface than within the sample. A study was therefore carried out to
investigate this possibility. One of the samples was cut into two parts with a
scalpel, giving a fresh surface for analysis. This new surface was immediately
analysed with respect to MHS content at different positions, from the top to the
bottom of the sample. The measurements were performed with the IR instrument
equipped with an IR-microscopic SpectraTech Model 40. The rectangular
surface analysed had the dimensions 0.1 x 1 mm. Six IR spectra were taken
evenly distributed over the sample. Table 10 shows the result of this study. It
can be clearly seen that the MHS decomposition rate was uniform.

Table 10 Residue MHS distribution at different depths in the cured silicone
sample measured by IR

Distance
from top

surface (mm)

Amount of MHS
(mole-%)

1 0.27
2 0.26
3 0.26
4 0.26
5 0.26
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Table 11 Residual amount of MHS in the cured and stored silicone elastomers
measured by NMR and IR

NMR
IMHS / ISI-CH3

/10 000

IR
MHS

(mole-%)

Sample
No.

Atmo-
sphere

R.H.
(%)

Storage
temp.
(°C)

1 day 14
days

1 day 14
days

1 O2 0 20 2.75 1.84 0.38 0.34
2 O2 0 40 2.29 1.02 0.37 0.26
3 O2 100 20 2.54 0.84 0.37 0.22
4 O2 100 40 1.54 <0.10 0.29 0.06
5 N2 0 20 2.43 1.70 0.38 0.33
6 N2 0 40 2.05 0.97 0.37 0.27
7 N2 100 20 1.89 0.82 0.35 0.22
8 N2 100 40 1.47 <0.10 0.28 0.06

The data from the factorial experiment in table 11 were evaluated by the
software, Modde, Umetrics AB, Sweden. Figure 58 shows how the variables
atmosphere, humidity, temperature and time influenced the MHS content. The
more negative the bar, the greater is the effect of that variable on the reduction
in the MHS content. The variation is indicated on each bar to show the
significance of each variable.

Figure 58 Results of the evaluation of the factorial design experiments, NMR
(A) and IR (B). The variables are oxygen (I), nitrogen (II),
humidity (III), temperature (IV) and time (V). The more negative
the bar, the more effective is the variable in decomposing the MHS
group
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Both the NMR and the IR results clearly show that the gas environment
(nitrogen or oxygen), around the silicone samples during storage had no effect
on the MHS content. On the other hand, the humidity and, of course, the
temperature and time had a significant impact on the rate of decomposition of
the MHS groups in the samples. This finding indicates that the MHS groups
mainly undergo a hydrolysis reaction (Fig. 59) where the silicon-bonded
hydrogen is hydrolysed into a silanol according to the reaction: 

≡ Si – H   +  H2O      
Pt

       ≡ Si – OH   +  H2

Figure 59 Hydrolysis of the hydride group catalysed by platinum

This reaction has to be catalysed by platinum, as the crosslinker in the uncured
Part B material, containing the crosslinker with MHS groups, is stable for well
over one year at room temperature. The oxidation of the MHS groups in the
cured material seems to occur at a very slow rate compared to the hydrolysis
reaction. The small decrease in MHS content found between the two measuring
occasions, 1 and 14 days, for the samples stored in dry conditions in both
oxygen and nitrogen are probably due to hydrolysis with the small amount of
water remaining in the sample after curing. This water is probably both adsorbed
on the surface of the silica filler and dissolved in the silicone polymer network.
The water content in the newly cured samples was estimated to be about 0.05%
by thermal desorption at 150 °C in combination with Karl Fischer coulometric
titration. 

3.3.2 Controlled elimination of MHS 

A separate study was performed in order to investigate the rate of MHS
decomposition on elastomers stored at various temperatures and humidities. A
set of silicone elastomer slabs was prepared according to the method described
earlier. The samples were stored under various conditions, which may be
relevant to silicone elastomer drug release products. In our case, the maximum
storage temperature for the product was estimated to be 40 °C in order to avoid
any degradation of the incorporated drug. Exposure to various humidity levels
was achieved by storing the samples in desiccators filled with either saturated
Mg(NO3) giving 56% R.H. at 22 °C and 48% R.H. at 40 °C or saturated NaCl at
40 °C giving a relative humidity of 75% (Ref. 102). A higher humidity is not
recommended due to the risk of microbiological growth. The MHS content was
measured by the IR method described above. Figure 60 shows the MHS content
as a function of the storage time under the various conditions. 
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Figure 60 MHS content measured by IR versus time, showing the decom-
position rates in different environments; 22 °C / 56% R.H. (∆),
40 °C / 48% R.H (Ο) and 40 °C / 75% R.H. ( )

We found that the best procedure to eliminate the MHS groups in the elastomer
was to store the products at 40 °C and a relative humidity of 75%. Using this
procedure, the MHS groups were practically gone after a few weeks.

3.3.3 Factors affecting the mechanical properties

The Shore A hardness was measured with a digital hardness instrument, Shore
Durotronic 1000 with an automatic stand, series 900. The hardness of the 6 mm-
thick sample was measured one second after application of the measuring
sensor. Six measurements were performed on each individual sample slab and
the mean hardness value was reported.



77

The storage compression modulus (E’) was measured at room temperature in air
with a Dynamic Mechanical Analyser (DMTA), Netzsch DMTA 242. A
cylindrical piece with a diameter of 12 mm was cut from the sample with a hole
puncher. This cylindrical test piece was then mounted in the compression
sample holder. The frequency was set to 1 Hz, the dynamic force was 4.0 N and
the static applied force was 4.8 N. The maximum amplitude was set to be 60
µm. A flat probe with a diameter of 15 mm was applied to the sample before the
force was applied. 

The results of the mechanical analysis of the stored samples in the factorial
experiment, hardness and compression storage modulus are shown in table 12.
Figure 61 shows the mathematical evaluation of these data.

Table 12 Mechanical properties of cured and stored silicone elastomers

Hardness 
Shore A

Compression
storage modulus

(MPa)

Sample
No.

Atmos-
phere

R.H.
(%)

Storage
temp.
(°C)

1 day 14 days 1 day 14 days

1 O2 0 20 38.5 40.1 2.9 2.6
2 O2 0 40 39.3 41.7 3.3 2.7
3 O2 100 20 38.4 40.4 3.3 2.6
4 O2 100 40 39.8 44.3 2.8 3.0
5 N2 0 20 38.5 41.0 2.9 3.1
6 N2 0 40 39.2 42.4 2.5 3.3
7 N2 100 20 38.5 41.1 2.9 3.0
8 N2 100 40 40.0 47.0 2.6 3.4
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Figure 61 Result from the evaluation of the factorial experiments, Shore A
hardness (C) and compression storage modulus (D). The variables
are oxygen (I), nitrogen (II), humidity (III), temperature (IV) and
time (V). The more positive the bar, the more effective is the
variable in increasing the post-curing 

Only temperature and time seem to have any significant influence on the
hardness. There is a tendency for the humidity to be of importance, although this
effect is not statistically significant. The choice of gas environment has no
significant effect on the hardness development. On the contrary, the storage
conditions seem to have no significant influence on the compression modulus. A
possible explanation to this result is that the method variation was too large to
resolve the different effects. 

However, the increase in hardness indicates that the crosslinking density
increases during storage. There is a possibility that the primary curing reaction
between vinyl and hydride groups was not totally complete during the
manufacture of the samples. During the subsequent storage, this reaction
continues. Another possible chemical reaction explaining the change in hardness
is the addition between MHS and silanol groups shown in figure 62 (Ref. 96).
The silanol groups can be present in the pre-elastomers before curing but they
are also formed during the post-curing reaction when MHS is decomposed with
water according to the hydrolysis reaction: 

≡ Si – H   +  HO – Si ≡     
Pt

      ≡ Si – O – Si ≡    +   H2
             

Figure 62 Platinum-catalysed reaction between the hydride group and a
silanol group
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This reaction would also increase the degree of crosslinking in the elastomer, as
in the case of the hydrosilanisation reaction, and consequently increase the
hardness and modulus.

3.3.4 Post-curing by thermal treatment

In stability studies on the drug delivery silicone elastomer, it was found that the
hardness increased with time. The normal conditions in drug stability studies are
storage at room temperature for at least the time of the product shelf life. 40 °C
is normally used for accelerated studies over 6 months. In order to find the
asymptote value for the hardness after total post-curing, we performed a study
where we stored the samples in different temperatures and measured the
Shore A hardness on different occasions. 

The silicone elastomer slabs were prepared as described above. The samples
were stored at different controlled temperatures at ambient humidity for one
week. The results of the Shore A hardness development are shown in figure 63.
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Figure 63 Hardness development on newly cured silicone samples versus
storage time at different temperatures

The post-curing conditions at 90 and 105 °C seem to give a plateau value of the
hardness for the elastomers, with a hardness value of approximately 53. The
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hardness had increased as much as 40% from the initial value after curing. The
samples stored at lower temperatures also showed an increase in hardness, but
this was less pronounced for the cold stored samples. They did not, however,
reach any steady-state value during this rather short time of investigation. 

The change in compression modulus as a result of the treatment at high
temperatures was also measured. In this study, the samples from the factorial
experiment were taken, i.e. the post-curing had proceeded differently for the
different samples. The storage compression modulus was monitored by the
DMTA instrument in the temperature-scanning mode. The samples were heated
from room temperature up to 250 °C with a heating rate of 2 °C/min. The purge
nitrogen gas flow rate was set to 200 mL/min. A cylindrical piece with a
diameter of 12 mm was cut from the sample with the aid of a hole punch. This
cylindrical test piece was then mounted in the compression sample holder. The
frequency was set to 1 Hz, the dynamic force was 4.0 N and the static applied
force was 4.8 N. The maximum amplitude was set to be 60 µm. A flat probe
with a diameter of 15 mm was applied to the sample before the force was
applied.

The DMTA thermogram for sample No 1 (Fig. 64) shows a rather large increase
of approximately 80% in the modulus during the heat treatment. A plateau value
is nearly reached in the temperature interval between 200 and 250 °C. When the
temperature was increased even more, it was found that the modulus decreased
as the elastomer started to degrade. 

Figure 64   DMTA thermogram of sample No 1, storage compression modulus
(E’) versus temperature. A strong increase in E’ at higher
temperatures indicates a significant increase in crosslink density
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All thermograms had the same shape, but the increase in modulus varied among
the samples. Samples Nos. 4 and 8 measured after 14 days also showed an
increase in modulus. Although these two samples contained no measurable
amount of MHS, the modulus increased by approximately 10%. This
observation, together with the observation that the hardness of samples Nos. 4
and 8 was far from the end value of 53 Shore A, indicates that yet another
crosslinking reaction occurred. One possible chemical reaction that may occur in
the high temperature region is the condensation reaction between two silanol
groups in different polymer chains (Fig 65): 

≡ Si – OH   +  HO – Si ≡   →    ≡ Si – O – Si ≡    +   H2O

Figure 65 Condesation reaction between two silanol groups

3.3.5 Conclusions from analyses during curing; post-curing

In our study of a drug delivery silicone elastomer, our main interest was to
develop a procedure to decompose the remaining methyl silicone hydride groups
(MHS) in the crosslinker in a fast and controlled procedure. Using NMR and IR,
we found that temperature and relative humidity are the main parameters
influencing this reaction. Due to the poor thermal stability of the incorporated
drug, it was not an option to use temperatures higher than 40 °C to increase the
silicone hydride decomposition rate. However, by storing the product in a
controlled environment with a high relative humidity and at a reasonably low
temperature this post-curing reaction can be controlled and is complete within a
couple of weeks. 

The decomposition of the silicone hydride with water has no direct effect on the
crosslink density, as silanol groups are formed. However, other chemical
reactions take place that increase the crosslinking density and thereby change
the mechanical properties of the elastomer. Traces of residual vinyl groups react
with the silicone hydride (primary crosslinking reaction) (i), the silanol groups
formed from the decomposition of the MHS groups also react with silicone
hydride groups (ii) and at higher temperatures, condensation between silanol
groups may occur (iii). All these chemical reactions are probably active in the
post-curing of the silicone elastomer. 
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4. ANALYSIS OF THE CURED ELASTOMER

Preparation of cured slabs

The two parts of the pre-elastomer, Part A and Part B, were thoroughly mixed in
equal weight portions (approximately 50 g of each part), in a two-roll mixer
(Polymix 150 L/O, Schwabenthan Maschinen Gbmh&Co KG Berlin, Germany),
in order to produce a homogeneous material. The mixer rolls were continuously
internally cooled with tap water in order to prevent pre-curing. The gap between
the rolls was 1.0 mm and the rotation speed was 10 rpm and equal for both rolls,
i.e. no friction was applied. The actual mixing was achieved by removing the
sheet of silicone material that was removed from the mixer, rolling it into the
shape of a cylinder, and then again feeding it onto the mixer rolls. This
procedure was repeated ten times. The homogeneous material was then put into
a stainless steel mould and cured into silicone slabs of 10 cm x 10 cm with
thicknesses of 1 and 6 mm. The slabs were cured on a heated press, Polystat 200
S (Schwabenthan Maschinen, Gbmh&Co KG, Berlin, Germany) with the sample
placed in a mould between two preheated Teflonised steel plates at 116 °C for
10 minutes. 

4.1 HARDNESS

The hardness is basically dependent on the filler content and crosslink density.
The Shore A Durometer hardness of the elastomer was measured according to
the ASTM standard D 2240. The instrument was a digital Durotronic 1000
Shore A with an automatic stand model 902, both from Shore Instruments
Comp. The 6 mm thick sample was stored at room temperature and the
measurement was made within 24 to 48 hours after sample preparation, due to
the increase in hardness with time caused by post-curing. 

Prior to each test occasion, a system suitability test was performed to verify
correct reading. The display was first checked to read zero without sample
application. The measuring unit was then carefully lowered towards the
weighing pan of a balance so that a hardness value of approximately 35 was
reached. The apparent mass was read and the hardness was calculated according
to equation [2].
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Shore A hardness = ( )
075.0

550.081.9 −×m        [2]

where m is the apparent mass in kg

The number of samples taken for testing dependend on the batch size. Normally
between eight and twelve samples were taken from each batch. The average
value of the Shore A hardness of the tested batches was 37.6 with a standard
deviation of 1.2. Figure 66 shows how the hardness varied over different batches
delivered between 1993 and 1997.
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Figure 66 Shore A hardness of Silastic® Q7-4735, mean value of different
batches



84

4.2 SWELL INDEX

The swell index is a test to indirectly measure the crosslink density of an
elastomer. The sample is immersed in a good solvent and after equilibrium the
increase in mass is determined. In order to gain knowledge about how different
solvents affected the degree and rate of swelling, we measured the increase in
height of a silicone elastomer sheet by thermomechanical analysis (TMA). We
used the analyser TMA 40 from Mettler AG with the standard rod and a glass
crucible with lid (Fig. 67).

Figure 67 Drawing of the glass crucible for measuring the swelling of the
silicone elastomer in different solvents. The hole on top is used for
the probe of the TMA instrument

Round sample disks, 2 mm in diameter, were punched from the 1 mm-thick
sheets and then placed in the cup. A quartz glass disk was put on top, covering
the whole disk. The TMA rod was applied on the disk and the dynamic
measurement started with an alternating force between 0.07 and 0.13 N at 1 Hz.
After one minute, the solvent was poured into the crusible. All swelling
experiments were carried out at room temperature. Figure 68 shows that
chloroform and hexane have the greatest swelling effect on the elastomer. 
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Figure 68 Swelling of the silicone elastomer using TMA with
different solvents

However, as the final method is gravimetric, the volatility of the solvent has to
be considered in order to achieve a robust method where the balance reading
should be as stable as possible. A good guidance for this selection is to compare
the boiling points of the different solvents (Tab 13). 

Table 13 Boiling points of different solvents for silicone

Solvent b.p. (°C)
Chloroform 62
Hexane 69
2-Propanol 83
Ethyl acetate 99
Toluene 111

Toluene was chosen as solvent for the swelling tests as it has a rather high
boiling point and is a good swelling solvent for the silicone elastomer. 
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In the finalised method, a disk 10 mm in diameter was punched from the 6 mm-
thick cured sheet. The disk was weighed and then put in a 50 mL E-flask and 30
mL toluene was added. After approximately 48 hours, the disk was removed
from the solvent and put on a paper tissue and carefully dried. The disk was
again weighed, but this time the disk was placed in a weighing pan with a lid, in
order to prevent solvent evaporation. The swell index was calculated as the ratio
of the solvent weight to the weight of the non-swollen sample.

The results for 21 different batches are shown in figure 69. The average
crosslink density was 322 g/g and the relative standard deviation was only 1%.
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Figure 69 Swell Index in toluene for 21 different batches
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4.3 PHARMACOPOEIA TESTS

4.3.1 European Pharmacopoeia, Ph. Eur.

For regulatory purposes, it is important that the materials used for drug delivery
fulfil the requirements of the different Pharmacopoeiae. There is no monograph
in the European Pharmacopoeia describing silicone elastomers for drug delivery
or for use as implants. The most relevant chapter is ‘SILICONE ELASTOMERS
FOR CLOSURES AND TUBING’. The Silastic® Q7-4735 material complies
with the description of this material.  The following tests should be performed in
order to verify that the elastomer fulfils the requirements for identity tests and
several purity tests:

o Identity; IR, reaction with chromotropic acid and test for silica
o Water extract; Appearance of solution, Acidity or alkalinity and Reducing

substances
o Relative density
o Substances soluble in hexane 
o Volatile matter
o Phenylated compounds
o Mineral oils
o Platinum

The identification is made by three different methods. The first method is
infrared reflection spectroscopy, the same method as was described above for
the pre-elastomer. The IR spectrum for the sample should be equal to the
spectrum obtained with a chemical reference standard CRS obtained from the
European Pharmacopoeia. In the second method, the sample is heated in a test
tube and the subsequent reaction with chromotropic acid should result in a violet
solution. In the third method, the sample is combusted and the residue should
give a positive reaction for silicate.

An aqueous extract is made by boiling 25 gram of elastomer under reflux in 500
mL of water for 5 hours. As a reference,  a blank solution should be prepared in
parallel. The aqueous extract is then tested for clarity and it should be as clear as
a dilute solution of hydrazine sulphate which gives a very slight opalescence.
The water extract is then tested for acidity and alkalinity. For 100 mL of extract,
less than 25 µmol sodium hydroxide (to pH = 7.6) or 10 µmol hydrochloric acid
(to pH = 4.4) is required for neutralisation. The third test on the aqueous extract
is a test for reducing substances. The substances in the extract that can be
oxidized by the permanganate ion are determined. 20 mL of the extract is
reacted with an excess of potassium permanganate in an acidic solution for 15 
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minutes at room temperature. The remaining potassium permanganate converts
iodide into iodine, which is quantified by titration with 0.01 M potassium
thiosulphate using starch as indicator. The difference in volume of potassium
thiosulphate between the sample and blank should not be greater than 1.0 mL. A
more relevant method to determine the amount of organic compounds in the
water extract would be a TOC, Total Organic Carbon, assessment. TOC
measurement is increasingly beeing accepted as an excellent overall method for
the control of water quality. The principle of the TOC method is that inorganic
carbon is removed by acidification and purging. The organic carbon is then
oxidised into CO2 by treating the sample with the strongly oxidising persulphate
ion (S2O8

2-) in combination with UV irradiation. The carbon dioxide formed is
then quantified by infrared spectroscopy, using a gas cell.

The relative density of a solid sample can be determined either with a gradient
column or, as in the case of the European Pharmacopoeia, by using a
pycnometer. Ethanol is used as immersion solvent in order to achieve good
wetting to avoid the risk of adsorbed air bubbles on the sample surface.

“Substances soluble in hexane” is a test used to quantify the non-bonded silicone
present in the elastomer. A 2.0 gram sample is boiled in 100 mL n-hexane for 4
hours using a reflux condenser. After cooling the solution is filtered through a
glass filter to remove particles. A 25 mL portion is transferred into a weighed
glass evaporating dish or beaker, which is placed on a boiling water bath to
evaporate the solvent. The residue is then dried in a heating chamber at 100 –
105 °C for 1 hour. The hexane-soluble substances should not be more than 3%.

In the test for volatile matter, a 10 gram sample piece is weighed and placed in
an oven at 200 °C for 4 hours. After cooling, the sample piece is re-weighed.
The volatile matter should be less than 2.0%. This is a test to determine the non-
bonded low molecular mass silicones in the elastomer.

Extractable phenylated compounds are measured in the same solution as was
prepared for the determination of hexane-soluble substances. The UV light
absorbance between 250 and 340 nm should be less than 0.4.

Mineral oils are determined on a 100 mL pyridine-ammonia (95-5) extract of a 2
g sample, extracted at room temperature for 2 hours. The fluorescence from the
solution irradiated at 365 nm should be less than the fluorescence from a 1 ppm
quinine sulphate solution

Finally, a limit test for platinum is performed. The sample is combusted and the
residue is treated with different acids e.g. to remove the silicon dioxide. The
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final residue and a standard solution are then treated with an acidic solution of
stannous chloride. The colour of the sample solution should not be more intense
than the colour of the standard solution, which corresponds to 30 ppm of Pt.

All identity and purity tests of the Silastic® Q7-4735 conformed to the
requirements of the European pharmacopoeia.

4.3.2 United States Pharmacopoeia, USP 

There is no monograph in USP for silicone elastomer at all. The closest
applicable chapter is chapter <661> Container, Physico-Chemical tests, Plastics.
The sample is extracted in water at 70 °C for 72 hours and the water extract is
analysed with respect to:

o Non-volatile residue
o Residue on ignition
o Heavy metals
o Buffering capacity

Using the 6 mm thick elastomer slabs, a total sample area of 1200 cm2 was
extracted with 200 ml water. 100 ml of the water extract was then transferred to
a fused silica crucible and placed on a steam bath for evaporation. The crucible
was then placed in an oven at 105 °C for one hour. The maximum allowed
weight of the residue was 15 mg. The same crucible was then put in an oven at
800 °C for complete combustion. A residue of not more than 5 mg was allowed.
In the test for heavy metals, the extract was treated with a slightly acidic
solution of sodium sulphide. Some metal ions give rise to a dark colour if they
are present in relatively low concentrations. 1 ppm of a lead ion solution was
used as reference. In the present edition of USP, sodium sulphide has been
replaced with thioacetamide to complex the metal ions present in the extract. In
the final test, buffering capacity, 20 ml of the aqueous extract is titrated to pH
7.0 with either sodium hydroxide or hydrochloric acid. Not more than 100 µmol
of either HCl or NaOH is allowed. 

All purity tests of the Silastic® Q7-4735 conformed to the requirements of the
US Pharmacopoeia. 
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4.4 SOLUBILITY OF THE DRUG

It was mentioned in the introduction that the initial drug release rate from the
intra-vaginal ring (IVR) was quite high and that after a few days, the ring  began
to release the drug at a constant rate. For Estring® this rate is approximately 8
µg/day for the three months of use. The reason for this so-called burst effect is
that the diffusion layer becomes saturated with drug during manufacturing and
storage and this is washed out in the beginning of use. It has been found that the
amount of silica filler has an effect on drug solubility (Refs. 104-105). In
addition, we found that, if the curing time was increased, the burst became very
high indicating an over-saturation of drug in the sheath material of the IVR. We
therefore had to cure the silicone material as fast as was practically possible. In
order to better understand the burst effect, we decided to measure the solubility
of the drug in the silicone matrix under various conditions.

The silicone pre-elastomers were mixed and part of the material was cured at
120 °C for 90 seconds in a pre-heated aluminium mould giving a membrane
thickness of approximately 0.5 mm. Estradiol was mixed in a second part and
cured in the same way giving an estradiol content of 0.3%. The different
membranes were then stacked with three unloaded membranes in the middle
surrounded by two loaded membranes. Under slight pressure, to ensure full
contact between the membranes, diffusion of estradiol from the loaded into the
unloaded membranes was allowed to proceed at room temperature. In addition,
the membrane stacks were stored under 0, 57 and 97% relative humidity. 

The estradiol content in the inner membrane was then determined.
Approximately 500 mg of the membrane was extracted overnight with 10 mL
methanol containing 2 µg/mL estrone as an internal standard. The extract was
then transferred into another vial and the solvent was completely evaporated.
The residue was dissolved in 1 mL of mobile phase and was analysed with a
reversed phase liquid chromatography system. A Superspher® 100 RP 18
4.0x120 mm column from Merck, Germany, was used to separate estradiol from
the internal standard, estrone. The flow rate was 1 mL/min using a mobile phase
consisting of 40% acetonitrile, 5% methanol and 55% water. The injection
volume was 100 µL and detection was achieved with a UV detector at 280 nm.

It was found that the solubility of the estradiol was strongly dependent on the
ambient relative humidity. Figure 70 shows that the dry conditions give a very
high estradiol content.
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Figure 70 Content of estradiol versus time of equilibration at the silicone
elastomer in different humidities

As stated above, the solubility of the drugs was also dependent on the amount of
silica filler. At 60% relative humidity the solubility of estradiol in Silastic® Q7-
4735 was 21 µg/g and in Silastic® Q7-4765 52 µg/g. The silica contents were 21
and 37%, respectively, measured by thermogravimetric analysis. We also
analysed the sheath material for estradiol in the finished product and found in
principle the same results. In addition, we measured the drug release during the
first day in an in-vitro dissolution test. The higher the humidity during storage
after manufacturing, the lower was the release. As a consequence, we realised
that the primary packaging for Estring® had to be completely gas tight to keep
the moisture level constant during the shelf life. 

The more silica the higher is the drug solubility, and the higher the humidity the
lower is the drug solubility. From these observations, a model was constructed
where estradiol and water are in equilibrium in the hydrogen bonding of the
silicone filler to the silica surface (Fig. 71). If the water concentration in the
material is reduced, it becomes possible for estradiol to adsorb to the surface.
Unfortunately, we did not perform any test to examine the solubility of estradiol
in the material without silica filler. With this information, it would have been
possible to see the importance of the filler content and of the amount of residual
inorganic silanol groups. 
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Figure 71 Possible interactions between silanol groups on the silica surface
and water and estradiol
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4.5 CONCLUSIONS FROM THE ANALYSIS OF THE
CURED ELASTOMER

The cured elastomers have been tested with the standard method for hardness.
The main purpose of this measurement is to control that the elastomer has the
right amount of filler. To verify that the Durometer instrument works properly
prior to the hardness measurements a system suitability test has been introduced.
The degree of swelling was determined to check that the crosslink density was
consistent.

The material was also tested according to both the European and the US
pharmacopoeiae, to verify that the material met the identity and purity demands. 

A method was developed to measure the solubility of estradiol in the elastomer.
Using this method, we found that both humidity and filler content had a great
influence on the solubility of this drug. The practical conclusion drawn from this
finding is that the newly produced IVR should be stored in humidified
conditions prior to packaging. It is also important that the package itself is
completely moisture tight. Otherwise, the IVR may dry out during storage over
the shelf life of the products, and as a consequence the initial drug release may
be unacceptably high.

5. ANALYSIS DURING APPLICATION

5.1 CHARACTERISATION OF HEXANE EXTRACTABLES

In the extraction tests with hexane according to the European Pharmacopoeia
(Ref. 106) we found approximately 3% extractables. This amount is the limit
given in the pharmacopoeia. As these non-bonded materials are potentially
migrants, i.e. in the in-vivo situation they could be absorbed by the patient, we
found it important to characterise these extractables more thoroughly. 

Using 6 mm thick elastomers slabs from five different batches, we cut sample
pieces with dimensions of 1 x 1 cm. Three pieces were weighed, approximately
2 .0 grams, into a 250 mL conical flask. 100 mL hexane was added and the
extraction was performed under reflux on a boiling water bath for 4.0 hours. The
solution was cooled to room temperature and then filtered through a glass filter
(No 4). 25 mL of the extract was transferred to a pre-weighed evaporation dish
and put on a boiling water bath until all the solvent had evaporated. The dish
was then placed in an oven at 105 °C for 4.0 hours. After equilibration at room 
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temperature, the dish was weighed again giving the average extractable amount
of 3.3%, and the range for the five batches was 3.1-3.4%.

The residue was then characterised by several different techniques. The identity
of the extract was determined by both IR and 1H-NMR. For the IR measurement,
a few milligrams of the extract were placed between two KBr disks and the
transmission spectrum was recorded between 4000 and 400 cm-1. For the 1H-
NMR measurement, approximately 15 mg of the extract was dissolved in 1 mL
CDCl3 followed by complete evaporation under nitrogen at room temperature in
order completely to remove traces of hexane. The residue was then dissolved in
0.7 ml CDCl3 and the proton spectrum of the solution was recorded as described
above (see 2.1.1). Both the IR and the 1H-NMR spectra show that the extract is
identical to polydimethylsiloxane (PDMS). No vinyl or hydride groups were
found in the extract. In the IR spectrum, a small broad absorption around 3400
cm-1 was found which indicated the presence of organosilanols in the extract.

Size exclusion chromatography was used to determine the average masses and
size distribution of these polydimethylsiloxanes. Approximately 15 mg of the
extract was dissolved in 5.0 mL toluene. The solution was analysed on a liquid
chromatography system with two size separation columns (PLgel mixed-C, 300
x 7.5 mm, Polymer Labs). Toluene was used as eluent with a flow rate of 1.0
mL per minute and the detection was done with a refractive index detector. 50
µL of the toluene extract solution was injected. A broad standard
polydimethylsiloxane was used to calibrate the columns. The average values for
the five batches were  <Mm> equal to 9100 (8800 – 10200) and <Mn> was 1700
(1300-1900), which is quite a broad distribution. The polydispersity of the
extract was 5.4. The results indicate that the extract contains small oligomers up
to short polymers.

Both the extract residue and the hexane-extract solution which had not been
evaporated were analysed with gas chromatography. A non-polar column was
used, DB-1 from J&W, 12 m x 0.22 mm, coated with stationary phase of 0.33
µm polydimethylsiloxane. The injector temperature was 200 °C and the FID
detector temperature was 300 °C. The oven was programmed to have an initial
temperature of 35 °C for 5 minutes and was then heated at 10 °C/min to 325 °C
and held there for 30 minutes. Approximately 15 mg of the extract residue was
dissolved in 5.0 mL toluene, i.e. the same solution that was used for the size
exclusion analysis. In both cases, a small amount of n-decane was added as an
internal standard. One microlitre of sample solution was injected and a split ratio
of 1:50 was used. All eluted peaks were quantified versus a calibration curve
constructed with different concentrations of decamethylcyclopentasiloxane (D5). 
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Figure 72 Chromatogram of the hexane extract, before solvent evaporation
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Figure 73 Chromatogram of the hexane extract, after solvent evaporation,
residue dissolved in toluene. Five times more concentrated than the
hexane extract, internal standard added

It is obvious by looking at the chromatograms of the two solutions (Figs. 72 and
73) that they differ regarding the presence of low molecular mass oligomers.
This means that in the procedure to measure the amount of hexane-soluble
extracts, some of the extractables are evaporated and will not be measured.
Assuming a response in the detector for all eluting peaks equal to that for the
standard D5, the amount eluted from the GC column for the residue was 1.3%
(1.1-1.4) and for the hexane extract 2.3% (2.1-2.5). The difference of one
percent should be added to the figure for what is extracted with hexane.
Therefore, a more reliable figure for the amount of hexane extractables is 4%.
Another conclusion that can be drawn is that with the GC method only 40% of
the total extract is detected. The rest of the silicone material is trapped in the GC
injector and in the column. The latest eluting peak in the GC chromatograms is
probably a polydimethylsiloxane with 30 repeating units, corresponding to a
molecular mass of approximately 2300. This assumption was drawn from
injections of standards of the cyclic oligomers D4, D5 and D6, assuming that the
other subsequent peaks were oligomers of higher degree. With higher injector
and column temperatures, the amount of siloxanes detected by this GC method
would have been slightly higher, but a large part of the extractables were still
not detected.

In conclusion, the hexane extractables from the elastomer consisted mainly of
low molecular mass dimethylsiloxanes, probably a mixture of both linear and
cyclic compounds. A minor part of the extract probably has a silanol function,
although the only evidence for that statement is the slight infrared absorption
around 3500 to 4000 cm-1. In addition, the method described in the European
Pharmacopoeia underestimates the amount of material that is extracted. During
solvent evaporation of the extract solution, a portion of the extractables is lost
due to low vapour pressure of the silicone material. The selection of solvent may
also be important. A non-polar solvent like hexane will certainly not desorb all
the silicones that are adsorbed to the silica surface in the elastomer. Using a
solvent for siloxane like tetrahydrofuran which is capable of breaking these
hydrogen bonds should result in a more accurate determination.  Preliminary
studies in replacing hexane for tetrahydrofuran with the pharmacopoeia method
gave a quantity of extractables of about five percent. 
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5.2 MIGRATION INTO AQUEOUS SOLUTIONS

Using NMR spectroscopy it has been found that free silicone was present in
tissues surrounding the silicone implants (Refs. 107). Several methods are
described in the literature for determining silicone in low levels. Atomic
absorption spectroscopy after solvent extraction gives a high selectivity to the
determination silicon and makes it possible to enrich the migrants in the
extraction step (Refs. 108-109). An alternative method is to perform an acidic
digestion of the aqueous extract in the presence of an excess of
hexamethyldisiloxane followed by gas chromatography with mass spectrometry
(Refs. 110-113). The advantage of this method is that migrants of different
functionality can be separated, while the major non-bonded
polydimethylsiloxane is converted into a single spicies. Liquid chromatography,
both size exclusion chromatography and reversed phase chromatography, in
combination with a sensitive detector like atomic emission spectroscopy (ICP)
or mass spectroscopy has also been used successfully (Refs. 114-120). The main
advantage of these methods is that no derivatisation of the different silicone
migrants is needed prior to the analysis.

Our approach to measure the potential migrants was first to perform the
extraction to the aqueous solutions followed by an extraction combined with a
pre-concentration with a medium polar solvent. We finally applied different
methods for quantification of the migrants, viz: silicon and platinum were
determined by atomic emission spectroscopy, dimethylsiloxane oligomers were
quantified by gas chromatography, and organosiloxane compounds were
converted into ethoxysilane derivatives followed by gas chromatography
(see 2.1.3).

In the first extraction step, we used 1 gram of the 6 mm-thick elastomer slabs.
The sample was placed in a 50 mL flask, and 25 mL of saline solution (0.9%
sodium chloride) was added. The screw caps were screwed on and the flasks
were placed in a heating chamber at 37 °C. The flasks were sampled after 1, 2
and 3 months. In the clinical application the IVD should be removed and
changed for another ring after 3 months. From recovery studies during the
development phase, it was found that we had to deactivate the surface of the
glass flasks. The deactivation was done with a 5% solution of
hexamethylendisilazane dissolved in hexane at room temperature over night.
Excess of reagent was thoroughly removed by several washing cycles with
hexane. Polyethylene and Teflon flasks were also examined with poor recovery.
Using the deactivation procedure for the glass flask we found recoveries in the
range of 95-125% when a few milligrams of a dimethylsilicone oil were added
to the aqueous solution and the solution was stored it for three months. The 
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silicone slabs were removed and the water solution was extracted with 5 mL of
freshly distilled methylisobutylketone (MIBK) for 30 minutes. An aliquote of
the organic phase was collected for further analyses.  

An external laboratory determined the content of silicon in the MIBK solutions
by atomic emission spectroscopy (ICP). The results for silicon were then
recalculated as dimethylsiloxane, as it was assumed that no inorganic silicon
was extracted into MIBK. The migration results are shown in figure 74.
Approximately 2 mg of dimethylsiloxane has leached out from the one gram
elastomer piece in this static migration model after three months. This result
corresponds to a migration of 0.2% of the total elastomer. However, calculated
as a part of the non-bonded silicone material, approximately 5% has migrated.
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Figure 74 Migration of silicone compounds into a saline solution at 37 °C
over three months measured by ICP as Si

A complementary analysis was performed in order to determine the content of
volatile compounds in the MIBK extract. The same gas chromatography method
was used in this analysis as was used to characterise the hexane extract. The
detection limit for the cyclic oligomer, D5, was 0.2 µg/mL. No peaks were
found, other than solvent peaks. To increase the sensitivity the FID detector was
therefore replaced by a mass selective detector (MS). The MS detector was used
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in the single ion monitoring mode, set to detect the sum of two ions, m/z 71 and
73. These two ions were found as fragments in all cyclic dimethylsiloxane
oligomers. Using this method, it was possible to detect 0.01 µg/mL D5. Running
the MIBK extract again, we found detectable peaks corresponding to the cyclic
oligomers D5 – D9. The total amount, calculated as D5 was 0.2 µg, i.e. only 0.1%
of the total amount of water extractables. 

Almost all the silicone found in the MIBK extract seemed to have a low
volatility, as they do not elute from the GC column. This suggests that the water-
extractable silicones are very polar. Another possible explanation is that the
components in the extract are thermo-labile and degrade in the GC injector and
are not therefore seem. No further attempts have been made to resolve this
uncertainty. Liquid chromatography with mass spectrometry should be a modern
suitable technique to use. 

5.3 CONCLUSIONS FROM ANALYSES DURING APPLICATION

The content of non-bonded silicone material in Silastic® Q7-4735 is at least 4%.
The limit in the method prescribed in the European Pharmacopoeia is 3%, but
the elastomer nevertheless meets the requirements in the pharmacopoeia. The
reason for this is that the method does not measure the true amount of non-
bonded material, as the low molecular mass extractables are lost by evaporation
during the drying phase of the analysis. In addition, the choice of extracting
solvent is rather strange. Hexane is known to be poor in desorbing semi-polar
compounds adsorbed to silica. A more suitable solvent for extracting the non-
bonded silicones in the elastomer would be tetrahydrofuran. 

The non-bonded material was identified as dimethylsiloxanes using NMR, IR
and gas chromatography. 

Migration from the elastomer into aqueous solutions showed very low levels of
dimethylsiloxanes measured by GC-MS, only 0.1% of the non-bonded material.
On the other hand, the amount of organically bonded silicon measured by
atomic emission spectroscopy was in the range of 5%, calculated with respect to
the non-bonded material. The identity of this migrant is probably
dimethylsiloxanes with a high content of hydroxyl groups, possibly hydrolysed
crosslinker residues. 
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6. CONCLUSIONS

The modern pharmaceutical industry has to meet both economic and regulatory
requirements. The production costs must be low, and at the same time, the
quality has to be high to meet the regulatory requirements. For this reason it is
important to have full control of the properties of the raw materials, and of the
intermediate and final products. In this work we have focused on a silicone
elastomer used for controlled drug delivery. Several new analytical methods
have been developed to ensure the consistency and high quality of this silicone
elastomer. The analytical methods have been developed to meet the modern
demands for high selectivity, accuracy and precision.

The raw material used in this work, the two-part pre-elastomer Silastic® Q7-
4735, is a complex mixture of both large and small polysiloxanes containing
different functionalities, silica reinforcing filler and low molecular weight
compounds as inhibitor and catalyst. New analytical methods have been
developed for the silicone material in different physical stages, from the
incoming pre-elastomer raw material, over the curing, including unwanted pre-
curing, and control of the post-curing to the analysis of the finished silicone
elastomer. 

A whole battery of different techniques has been used. The results of these
analytical methods have been used to improve the consistency of the raw
material. The manufacturing process has also been improved, leading to higher
production yield and thus to a cost reduction. By gaining knowledge of the
chemistry and behaviour of the silicone material, it was possible to maintain a
dialogue with the manufacturer of the pre-elastomer, Dow Corning, in order for
them to understand the improvements that had to be made in order to achieve a
consistent material of high quality. Moreover, the results were essential for
improving the manufacture of the drug delivery device, from mixing, extrusion
and curing to control of the post-curing and finally the essential packaging into
tight pouches.

NMR, infrared and mass spectroscopy were the most useful spectroscopic
techniques. These spectroscopic techniques were used not only for
identification. Their main application was as quantitative analytical techniques.
The contents of vinyl and hydride groups in the pre-elastomer, both groups
active in the crosslinking of the silicone material, could be measured
simultaneously with 1H NMR. The same groups could also be semi-quantified in
the cured elastomer, used for the post-curing studies. Among silicone chemists,
29Si NMR is used frequently.  However, due to the relatively low sensitivity 
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compared to 1H NMR and the low content of the functional groups we found no
application of this technique for this elastomer. IR was used for the positive
identification of the raw material and for quantification of the hydride group in
the pre-elastomer as a complement to 1H NMR. IR was also used on the cured
elastomer to follow the post-curing by measuring the content of the hydride
group. NMR, IR and MS were used to identify and quantify the hexane
extractables and the mass spectroscopic detector was essential to reach the low
levels of siloxanes in the migration studies. 

We found many applications for gas chromatography for the silicones. We
developed a completely new method for the quantification of the inhibitor by
using the headspace injection technique coupled to the GC. With this method we
could also follow the loss of inhibitor during curing. Extractables from the
elastomer or solutions from the pre-elastomer were successfully analysed with
GC using a flame ionisation detector. The oligomers were identified by
connection to the mass selective detector. Although it has not been presented in
this thesis, we also succeeded to separating and identifying liner and cyclic
oligomers with GC-IR. However, this is only a minor part of the material that
can be directly analysed by GC, as the majority of the material consists of  non-
volatile polymers. Therefore, degradation in alkaline or acidic conditions in
excess of a siloxane reagent was a useful method to produce monomeric
compounds that can easily be identified and quantified by GC. Using this
methodology, it is possible to quantify the different types of functionalities in
the pre-elastomer. 

Liquid chromatography was used to quantify the non-bonded organosilanols.
We developed a new derivatisation method where liquid chromatography with a
UV detector was used. Size exclusion chromatography with a light scattering
detector and a refractive index detector was used to measure the changes in
molecular mass during the initial curing. Reversed phase liquid chromatography
is normally the method chosen for drug substances. We used this technique in
studies where we saw the dramatic effect that the humidity had on the solubility
of estradiol in the silicone matrix, an effect which had a direct impact on the
initial release of the drug.

The thermoanalytical instruments DSC and DMTA were both used to study the
curing reaction. DSC was used to measure the heat of reaction while DMTA was
used to follow the creation of the network by measurement of the elastic
modulus. Theses techniques were applied on the raw material and also in the
pre-curing studies to follow the degree of curing. TGA was used only to
measure the silica content in the raw material.
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All the analytical techniques used in this thesis have been essential to achieve an
acceptable characterisation the silicone elastomer in its different phases from
raw material to finished product. However, with the development of new
techniques and the improvements of present techniques, this characterisation
will be better performed. NMR is going towards higher fields, giving better
resolution, and improved electronics result in higher signal-to-noise ratios.
Therefore, it will probably also be possible to use 29NMR to resolve several of
the questions around the silica surface in the silicone elastomer. Near infrared
spectroscopy (NIR) will certainly be more frequently used in the future as a
routine identification and quantification technique for silicones, although it
needs reference techniques for calibration. The combination of different
separations modes and the possibility of connecting different detectors make
chromatography very powerful. 
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