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Applications of Modern Pyrolysis Gas Chromatography
for the Study of Degradation and Aging in Complex
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1. Introduction

1.1. Silicones — Complex and challenging synthetic polymeric materials

Silicone based materials (polymers, polymeric network elastomers, composites and hybrid
materials) are a ubiquitous class of synthetic polymeric system — encountered commonly in
the research, industrial and commercial areas [1]. Silicones find use in diverse areas, ranging
from industrial power distribution [1], as biomedical implants [2], in the advanced electronics
sector [3, 4] and the aerospace industry [5]. No one material can be considered a representative
‘silicone” as the definition ranges from low viscosity liquids through compliant elastomers and
gums, to intractable high modulus solids. In general however, silicones can be considered to
be polymeric materials based upon an [(R,Si)-O] repeating unit and they are most often
structurally complex, multi-component systems which incorporate both chemically and
physically diverse structural architectures. (See Figure 1)

It is important to understand from the outset in this chapter that gaining an understanding of
the relationship between the multi-scale structure of a complex silicone system such as a
commercial silicone elastomer and the resultant macroscopic properties and performance
must be the goal of any informed approach to both performance and lifetime prediction of
current service materials [6] and the rational development of the next generation of high
performance silicone systems. [7-10]

Of all the silicone based materials in use today, it is arguably silicone elastomers that are both
the most complex in overall structure and challenging in their analysis: Polymer structure,
cure chemistry, network functionality, filler type and loading levels are just some of the
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Figure 1. Left: The basic repeating structure of a polysiloxane (silicone) polymer. Right: A representation of some of
the main factors that make up the overall, complex structural architecture of a silicone material.

variables that go into defining a final 3-dimensional, multi-scaled silicone ‘network’” elastomer.
However there is a very real lack of data available on the specific structure of many important
classes of silicone elastomer, due to both the proprietary nature of many industrial formula-
tions and the simple fact that these materials are difficult to analyze at high fidelity: Silicone
elastomer systems are most often chemically crosslinked networks with an effective infinite
molecular weight and are as such, insoluble & intractable. Therefore they are inaccessible to
the majority of spectroscopic and chromatographic techniques which are commonly employed
for chemical Identification, characterization of structure-property relationships in polymeric
systems and powerful techniques such as GCMS cannot be directly employed for the analysis
of silicone elastomers. In the past these issues were not as prevalent as they are today due to
the less intensive requirements of, and demands on silicone elastomers in application [11].
Simple empirically based additive methodologies were often relied upon for investigating
structure-property relationships in silicone elastomers for the elucidation of chemical structure
and the prediction of materials performance. [12-15] However, using these comparatively basic
approaches, all but the most coarse grain information on network structure were obtained and
the specifics of the ‘network architecture” were largely overlooked. Today, it is accepted that
the macroscopic properties and dynamic performance of a silicone elastomer system over time
are subject to the multi-scale structure of the material over a range of size scales and that even
comparatively small alterations to the network structure can lead to significant changes in
materials properties [16, 17] (see Figure 2).

With this information in hand, it is clear that there is a need to move beyond basic ‘bulk’
empirical approaches to defining structure property relationships in silicones. Instead, we
must employ higher resolution analytical methodologies to these materials - in order to relate
the underlying network structure, (from an atomistic to a meso-scale level) directly to macro-
scopic materials behavior.

In spite of the intractability of silicone elastomers towards standard spectroscopic and
analytical techniques, much progress has been made towards enhancing understanding of
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Figure 2. Main: Illustration of the complex relationship between materials properties/performance and structure over
a range of size scale, from atomistic to a macro-scale. Inset: the time dependencies of various ‘aging’ processes that
effect silicone systems in a service environment.

structure-property relations in complex siloxanes. Many researchers have made extensive use
of solid state Nuclear Magnetic Resonance (NMR) both as a method of determining the
chemical content/makeup of the polymer backbone in commercial silicone formulations [18]
and as a tool for probing segmental dynamics of silicone networks in the solid state. [6, 19,
20] While NMR in particular has been shown extensively [21-23] as a powerful tool for
elucidating the chemical identity and network architecture of complex siloxane networks, the
methods employed are typically non-trivial, can be time intensive and potentially costly;
requiring both significant investment in instrumentation and expertise.

Degradative thermal analysis (the thermally induced de-polymerization of a polymer or polymer
network) offers an alternate route to the analysis of such complex materials. Through a
destructive analysis of silicone networks and the characterization of the resultant products of
thermal degradation, a surprising amount of information on the chemical identity, structural
architecture and even service history of the material can be gleaned. And indeed, various
incarnations of pyrolytic analysis and gravimetry have been used extensively for the analysis
of ‘unknown’ polymeric materials for many years. [24-27] The temperature at which a
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polymeric material degrades, the mechanism and the products of the thermal degradation are
all a function of its underlying chemical structure and even physical morphology. Different
polymeric materials can therefore be ‘fingerprinted” by their thermal or thermo-oxidative
degradation behavior. Importantly for the purposes of this discussion, such degradative
analyses also re-open the possibility of utilizing GC/MS as a characterization tool. However it
must be noted that the complex speciation of degradation products from silicone elastomers
can make the interpretation of the data with respect to the original structure challenging.

2. A silicone degradation primer

Silicones, as with all polymeric materials will chemically degrade into a range of other
compounds as a consequence of exposure to thermal, radiative or chemical processes with
energy sufficient to scission, oxidize, hydrolyze or otherwise break the bonds of the polymer.
It is the thermal stability of a silicone system however that is most often the defining factor in
its application, performance and lifetime during service. Temperature broadly affects the rates
and energetic favorability of all of the major degradation processes that occur in silicone
systems (with the exception of non-oxidative ionizing radiation induced scission). For
example, a system that is stable to acidic hydrolysis for years at room temperature may only
last weeks before failing at 75°C (see Figure 3).
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Figure 3. The primary mechanisms of silicone degradation as a function of temperature. Differing mechanisms are
dominant over specific temperature ranges with more energetic process becoming dominant (within a specific time-
frame) at higher temperatures.

Itis unsurprising therefore, that since their introduction as usable materials some 60 years ago,
there has been interest in the thermal stability and the mechanisms by which silicones degrade
at elevated temperatures. The most influential work on the subject of the thermal degradation
of the silicone polymers was carried out by Grassie et al. [28-35] who studied in detail the
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thermal and thermo-oxidative degradation of a range of linear silicone polymers using a
combination of Thermal Volatilization Analysis (TVA) and Thermogravimetric Analysis
(TGA). Building upon earlier work by Pantode and Wilcock [36] and Thomas and Kendrick,
[37, 38] Grassie demonstrated through an in-depth analysis of the products of thermal
degradation that silicones, in general, at elevated temperatures degrade via a de-polymeriza-
tion reaction to yield cyclic oligomeric siloxanes. This thermal de-polymerization reaction
proceeds from both free chain ends and as a result of intra-molecular backbiting reactions of
continuous chain segments (see Figure 4). For linear poly(dimethylsiloxane) (PDMS) Grassie
and Macfarlane reported the major degradation products to be cyclic oligomeric siloxanes of
ring sizes D;-D,, and higher oligomeric siloxane species.
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Figure 4. Intramolecular chain backbiting mechanisms. Upper scheme illustrates the attack of a chain by its own OH
terminated free end to form a cyclic siloxane. Lower scheme illustrates the case were a closed, continuous chain folds
back upon itself and re-arrangement occurs to form a new Si-O bond and a free cyclic siloxane

Uncatalyzed backbiting and cyclization reactions such as those proposed by Grassie in Figure
4 are typically reported to occur at temperatures of 350-400 °C and are in essence, the reverse
of the ring-opening polymerization reactions that are employed to synthesize high molar mass
silicones from cyclic oligomeric silicone pre-cursors. From a thermodynamic standpoint the
ceiling temperature for the polymerization of cyclic silicones to form PDMS is relatively low
(~110 °C). The implication is therefore that the reverse reaction — de-polymerization to reform
cyclic oligomers is thermodynamically favored above temperatures of 110°C. However as
Grassie demonstrated [28] in the late 1970s even linear unmodified PDMS in the absence of
catalyst residues or impurities is stable up to a temperature of 350°C and in practice, a silicone
can rarely be expected to de-polymerize at a significant rate (unaided) at temperatures below
250 °C. It is therefore reasonable to assume that the influence of kinetic, steric and other factors
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in real materials all contribute to higher experimentally observed thermal stabilities of
silicones.

Backbiting cyclization reactions are recognized in the literature [28, 39] as one of the primary
thermal degradation mechanisms that occur in silicone systems. Importantly, however these
backbiting reactions become significantly more favorable in the presence of acid or base. [28,
40] The presence of catalytic levels of Lewis acids or bases is now known to accelerate the de-
polymerization reaction and lower the degradation temperature of silicones significantly. Such
catalyzed backbiting reactions are dominant over a temperature range of 110-260 °C. Silicones
are also highly susceptible to hydrolysis: The ([R,Si]-O) bond is comparatively strong, having
an average bond disassociation energy of 452 KJ mol’, it is strongly polar and sterically
unhindered, making the Si center highly susceptible to nucleophillic attack. A practical
consequence of this nucleophillic susceptibility is that silicones are readily hydrolyzed under
mildly acidic or basic conditions. At temperatures below 110 °C, thermal hydrolysis is one of
the most significant processes that contribute to the long term aging and failure of silicone
elastomers. [41]

Today, the thermal degradation chemistry of simple, linear siloxane systems is relatively well
understood. However, many commercial siloxane polymer systems are significantly more
complex. Such systems may contain inorganic fillers, crosslinking agents, catalysts, processing
aids, synthesis residues, curing reaction by-products and other chemical ‘complications” — all
of which can alter their degradation behavior significantly. [42-46] Such systems are non-trivial
to both analyze structurally, predict the properties of long-term and are the subject of much
research today. [5, 27, 47-49]

3. Analytical degradative thermal analysis

3.1. Introduction

There are a number of degradative thermal analysis techniques available for the analysis of
silicones which include Thermal-Gravimetric Analysis (TGA), Differential Scanning Calorim-
etry (DSC) Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS). These methods
(and others), their application and the broader field of thermal analysis of polymers have been
reviewed thoroughly in the excellent text by Wunderlich. [50] However, for the purposes of
discussing analytical thermal methods for the determination of structural information from
complex silicone networks, we will focus ourselves only on those techniques capable of
providing chemical information on the products of silicone degradation as a function of
temperature with the potential for quantification. Specifically, pyrolysis methods coupled with
chromatography/spectrometry/scopy - such as Py-GC/MS.

Silicones degrade to form a range of degradation products and it has been established that
both gross alterations in the chemical nature of the silicone polymer [28-35] and relatively
subtle alterations in the network architecture of a silicone material [51, 52] can alter the
speciation of products formed. It follows therefore that the purposeful, analytical degradation
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of a silicone material coupled with the subsequent analysis of the products of degradation may
allow the elucidation of an unknown network structure and even enable forensic identification
(fingerprinting) of unknown engineering elastomers by their degradation profiles. [53]

3.2. Vacuum pyrolysis-mass spectrometry

Analytical pyrolysis (the controlled thermal degradation of organic or inorganic materials with
the subsequent identification of the gas-phase products of degradation) has long been
employed for the study of polymeric materials degradation. [26] In general, analytical pyrolytic
methodologies involve the rapid thermal degradation (>100 °C/min) of a polymeric sample to
complete thermal degradation under a controlled atmosphere. The effluent gas stream is
analyzed by a secondary chromatographic and/or spectroscopic technique to identify the
products of the thermal decomposition of the material. Pyrolytic methodologies rely on small
sample masses, high analyte detection sensitivity and operate in a non-diffusion limited
regime (See Figure 5).
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Figure 5. In bulk degradation analyses (5-50 mg sample size) (left) the sample mass requirements and the limitations
of experimental geometry give rise to significant diffusion and thermal gradients, rates of diffusion for reactants into
the materials and products out (dy/dt and dx/dt) are often ignored despite their importance in any kinetic or mass
transport model derived from the data. A technique that allows the use sub-milligram samples or thin films, sidesteps
many of these complications - simply on the basis of surface to volume ratio (right).

Pyrolytic analysis methodologies are therefore typically regarded as more versatile, less
biased, chemical information rich techniques which can rapidly and more reliably access the
mechanistic degradation behavior of polymeric materials. Early applications of what would
later become analytical pyrolysis of silicone systems include work by Wacholtz et. al [54] in
which the pyrolysis products of the thermal degradation of a silicone system were sampled
and analyzed in-line using a combination of FTIR and GC/MS. Such early in-line pyrolysis
studies of silicone degradation would later form the basis of modern micro-analytical pyrolysis
methodologies for the analysis of silicone degradation. However, until comparatively recent
times the field of analytical degradative analysis of silicones was almost entirely dominated
by the vacuum pyrolysis technique —Thermal Volatilization Analysis (TVA).
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TVA is essentially an evolved gas analysis technique which is based upon the principle of
accurate measurement of the pressure of volatile species evolved from a material undergoing
a heating regime. TVA effectively monitors the evolution of volatile degradation products of
a sample as a function of pressure vs. temperature as the sample is subjected to a linear heating
ramp under vacuum. The technique was originally developed in the 1960s by Ian McNeill and
co-workers [55] as a tool for studying polymer degradation. Being related to other vacuum
based thermal analysis techniques used at this period to study polymer degradation, [56, 57]
it rapidly became popular amongst polymer degradation groups and was utilized in many of
the seminal studies of polymer degradation. [28] There were several incarnations of the basic
technique and it saw its most advanced development in sub-ambient thermal volatilization
analysis (SATVA) - which combined the differential monitoring of degradation behavior as a
function of pressure, with the collection and separation of condensable volatile products by
cryo-trapping and sub-ambient differential distillation. A general schematic diagram of a TVA
system is shown in Figure 6.
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Figure 6. A general schematic representation of a TVA vacuum pyrolysis system

The apparatus consists of a sample chamber (heated by a programmable tube furnace)
connected in series to a primary liquid nitrogen cooled cryo-trap and a set of four secondary
cold traps. The system is continuously pumped to a vacuum of ~1x10* torr. Volatile conden-
sable products can be initially trapped at two stages: The water jacket cooled “cold-ring’ (T ~
12 °C) immediately above the heated area of sample tube which condenses high boiling point
materials and the main cryo trap (T ~-196 °C) which collects all the lower boiling point
condensable species. Two linear response pressure gauges are positioned at the entrance and
exit of the main cryo-trap to monitor the evolution of both condensable and non-condensable
volatiles as a function of pressure vs. temperature/time from the sample. The primary cryo-
trap captures all of the condensable lower boiling point species evolved during the pyrolysis
of a sample. This trapped condensate can then be distilled into separate secondary liquid



Applications of Modern Pyrolysis Gas Chromatography for the Study of Degradation and Aging in Complex...
http://dx.doi.org/10.5772/57509

nitrogen cooled cold traps by controlled heating of the primary trap to ambient or elevated
temperatures. A mass spectrometer samples the gas stream continuously at the exit of the
primary cryo-trap, providing a means of identifying non-condensable species such as methane
or hydrogen evolved from a sample in addition to mass spectral identification of products in
as they are separated during the differential distillation stage. Data from the mass spectrometer
can be correlated with the sub-ambient distillation pressure peak plots and greatly aids in the
identification of volatile species. Distilled product fractions can be subsequently removed into
gas-phase cells for offline FTIR and GC/MS analysis. A series of secondary pressure gauges
are placed at the entrance and exits of all secondary traps to monitor the distillation of specific
product fractions into separate traps and gas cells.

The TVA technique is a vacuum pyrolysis method, coupled with a thermal trap/desorption
system for volatile product separation and in many ways it is a predecessor to the modern
pyrolysis-gas chromatography systems commonly in use today. The relative complexity both
in design and operation of the method, along with the molecular weight range and resolution
limitations of vacuum distillation separation prevented TVA and related vacuum pyrolysis
‘line” systems from ever becoming more than a niche technique. And with the introduction of
commercial gas chromatography systems directly coupled to fast quadrupolar mass filters
throughout the 1970-1980s — the technique has been largely superseded by simpler and more
versatile in-line pyrolysis GC/MS systems. That being said, a limited number of academics still
utilize TVA as a means of studying polymer degradation [58-60] and indeed, it has even been
used in recent years for the study of complex silicone nanocomposite elastomer systems. [51,
61] One such example is given in Figure 7.
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Figure 7. Sub-ambient differential distillation traces of the captured volatiles from the thermal degradation of an un-
filled silicone and a range silicone-nanoclay composite systems. Solid, dashed, dotted, squares & circles represent 0, 2,
4, 6, & 8% clay filled composites respectively. Degradation products elute as a function of their boiling point as the
trap is heated at a rate of 10 °C/min. The peaks labeled 1-7 were identified by a combination of gas-phase MS, gas-
phase FTIR and GC-MS and are listed in Table 1. Reprinted with permission from. [51] Copyright Elsevier (2009).
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Peak number Product ID Relative Abundance Detector Source

N/A non-condensable Methane minor MS high temp radical reactions

elimination reaction of x-linker
1 Propene & CO, trace MS/FTIR )
residues

2 butene minor MS/FTIR catalyst residue elimination

the enolate form of ) ) ) o
3 ) ) trace MS/FTIR main chain radical scission
dimethylsilanone

4 Linear silicone — minor MS x-linker residues
5 Propanal trace MS/FTIR scission of chain end modifier
6 Benzene minor MS/FTIR catalyst residue elimination
7 Ethyl hexanoic acid minor FTIR/GCMS Catalyst residue (intact)
8 (not shown due to o ) . .

le) D5-Ds cyclic oligomers major GCMS thermal backbiting reactions
scale

. ) ) ) o ) thermal backbiting reactions &

N/A semi-volatile Higher oligomeric siloxanes major GCMS

equilibration

Table 1. Identified products from the TVA analysis of a range of silicone nano-composite elastomers.

From the TVA data given in Figure 7 and Table 1 it is clear that while the quality of the
chromatography from differential distillation is poor compared with GC/MS, there is still
much data that can be obtained from such analyses. The speciation and distribution of products
observed in this particular study allowed the authors to determine that a clay filler additive
in a particular silicone network significantly changes the speciation of minor products formed
via catalyzing secondary racial scission reactions at high temperatures.

3.3. Modern micro-pyrolysis-GC/MS

A more versatile approach to the analytical degradative analysis of the complex silicone based
materials is modern Micro-Pyrolysis-coupled Gas Chromatography / Mass Spectrometry.
More commonly referred to as Pyrolysis GC/MS, this technique was developed by and grew
popular in the materials research and the oil industries. Py-GC/MS paralleled the development
of commercial GC systems and found extensive application in the study of materials degra-
dation and destructive analysis of intractable organic materials. The technique today remains
disarmingly simple: a low thermal mass oven which is directly in-line with a detector (GC/MS
etc.) heats a very small sample of analyte rapidly under inert or reactive carrier gas to de-
struction and the volatile products of degradation are passed by means of the carrier gas for
analysis and optional separation by the detection instrument (see Figure 8).

Owing to the fact that the effluent stream of the furnace can be directly fed into the inlet of a
sensitive GC/MS system, modern pyrolysis requires only extremely small analyte masses; from
1x107 to 1 mg is typical for an analytical pyrolysis of an organic containing material. Added
to that, the thermal mass of a pyrolysis furnace is typically low and often in the form of a
platinum coil/quartz tube “probe’ type geometry (See Figure 9). A broad range of heating rates
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Figure 8. Schematic representation of an inline pyrolysis GC/MS system. Reprinted with permission from. [62] Copy-
right Elsevier (2006).

and a high maximum temperature are therefore accessible (0.01 to 999°C/min with a maximum
of 1200 °C are typical).

Figure 9. On the left is a modern pyrolysis probe showing the platinum coil heater and quartz sample tube. Right is an
example of the typical mass of a silicone elastomer (highlighted by the blue circle) required for an analytical degrada-
tive analysis.

The ability to analyze such small samples of material; importantly allows degradation and off-
gassing processes to be studied in a more ideal non-diffusion limited regime, negating the
limitations of bulk analysis techniques such as TGA. One of the other great advantages of
analytical Py-GC/MS is that it can provide both hi-fidelity, in-depth chemical speciation data
in addition to rate/loss thermogram type data simply by means of changing the elution
conditions of the GC column (see Figure 10).

Using pyrolysis-GC/MS we can monitor the degradation of a silicone system in real time (as
in the left plot of Figure 10) to yield assessments of thermal stability, overall degradation profile
and level of volatiles released. For example, in this study it was observed that the level of
volatiles released from a silicone elastomer decrease markedly with increasing carbon nano-
tube content. Importantly, however, we can also obtain full product separation and identifi-
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Figure 10. Degradative analysis of a series of silicone-carbon nanotube composites using Py-GC/MS. Left: pyrolysis
thermogram data obtained by pyrolysing a series of silicone composites at a ramp rate of 100°C/min while using the
GC/MS in a non-separating direct detection mode. A-G corresponds to silicone formations with increasing levels of
carbon nanotubes. Right: full product speciation obtained from the ballistic pyrolysis of sample ‘A" at 999 °C/min with
the subsequent separation and speciation of the degradation products by GC/MS.

cation for a given degradation process using the same apparatus, now operating in the more
conventional flash or ‘ballistic’ heating mode with full GC/MS separation and detection of
analytes (right hand Figure 10). In this particular study it was shown from an analysis of the
degradation products provided by Py-GC/MS that while the carbon nanotube additive did not
significantly change the chemistry of the silicone degradation, it did physically retard the
release of volatile species and increase the yield of calcined ‘char” — thus leading to improved
thermal stability.

3.4. Quantitative Py-GC/MS methods

As with the majority of GC based techniques, Py-GC/MS can through calibration, be fully
quantitative with respect to the outgassing or degradation species being monitored. Through
the use of an external calibrant standard (in the following example, analytical grade NaHCO,)
the instrument response to various gaseous species as a function of the total number of moles
evolved from the pyrolysis event can be used to build a calibration curve. See Figure 11.

In the relatively simple example shown in Figure 11 varying masses of NaHCO; were pyro-
lysed under He in-line to 400 °C. This rapidly decomposed the bicarbonate to carbonate,
CO, and H,O in a fixed stoichiometric ratio. The pyrolysates were trapped on a cryo-cooled
column to collimate them and then allowed to elute through the detector separately. Both ions
44 and 18 were monitored during chromatographic separation to yield a detector response as
a function of moles of CO, and H,O. With enough data points over a suitable mass range,
instrument/method dependent calibration curves can be constructed which allow quantifica-
tion of analyte gasses from unknown samples.
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Figure 11. Py-GC/MS calibration curves obtained from the pyrolysis of known quantities of NaHCO;. Both ions 44 and
18 were monitored during chromatographic separation to yield a detector response as a function of moles of CO, and
H,0.

Indeed, these data have been used in the following example to quantify the diffusion of CO,
through a silicone membrane directly and as a function of temperature using Py-GC/MS.
Shown in Figure 12 are the results of quantitative Py-GC/MS analysis of the diffusion of a
sealed, finite CO, source through a 250 um thick silicone membrane at a temperature of 120°C
as a function of time.
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Figure 12. Evolution of CO, from a finite source, as measured by Py-GC/MS through a thin silicone membrane at ele-
vated temperatures (quantitative on CO,). Note that the initial rate of diffusion through the membrane is rapid but as
the CO, source is depleted, a sharp decrease rate is observed.
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4. The application of chemometric techniques to large Py-GC/MS datasets

Pyrolysis GC/MS data from silicone systems can be complex, with ion chromatograms from a
single degradation or off-gassing process often having many hundred eluted products and a
single study may yield many such individual chromatograms which must be interpreted.
Often, therefore we must rely on more advanced data processing and mining techniques to
both analyze these data in a timely manner and ensure that significant trends or processes are
not lost in the sheer volume of data produced. A comparatively simple, yet highly effective
chemometric technique that lends itself well to the analysis of such large chromatographic

datasets is multivariate statistical analysis — specifically, Principle Components Analysis
(PCA).

In PCA as with many other multivariate statistical techniques, sample-to-sample or object-to-
object variation can be represented by a series of principal components (PCs), which preserve
the structure of the underlying variance between two or more variables. The general aim of
PCA is the reduction of the dimensionality of a data set by the computation of a small number
of these components (typically much less than the number of variables) that are parameterized
by so-called scores and loadings. See Figure 13.

Ex.: Elliptically distributed x-y-z data.

Principle Component 1:
- Accounts for the largest variance in the
data.

Principle Component 2:
-Orthogonal to PC1, accounts for next largest
variance.

Variable 3
.

Component 2 Principle Component 3:

-Direction forced by # of variables (3)
however this in unnecessary as there little
variance in last remaining new dimension

Variable 2

Variable 1

Figure 13. An illustration of the dimensional reduction that allows PCA to de-convolute large datasets. In this example
there is elliptically distributed x, y, & z data (blue). Through an orthogonal coordinate rotation the largest variances in
the data can be separated into principle components each with their own dimensionality. At the same time we reduce
the overall dimensionality of the dataset by separating and discarding unwanted variables such as spectral noise. Fi-
nally, outliers are clearly identified outside of confidence limits in each PC.

Each component derived from PCA contains within it some proportion of the overall variance
(generally expressed as a percentage of the total), with the first principal component (PC1)
being the latent variable which describes the maximum amount of variance over a given
dataset. PC2, the second principal component, is uncorrelated with (orthogonal to) the first PC
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and accounts for the second largest percentage of the overall variance. Additional PCs can be
defined similarly. For the pyrolysis data considered presently, the loading vectors profile the
extent of retention time, with peaks representing regions of significant variance among
samples. Scores provide information about the degree to which a given loading is important
for a particular sample/chromatogram. In other terms, scores can be thought of as weights or
as “concentrations” of loadings for the latent variables. [63]

PCA analysis has recently been applied to a number of studies of silicone degradation. [5, 52,
53] And in the first of two such studies we will discuss, the thermal degradation behavior of
a series of well-defined model poly (dimethylsiloxane) model networks were investigated with
Py-GC/MS and PCA in order to probe the influence of controlled network architectures on
degradation chemistries and product profiles. A matrix of model silicone networks were
formulated to incorporate a range of well-defined network architectures. Specifically; mono-
modal over a range of chain molar masses above and below the critical entanglement molar
mass, M, (~12 KDa); bimodal with varying mol. percentages of short (8 KDa) and long (133
KDa) chains; free chain end containing (a monomodal network with 1-20 mol. percent free
chain ends). Samples were pyrolysed at a ballistic heating rate to 1000 °C under helium. The
products of degradation were analyzed using in-line GC/MS to yield total ion chromatograms.
Shown in Figure 14 is an example of a typical GC trace obtained from the pyrolysis of one of
the model silicone networks.
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Figure 14. GC total ion chromatogram (TIC) of the pyrolysis products from a 0.04 mg sample of a 54.4 KDa monomo-
dal crosslinked PDMS elastomer. The products of pyrolytic degradation are labeled D5 to D5 (cyclic siloxanes) and i-vii
(misc small molecule, branched and linear species). Due the large size of the datasets obtained from such a study
(>100 high resolution chromatorgrams each with 20-40 identified products) PCA was applied to the datasets. Shown
in Figure 15 is a ‘samples and ‘scores’ plot for principal components 1 & 2 of a PCA model capturing 90% of the total
variance in the complete matrix of silicones studied.
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of data, corresponding to the linear PDMS, the monomodal, bimodal and free chain end subsets respectively. Group-
ings of samples are circled and labeled A-D.

From Figure 15 it is apparent that there are a number of significant groupings of samples
(labeled A-D) suggesting that samples within these groupings degrade in a similar manner.
Positive scores on PC1 (x-axis) have been correlated with increased relative yields of D, D, &
D5 cyclics. Positive scores on PC2 have been correlated with increased relative yields of D,
& D; cyclics. These correlations are obtained from the analysis of variable ‘loadings” plots as
shown in Figure 16.

Loadings data such as the example shown in Figure 16 allow the variables responsible for a
component to be readily examined. Here positive loadings correlate with increases in D, &
Dj; cyclics and negative loadings relate to decreases in methane, propene levels and D, cyclics

From an examination of the scores and loadings of a valid PCA model we can make confident
assertions as to both global trends and specific changes in degradation chemistry. From an
examination of our PCA model in this example it can be observed that global degradation
behavior of a large series of model silicones can be readily mapped using PCA. Trends made
apparent through scores analysis can be related back to the underlying chemical information
by means of the variable loadings data. These relations can in turn be used to correlate a specific
chemical degradation behavior to the underlying network architecture. For example, Group
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Figure 16. A loadings plot generated from a PCA model of silicone degradation pyrolysis data. Shown for example
here is are the variables responsible for the 4™ principle component of the model.

‘A’ in Figure 15 includes both 8 and 132 KDa linear PDMS and a series of 8, 10, 33 and 54 KDa
monomodal networks. The strong positive score on PC1 for this group indicates that they yield
increased levels of larger cyclic siloxanes relative the rest of the matrix. The samples in group
‘B” include 1 and 10% free chain end samples, a 68 KDa monomodal material and a series 90,
80, 70 & 50% short chain bimodal networks. Group ‘B’ is representative of the mean degrada-
tion behavior of the model networks. Group ‘C” includes a 5% free chain end, 80% and 95%
short chain bimodal systems. Group ‘C’ displays broadly similar behavior to the mean group
(B) however there are a somewhat reduced level of D, 5 cyclics produced in this group of
samples. The final group ‘D’ includes the 132 KDa monomodal sample and the 20% free chain
end sample. Both of these samples evolve significantly reduced quantities of larger cyclics and
increased levels of smaller D, 5 cyclic siloxanes.

In the first example we demonstrated that Py-GC/MS methodologies can effectively discrim-
inate between specific network architectures in simple model silicone systems as a function of
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their degradation chemistry. Significantly, it has also recently been demonstrated [53] that
valid structure property correlations can be drawn from the pyrolytic analysis of complex,
real-world silicone elastomers. In this second example the thermal degradation behavior of a
series of commercial and specialty silicones are compared, using a combination of py-GC/MS
and PCA. A summary of the formulations analyzed are given in Table 2.

Network Filler type and .
Elastomer Base polymer(s) . . Cure Chemistry
Modality loading level

30 Wt. % SiO,

) ) (Mixture of high o
DC745 Polydimethylsiloxane ) addition cure
Bimodal surface area fumed
(Dow Corning) Polydiphenylsiloxane - Organic peroxide
silica and low surface

Free radical vinyl

catalyst.
area quartz)

Free radical vinyl

PDMS
TR-55 . . . 15-40% trimethylated addition cure
] Polydimethylhydrosilane Tri-modal - ) )
(Dow Corning) T silica Organic peroxide
Polymethylvinylsiloxane
catalyst.
Free radical vinyl
PDMS 21.6% Cab-0-Sil M7-D
M97 ) - addition cure
PDPS Bimodal silica i )
(LLNL) o - Organic peroxide
PMVS 4% Hi Sil 233 silica
catalyst.
Platinum mediated
Sylgard ® 184  PDMS Bimodal 30% Vinyl vinyl addition cure
imoda
(Dow Corning) PMHS functionalized Silica Platinum (0) complex

catalyst

] Silanol-silane
30% diatomaceous

S5370 PDMS ) - ] condensation cure
] Bimodal earth silicate filler
(Dow Corning) PMHS ) Stannous Octanoate
(Celite 30 B)
Catalyst

Table 2. Formulation reference data for each engineering silicone elastomer system studied categorized by base
polymer, final network modality, filler type/loading and cure chemistry. Reprinted with permission from. [53]
Copyright Elsevier (2013).

Using standard micro-pyrolysis methodologies, these silicone elastomers were analyzed and
with the application of PCA, the following data were obtained; shown in Figure 17 is the global
PC1&2 scores plot encapsulating >95% of the total variance in the complete dataset under a
single four component model.

PCA of the complete pyrolysis dataset show distinct groupings (labeled A-D in Figure 17) of
various elastomer types. These groupings can be correlated with aspects of their underlying
network chemistries: The S5370 samples (A) are clear outliers due to the fact that they are the
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Figure 17. Global PC1 vs. PC2 Scores plots from the PCA of pyrolysis data of a series of commercial silicone elastomer
formulations. The center of the plot at 0,0 can be considered represent the ‘'mean’ of the degradation profiles aver-
aged across the dataset as a whole. Solid lines are drawn for emphasis of groupings and labeled A-D and the dotted
line represents the 95% confidence interval. Reprinted with permission from. [53] Copyright Elsevier (2013).

only system that is condensation cured and therefore significantly different in formulation to
the other systems studied. In grouping (B) the M97 systems are observed to broadly group
together on one axis irrespective of their thermal or irradiative history. This group of elastomers is
in whole positive in PC1, however scattering is observed in the more extreme aged/irradiated
samples; suggesting that the starting network structure is a more significant factor in deter-
mining the degradation behavior than any subsequent environmental factor. Moreover, the
M97 series despite being peroxy cured addition networks and thus similar in chemistry to the
majority of the other systems, remain distinct from the related commercial materials (TR55,
DC745 and Sylgard 184). This distinction demonstrates that chemically similar silicone
elastomers can be differentiated by means of pyrolysis GC/MS and multivariate analysis.
Grouping (C) encompasses the behavior of TR55, which is neutral with respect to PC1 and
negative on PC2. Finally grouping (D) highlights a correlation between The DC745 and Sylgard
184 degradation profiles.

It can therefore be shown that it is possible to link these distinct degradation “fingerprints’ to
underlying chemical features of the networks themselves. The elastomers showing negative
PC1 scores include those systems that are peroxy-cured: DC 745 and TR-55. DC 745 and an
uncured DC 745 gumstock also group significantly in the lower left quadrant and are correlated
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with Sylgard 184, a Pt catalyzed addition cured system (C-D). The most notable grouping on
the PC1 vs. PC2 scores is that of S5370 (group A). Notably, S5370 is the only system which
employs tin catalyzed condensation crosslinking chemistry [27] rather than radical or Pt
mediated addition crosslinking. As such, the network structure of S5370 has no alkyl linkages
at crosslinks and is therefore significantly different to that of all the other materials. S5370 is
also only one of two materials in this study that are foams (the other being M97). There is
however no correlation between M97 and S5370 on the PCA map, suggesting that the physical
foam structure of these materials is not the predominant factor in determining their degrada-
tion behavior. The distinct S5370 grouping therefore appears to reflect a significantly different
degradation behavior as a direct result of its differing network chemistry (a fully [Si-O] based
network which retains an active tin catalyst residue, capable of promoting degradation
reactions). [46, 64, 65]

The data clearly show that the degradation product profiles of the studied elastomers fall into
distinct observable groupings which appear to correlate directly to major features of these
systems formulation chemistry, e.g. the network chemistry and catalyst type. The physical
structure of the materials (fully dense vs. cellular) does not appear to be a major factor in the
degradation behavior; an observation that is consistent with the fact that microgram scale
ballistic pyrolytic degradation occurs in a non-diffusion limited regime and should remain
broadly independent of bulk sample effects. All of these observations are both notable and
consistent with what is known about silicone network thermal degradation: Addition cured
networks contain alkyl linkages and are as such not purely [Si-O] networks. Both the peroxy
and Pt cured systems retain no active catalyst residues (unlike the tin cured systems) therefore
backbiting thermolysis and catalytic de-polymerization reactions may be expected to occur at
differing rates and with differing favorability to those of a purely [Si-O] based network which
retains an active catalyst residue.

5. Conclusion

The aim of this chapter has been to demonstrate that analytical degradative analysis, when
supported by modern gas-chromatography techniques is an effective and versatile tool for the
in-depth study of highly complex, yet important silicone elastomers systems that are chal-
lenging to analyze with other established techniques. The case studies and reviews discussed
in this chapter, demonstrate that silicone materials formulated via differing cure chemistries
have distinct degradation fingerprints observable by means of analytical pyrolysis. The
application of PCA statistical methodologies to Py-GC/MS data allows these unique signatures
to be rapidly and reliably identified. Furthermore, PCA allows the chemical origins of the
degradation fingerprints to be assessed with comparative ease. The structural architecture of
a network elastomer and crosslinking chemistries employed in its formation can be related to
its degradative behavior. It has also been demonstrated that the analytical pyrolysis method-
ologies currently employed are insensitive to those comparatively subtle chemical and physical
alterations to a network as a result of thermal or irradiative ‘aging” of a particular silicone
elastomer system. Despite these limitations, degradative pyrolysis-GC/MS coupled with PCA
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has been shown to be a rapid and effective investigative and predictive tool for analysis of
complex silicone elastomers.
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