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ABSTRACT 

The comparison between physical properties and chemical structures of several polysiloxanes was studied at initial state 
and upon ageings. Techniques such as densimetry, gel permeation chromatography, FTIR spectroscopy, thermogravim- 
etric analysis coupled with IR spectroscopy and the new tool photo-DSC were used to give assessments of average mo- 
lecular weight, chemical evolution, cristallinity and thermal stability. Different types of ageing such as thermal ageing 
(60˚C and 100˚C), photo-ageing and acid vapour ageing were performed. After ageing we observed an evolution of 
chemical structures and physical properties for all samples. The main pathway of degradation is given for each sample. 
It results in oxidation, chain scission or cross-linking. Cross-linking levels are dependant on the type of ageing, the 
chemical structure and the initial rate of cristallinity. Cross-linking reactions are favoured after photo-ageing. Oxidation 
is higher for polysiloxane with aliphatic carbon chain. 
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1. Introduction 

Polysiloxanes are often used as protective coatings for a 
variety of specialized applications. The resistance at high 
temperatures to oxidation of the silicone backbone sur- 
passes that of most dienic elastomers. However degrada- 
tive processes appear when used for long term in outdoor 
conditions hence, it is important to identify the principal 
factors involved, so that degradation prevention can be 
applied. 

The photochemical behaviour of polydimethylsiloxane 
(PDMS) oil has been examined previously [1-4]. Y. Israeli 
et al. have focussed in particular on the photoreactivity 
of the main substituent groups used in the silicone field. 
Photo-oxidations of PDMS oil with various content of 
hydride SiH, vinyl (in the polymer chain or at the end of 
the chain), dimethylene -CH2-CH2-, methine -CHCH3-, 
MePh and Ph2 groups have been studied. In the case of 
SiH-silicone, hydroperoxides are primarily formed and 
result from radical attack on the Si-H bonds. These un- 
stable hydroperoxides are transformed essentially into si- 
lanols. SiH-PDMS is rather unstable in comparison with 
PDMS. The behaviour of SiH-PDMS depends weakly on 
the SiH content but strongly on the position on the SiH 
group. When SiH groups are located at the end of the 
chain, the oxidation rate is fairly high probably because 

of good accessibility of the reactive groups [1]. In the 
case of vinyl-PDMS the oxidation rates are lower than 
those observed in the case of SiH-PDMS [2]. Chain scis- 
sion and direct oxidation of the vinyl group lead to a very 
complex mixture of photoproducts. The scission of Si- 
vinyl bond seems to be the main reaction. PDMS formed 
by hydrosilylation reactions containing dimethylene and 
methine groups [2] have similar oxidation rates of vinyl- 
PDMS. Thermal stability up to 200˚C - 250˚C can be 
further improved by the substitution of methyl groups by 
phenyl groups [4]. The estimation of cross-linking of 
crude silicone (i.e. without cross-linking agent) upon 
photoageing was also investigated with techniques such 
as densimetry and hardness measurements [5]. The sta- 
bility towards oxidation was confirmed and unexpected 
facility to cross-link upon ageing was detected. 

N. Grassie et al. have reported on the thermal stability 
of PDMS to 300˚C under vacuum [6]. G. Deshpande and 
M. E. Rezac have shown that the decomposition products 
of vinyl terminated PDMS after inert atmosphere thermal 
degradation at 364˚C were principally the cyclic oli- 
gomers hexamethyltrisiloxane and octamethyltetrasilox- 
ane. The degradation of polydimethyldiphenyl siloxane 
resulted in the same conditions in the evolution of ben- 
zene in the initial stages of the reaction [7]. A kinetic 
study was proposed on the same materials by thermogra- 
vimetric analysis from 300˚C to 925˚C [8]. Thermal deg- *Corresponding author. 
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radation of PDMS have also been studied by G. Camino et 
al. [9,10]. Thermal oxidative degradation in the presence 
of air gives results much different from the decomposi- 
tion in nitrogen. Kinetic treatment shows that PDMS 
thermal volatilization, as rate of heating increases, be- 
comes dominated by rate of diffusion and evaporation of 
oligomers produced on its decomposition [9]. The prod- 
ucts of the thermal degradation are essentially deter- 
mined by the temperature and the heating rate [10]. The 
increase in molecular weight upon γ-radiolysis of polydi- 
methylsiloxane with Gel Permeation Chromatography 
has been reported by Hill et al. [11]. They observed that 
the total yields for cross-linking predominates over those 
for scission at all temperatures for radiolysis under vac- 
uum. When radiolysis was carried out in air at 303K 
cross-linking was predominant but the nett yield of cross- 
linking was much less than that observed for radiolysis 
under vacuum. T. Howard Thomas et al. have studied the 
molecular weight and molecular weight distribution 
changes taking place during isothermal depolymerization 
of PDMS [12]. The residue left upon thermal deploy- 
merization had lower molecular weight due to formation 
of cyclic dimethylsiloxanes and a broader molecular 
weight distribution as compared to the initial material. 
Hydroxy end blocked PDMS upon isothermal investiga- 
tion below the depolymerization temperature have shown 
an increase in molecular weight due to intermolecular 
condensation of terminal hydroxy groups leading to cross- 
linking. Similar studies on molecular weight changes in 
model linear PDMS at 200˚C in air were minimal upto 
310 hours of oxidation, while a significant increase in 
Mw was measured after 1760 hours [13]. 

There are few papers in the literature for the properties 
of crude polysiloxanes (without silica and any additives, 
uncross-linked). We have focussed our study on several 
crude polysiloxanes (polydimethylsiloxane with different 
terminal group, polymethylocta-decylsiloxane and po- 
lymethyltetradecylsiloxane) to have a better understand- 
ing of structure-property relationships upon ageing. The 
behaviour under ageings of PMOS and PMTS was not 
reported previously. We have compared the thermal prop- 
erties of the different polysiloxanes and the volatile prod- 
ucts emitted during thermal degradation. We have given 

new results on the long term behaviour of these specific 
elastomers. By using photo-DSC (Differential Scanning 
Calorimetry) a new technique which allows to measure 
in-situ the changes in thermal transitions taking place 
upon photo-ageing in DSC furnace, we report on the 
crystallization behaviour of polysiloxanes. Complemen- 
tary approach of DSC, TGA and GPC is discussed. We’ll 
propose chemical structures and physical properties rela- 
tionships for polysiloxanes at the initial state and upon 
ageings. 

2. Experimental 

2.1. Materials 

All polysiloxanes used for this study were provided by 
SP2 (Scientific Polymer Products). The differences and 
the initial characterization of seven polysiloxanes are 
shown in Table 1. Most of samples are PDMS hydroxy 
or acetoxy terminated. Molecular weights (Mw) were in 
the range between 9400 and 115,000 g/mol. Two sam- 
ples PMOS (polymethyloctadecylsiloxane) and PMTS 
(polymethyltetradecylsiloxane) were chosen for their 
specific chemical structure. 

2.2. Ageings 

An accelerated photoageing is carried out using the irra- 
diation device (SEPAP 12/24-ATLAS). The system is 
characterised by the source, medium pressure Hg lamps 
filtered with borosilicate envelope (λ > 300 nm) and by 
careful control of the temperature with a thermocouple in 
close contact with one of the samples. 

Samples are rotated at a constant distance (20 cm) 
from the sources. The samples were irradiated at 60˚C in 
a SEPAP chamber equipped with four lamps. Polysilox- 
anes were mainly liquids and irradiated in small glass 
tubes. We used an aerated oven (MEMMERT) for ther- 
mal exposure at 60˚C or 100˚C. We finally used dessica- 
tors to carry out polluted ageings, such as nitric acid va- 
pours or sulphuric acid vapours at room temperature. The 
photo-DSC system was also used for direct in-situ irra- 
diation (see 2-3). Sulphuric acid (95%), nitric acids (68%) 
were products purchased from Prolabo (VWR). 

 
Table 1. Analytical data for polysiloxanes, given by SP2. 

Polymer Reference Catalog number Terminal group Mw (g/mol) Density (g/cc) 

PDMS S1 145 alkyl 115 000 0.976 (25˚C) 

PDMS S2 807 dihydroxy 110 000 0.975 (20˚C) 

PDMS S3 870 dihydroxy 90 000 0.98 

PDMS S4 808 acetoxy 36 000 0.98 

PDMS S5 809 methyldiacetoxy 36 000 1 

PMOS S6 798 alkyl 11 000 0.886 

PMTS S7 799 alkyl 9 400 0.89 
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2.3. Analytical Tools 

The chemical changes upon irradiation were followed by 
FTIR-ATR (Attenuated Total Reflectance) spectroscopy 
with a Nicolet Impact 400 system. A Thunderdome ac- 
cessory with germanium crystal was used. We analyze 
the surface of polysiloxanes upto a few micrometers. 

The soluble fraction of crude silicone has been char- 
acterised by densimetry. Density measurements were 
done with an accurate vibrating densimeter tube (Anton 
Paar DMA 58, accuracy better than 0.00001 g/cm3). So- 
lutions of crude silicone rubber formulation (before and 
after irradiation) were prepared in cyclohexane with the 
same ratio mass of polymer/ solvent volume and her- 
metically sealed during 48 hours (material amount 0.165 g 
in 5 ml of cyclohexane). After this equilibrium period 
two milliliters solution was taken from the liquid phase 
which represents the sol fraction and analysed at 20˚C. 

Gel Permeation Chromatography or Size Exclusion 
Chromatography measurements were carried out using a 
Viscotek instrument having universal calibration. Two 
types of detectors were used a viscosimetric detector and 
a refractive index detector. The mobile phase used was 
HPLC grade toluene with a flow rate of 1 ml/min and 
separation was achieved using a GMHxl column. The 
calibration curve was obtained using polystyrene stan- 
dards. Solutions were filtered through 0.2 µm filters be- 
fore being injected into the column. 

TGA-FTIR (Mettler Toledo TGA/SDTA851-Nicolet 
Nexus) was used to study the thermal stability of the ma- 
terials. The gases coming from TGA are transfered through 
a heating tube in a gas cell and characterized by FTIR spec- 
troscopy. The temperature programme was a dynamic 
segment from 25˚C to 700˚C at the rate of 20˚C/minute 
under oxygen (40 ml/min). The IR experiments were 
done every minute during the entire thermogravimetric 
program. 

Photo-DSC was then used to characterize the evolution 
of crystallinity during ageing. A Mettler Toledo DSC822 
apparatus, equipped with an Intracooler and a liquid ni- 
trogen cooling set was used. It allows working between 
500˚C and –150˚C with a scanning temperature rate from 
0.1˚C/h to 50˚C/min. Indium (156.61˚C), zinc (419.58˚C) 
and heptane (–90.61˚C) were used to calibrate this appa- 
ratus. A Hamamatsu light generator equipped with a 
“Lightningcure LC6” source (Xe/Hg, “medium pressure”) 
was affixed to the DSC device, described in another pa- 
per [14]. The light generator is controlled by the DSC 
software (STARe) which permits a choice of both the 
light intensity from 0 to 324 mW/cm2 and the duration of 
the irradiation. Two identical fiber bundles supply the 
irradiation light both to sample and reference DSC pans. 
The source is filtered by sapphire disks to deliver wave- 

lenghts longer than 300 nm, which is representive of 
outdoor ageing. The different intensities tested were: 16, 
31, 68 and 146 mW/cm2. The enthalpies of fusion ΔHth 
reported in the literature for crystalline linear PDMS are 
in the range 30 - 36 J·g–1 [15]. 

3. Results 

3.1. FTIR Spectroscopy Results 

FTIR-ATR spectroscopy was used to compare polysi- 
loxane and to detect their resistance towards oxidation. 
The different spectra obtained upon accelerated artificial 
photo-ageing or thermal ageing are quite similar to the 
initial spectrum (for unaged sample) even for long time 
exposure till 10,000 hours in oven or irradiation device. 
No significant oxidative products can be detected for 
samples S1, S2, S3, S4 and S5, which are PDMS, see 
“Figure 1”. The spectra of PMOS (S6) and PMTS (S7) 
are quite different. The presence of aliphatic carbon 
chain is clearly detected with specific bands at 2960, 
2830 and 1470 cm–1. Oxidation products for S6 and S7 in 
the carbonyl absorption area were detected after thermal 
or photochemical ageing. Figures 2(a) and (b) give the 
detailed results for S6 and S7. The two samples showed 
very similar IR changes which can be summarized as 
follows: the formation of two distinct absorption bands at 
1710 and 1735 cm–1, which could be mainly assigned to 
carboxylic acid and ketones. The chemical structure of 
S6 and S7 allows having a specific behaviour towards 
ageing and specific properties. The pendant carbon chain 
on these polysiloxanes reacted like a polyethylene. A 
comparison of thermo-oxidation kinetics (Figure 2(c)) 
gives an induction period for S6 and S7 45 hours and 75 
hours respectively at 100˚C. No oxidation is detected for 
upto 400 hours after low temperature thermal ageing 
(60˚C) and also after photo-ageing (SEPAP) for both S6 
and S7. The resistance to oxidation of S6 and S7 upon 
photo-ageing is high. The difference of induction period 
for thermal exposure at 100˚C and photo-ageing is quite 
surprising as compared with polyolefins. 
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Figure 1. FTIR-ATR spectra for references (S1-S7) after 
thermal ageing at 100˚C. 
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Figure 2. FTIR-ATR spec o-oxidation at 

The behaviour of S6 and S7 was again different under 
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3.2. Density Measurements 

 follow the eventual gel 

tra upon therm
100˚C, (a) Carbonyl absorption area for S6; (b) Carbonyl 
absorption area for S7 (times: T = 0, 50 hrs, 100 hrs, 150 hrs, 
200 hrs, 250 hrs, 300 hrs, 350 hrs); (c) Thermo-oxidation 
kinetics for S6 and S7. 

 

tric acid vapours. Figure 3 shows the specific results 
for S6. The appearance of several bands at 1540 and 
1650 cm-1 is clearly detected and due to nitration prod- 
ucts. There was no oxidation after sulphuric acid vapour 
exposure. Vapour pressure of nitric acid is 8 mm of Hg at 
20˚C while the vapour pressure of sulphuric acid is 1 mm 
of Hg at 145˚C only. This difference of vapour pressure 
is probably the reason for the samples reacting easily 
with nitric acid, as compared with sulphuric acid. 

It has been already shown that crude PDMS wit
d-groups was not oxidized after photochemical [1-4] 

thermal ageing or acid treatment (nitric or sulphuric) [16]. 
We showed that the results were identical for S1, S2, S3, 
S4 and S5 with other terminal groups. This means that 
the terminal chain (alkyl, hydroxy, acetoxy or methyldi- 
acetoxy) on PDMS does not affect the unability to oxi- 
dize. 

The densimetry was then used to
formation. The crude polymer is at the beginning com- 
pletely soluble in cyclohexane, density is then maximum 
before irradiation. After a few hours of irradiation we 
observed the formation of a gel insoluble in cyclohexane. 
By measuring the density loss of the soluble part in cyclo- 
hexane we can follow the branching of silicone formula- 
tion particularly before the gel point. Reproducible meas- 
urements were made in each case. Figure 4 represents the 
estimation of density for S3 after photochemical, thermal 
ageing and acid treatment. The three curves obtained are 
rather similar and show a rapid decrease of density dur- 
ing the first hours of exposure. No induction period was 
observed. Similar results were observed for all PDMS. 
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Figure 3. FTIR-ATR spectra upon nitric acid treatment for 
S6 (PMOS) T = 0; 6 hrs, 18 hrs. 
 

 

Figure 4. Densimetry results with cyclohexane (0.77858 g/m

(60˚C) and nitric acid treatment for S3. 

l) 
—Comparison of photochemical (SEPAP), thermal ageings 
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But no significant decrease of density was observed for 
S6 and S7 upon irradiation in comparison to other samples. 
This proves that hydroxy or acetoxy terminated PDMS are 
quickly cross-linked upon ageing (in absence of curing 
agent such as peroxide). During the first hours of irradia- 
tion a gel fraction is observed, a network has been formed. 
The chains included in the network gave a gel fraction 
insoluble in cyclohexane. The density of the soluble part 
decreased as a consequence. After longer times (20 hours), 
we can observe a small increase of density, attributed to 
chain scissions, before reaching a stationary state. With 
density measurements no difference appears between 
photochemical and thermal ageings. 

3.3. SEC or GPC Results 

For all the samples the changes in the molecular weight 
after various types of ageings were analysed by SEC. All 
the references showed an increase in molecular weight 
(weight average molecular weight Mw and number aver- 
age molecular weight Mn) after photo-ageing and nitric 
acid vapour exposure after a few hours of exposure. The 
increase in molecular weight was very rapid and Mw was 
double after 10 hours (Figure 5). However there was no 
important change in the molecular weight of soluble part 
after thermal ageing at 100˚C for 20 to 75 hours. It means 
that the behaviour of PDMS is different under thermal or 
photochemical ageing. The increase in molecular weight 
of soluble parts indicates that photo-ageing and nitric 
acid vapour exposure lead to the predominance of cross- 
linking over chain scission. We also observed that the 
areas of SEC peaks were increased during ageings for the 
same sample concentration. It means that chain scission 
mainly operated after 20 hours. Chain scission is fa- 
voured upon thermal ageing. 

We can also see that the hydroxy and acetoxy terminal 
groups almost have a similar effect for cross-linking re- 
actions. The changes in molecular weight for S7 and S8 
were not significative because of the initial low molecu- 
lar weight. 
 

 

Figure 5. GPC results using toluene as solvent—Compari- 
son of changes in molecular weight (M ) upon various age

-FTIR Results 

siloxanes has been assessed 

re ageing, under oxygen). 

onset of 
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w

ing for S2. 

This kind of experiments only analyse the soluble frac- 
tion (like fo

-

r densimetry) hence it is possible that a weak 
part (5% of the initial sample total weight) of the strongly 
cross-linked material could be left on the filter and hence 
not analysed. SEC measurements gave more detailed 
results than density method. For rapid analysis and com- 
parison density was useful to show the cross-linking 
evolution till 20 hours. SEC was sensitive to changes in 
chemical structures of all PDMS under photochemical 
exposure. 

3.4. TGA

The thermal stability of poly
in oxygen atmosphere. In Table 2 we have summarized 
the TGA results for all the polysiloxanes. In oxygen at- 
mosphere degradation takes place in two steps (Figure 
6(a)). At higher temperatures silicon atom in poly di- 
methyl siloxane uses its vacant 3d orbitals to form ener- 
getically favorable transition states leading to formation 
of cyclic oligomers and shortening of chains [15]. We 
observed that the thermal stabilities of samples S1, S2 
and S3 were identical as their temperature for onset of 
degradation and total weight loss were similar. The vola- 
tile products emitted during the course of degradation 
were monitored after every one minute interval using 
FTIR spectroscopy. Below 340˚C water and carbon di- 
oxide are observed by FTIR while above this temperature 
oligomers of polysiloxanes passed (four bands between 
810 and 1260 cm–1, Figure 6(b)). Oligomers can be lin- 
ear or cyclic. 

The comparison of the 5 PDMS samples was success- 
ful. The influence of the initial average molar mass is 
negligible. The influence of terminal group on the ther- 
mal stability was established with the following results. 
The thermal stabilities of reference S4 and S5 having 
similar terminations were not identical (Figures 7(a), 
(b)). Reference S4 having methyldiacetoxy termination 
gave the highest degradation temperature while reference 
S5 having acetoxy termination was the weakest PDMS. 
 
Table 2. Total weight loss after TGA of polysiloxanes (be-
fo

Reference 
Temperature of 

S1 340 51% 

S2 340 42% 

S3 340 45% 

S4 350 82% 

S5 300 42% 

S6 220 88% 

S7 220 81% 
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Figure 6. (a) TGA curves under oxygen for S2 (PDMS hy
droxyl terminated); (b) IR spectrum of volatile products
after TGA of S2 above 340˚C.
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Figure 7. (a) TGA curve for S4 (PDMS diacetoxy terminated
(b) S5 (PDMS methylacetoxy terminated). 

The weight loss for referen 4 was more than S5 indi- 

osition of refer- 

eference S5 showed ac- 
et

); 

ce S
cating that the product formed on its decomposition was 
thermally unstable. The thermal decomp
ence S4 takes place in one step while that of S5 takes 
place in two steps this indicates that the mechanisms of 
their decompositions are different. Figure 8 gives the IR 
result after 25 minutes (330˚C). 

Formaldehyde (1730, 2900 cm–1) and more carbon di- 
oxide (2340 and 680 cm–1) are detected. The FTIR 
analysis of volatile products of r

aldehyde (assigned with the Aldrich Library) as a ma- 
jor product below 330˚C due to which there is a decrease 
in its thermal stability. Thereafter oligomers of siloxanes 
were emitted as in other PDMS. In case of reference S4 
acetaldehyde is detected and experiments show that the 
terminal groups have a very important effect on the 
thermal stabilities of PDMS. Reference S6 and S7 are the 
thermally weakest poly siloxanes as their decomposition 
began at 220˚C (Figure 9). This is due to replacement of 
CH3 group by an alkane chain on the Si atom in the main 
chain. Reference S6 having a longer alkane chain showed 
a higher weight loss in presence of oxygen than S7 hav- 
ing a shorter alkane chain. The FTIR spectra of the emit- 
ted products of both references S6 and S7 were similar. 
The IR spectra of S6 show the presence of carbon diox- 
ide, water, siloxane oligomers and hydrocarbons. The 
thermal stability of polysiloxanes increases when they 
have a methyl substitution on silicone. Oxygen catalyses 
the onset of degradation for all the polysiloxanes while a 
delay in onset temperature of degradation in presence of 
nitrogen is observed. 
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Figure 9. TGA curve under oxygen for S6. 
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Complementary TGA experiments under oxygen were 
carried out after photochemical, thermal ageing at 100˚C 
or nitric acid treatment. The aged samples of polysilox- 
anes gave similar curves as initial samples. The tem- 
perature of onset of degradation was 325˚C after previ- 
ous ageing, instead of 340˚C for unaged S2 (see Table 3). 
There was a decrease (5%) in the weight loss after ther- 
mal ageing (100 hours) and 7% after nitric acid exposure 
(10 hours). Aged samples were more cross-linked,  
shown w not fa- 
vo

e for S3 (–73˚C) which has lower molecular 
weight than S2 (–70˚C). This is in agreement with results 

he cold crystalli- 

as
ith GPC, hence the decomposition was 

ured.  

3.5. DSC and Photo-DSC Results 

Crystallinity was estimated for each sample with DSC 
curves. Figure 10 shows the DSC thermograms obtained 
for unirradiated S2 and S3. They show an exothermic 
peak, two endothermic peaks and a glass transition. The 
glass transition appears around –123˚C for both the sam- 
ples, thus it does not depend on the molecular weight. 
However the recrystallisation appears at a slightly lower 
temperatur

published earlier [17], the location of t
zation peak (after fast cooling) depends on molecular 
weight and appears at lower temperature for shorter 
chains of PDMS. Multiple endothermic peaks are typi- 
cally exhibited in the measured DSC thermograms of a 
variety of polymeric materials. Three possible causes of 
this phenomenon could be given: differences in crystallite 
size distribution, melting-recrystallization of the original 
crystallites and their subsequent melting and different 
crystalline forms of the polymer [15]. In DSC studies of 
PDMS model networks however, only one crystalline 
melting peak was observed suggesting that the junction 
points inhibit the melting-recrystallization of the original 
crystallites and that is therefore the likely source of the 
double endothermic peak. This is also consistent with the 
fact that only one type of crystal structure has been re- 
ported for linear PDMS. The crystallinity is measured 
using the formula: 

100%f fH H     

where α is crystallinity, ΔHf is measured melting en- 
thalpy, ΔHf100% is the value for 100 percent crystalline 
sample (ΔHth = 37.4

 
Table 3. Total weight loss by TGA of siloxane thermo-a

Reference T(˚C) Onset of degradation 
Total weight loss 

after thermal ageing (%) 

 J/g). 
The crystallinity of S1, S2 and S3, samples with higher 

molecular weight was between 10% and 20%. S4 and S5 

k decreases with decreasing 
m

 molecular weight. 
W

ge

were more crystalline (approx. 50% - 60%). This result is 
different from other measurements [17], where the ratio 
of the cold crystallization pea

olecular weight. Shorter chains have larger mobility 
and thus they can form more crystals and in large propor- 
tion than higher molecular weight PDMS. S6 was amor- 
phous while S7 was semi-crystalline. 

The crystallinity ratio could not be determined for S7 
because the value of reference enthalpy was not found in 
litterature. The recrystallisation onset temperature was 
quite different (12˚C) from other samples, due to the 
specific chemical structure and the low

e used photo-DSC to follow the changes in the peaks 
of crystallisation of PDMS upon irradiation. All the irra- 
diations were performed at 60˚C, and we used 4 different 
intensities for it. We also carried out DSC experiments 
after photo-ageing in SEPAP and thermal exposure in 
oven for comparison. In Figure 11 we have shown the 
DSC curve of S3. We noticed an increase in the surface 
area of the recrystallisation peak and its shift towards 
lower temperature upon irradiation (between –70˚C and 
–95˚C). We noticed similar phenomena for the recrystal- 
lisation peak of S2. The cold crystallisation peak (always 
observed with S3) decreases gradually with irradiation 
for 30 minutes and then starts increasing and shifts to- 
wards lower temperature. There is no change in the en- 
dothermic peak of S2 or S3 after irradiation. The crystal- 
lisation temperature is affected by irradiation, this re- 
flects the growth rates and nucleation of the crystallites. 
The recrystallisation onset temperature for S3 was –74˚C 
initially, but it changed to it was –102˚C after 180 min of 
irradiation. The increase of the surface area and the de-
crease in the temperature of crystallisation peak upon 
irradiation indicate there is mainly chain scission. The 
crystallisation behaviour of polydimethylsiloxane de- 
pends on the molecular weight and the chemical structure. 
There is a rapid increase (S1, S2 and S3) or decrease (S4 
and S5) in the crystallinity percentage upon irradiation. 

d at 100˚C (100 hrs) or nitric acid treatment (10 hrs). 

T(˚C) Onset of 
degradation 

Total weight loss after nitric 
acid ageing (%) 

S1 327 47% 328 45% 

S2 325 37% 325 34% 

S3 328 

S4

41% 327 38% 

 335 75% 334 73% 

S5 290 

S6 

38% 291 35% 

215 82% 214 79% 

S7 215 77% 214 74% 
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a decrease of crystallin pon ageings due to c k- 
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for  S4 and S5 p ted an opposite beha  in 

rm f crystallinity ge upon ageing. Crystallinity 

ge with increase in the inten- 
si

whic resen
ity u rosslin

and towa
r te m – W/c

S5). resen viour
te s o chan
yield after 180 min of irradiation was around 15%. Cross- 
linked chains can not be very active in the formation of 
crystallites. When the crystallinity increases upon ageing 
it means that the degradation of polysiloxanes proceeds 
mainly by chain scission. 

In Figure 12 we have compared the changes in crys- 
tallisation at different intensities for S3. We have ob- 
served that change in crystallinity by thermal ageing is 
negligible at 60˚C hence all the crystallinity changes are 
due to the photo-ageing phenomena. There is an accel- 
eration of crystallinity chan

ty of light in photo-DSC device. The observed evolution  
 

 

Figure 10. DSC thermograms of intial S2 and S3. 
 
 

 

 

Figure 11. Photo-DSC thermograms after irradiation at 31 
mW/cm2 at 60˚C (λ > 300 nm, initial, 30, 60, 90, 120, 150 
and 180 min) for S3. 

Figure 12. Comparison of changes in crystallinity with dif-
ferent ageings for S3 (irradiation by photo-DSC, SEPAP, 
thermal ageing at 60˚C. 
 
with the intensity 146 mW/cm2 was drastic compared to 
irradiation in SEPAP or the other intensities (16 to 7  

. Discussion 

ilicone 
roposed by Valles et al. [12] or Shah G. 
tifunctionality of the prepolymers ex- 

 
Table 4. Structure-prop

Ref Mw (g/mol) Chemical structure In ial c

6
mW/cm2). Similar results were obtained for S2 and S1 
(almost same crystallinity and molecular weight). 

4

Previous papers [1,4] gave the oxidation evolution (fol- 
lowed by FTIR spectroscopy) for PDMS with a high level 
of hydride, vinyl, dimethylene or phenyl groups. The 
characterization of average molecular weight of s
prepolymer was p
B. [18]. The mul
plained the differences observed between several meth- 
ods for the determination of average molecular weights 
[18]. G. Camino et al. [9] showed with TGA the differ- 
ences between the thermal decomposition under oxygen 
and under nitrogen. The total weight loss is slower under 
oxygen atmosphere in the case of PDMS, due to forma- 
tion of products which are thermally stable at higher 
temperature. They also gave the influence of the decom- 
position rate (1, 50 or 100˚C /min). The weight loss shifts 
to higher temperature both under oxygen or nitrogen, 
when the decomposition rate is higher. In this paper we 
use the complementary approach of five analytical tools 
(FTIR, density, GPC, TGA and DSC) to compare the 
chemical structures and the physical properties of polysi- 
loxanes. We have summarized main results in Table 4 
giving us the structure-property relationships. 

erty relationships. 

rystallinity Crystallisation Oxidation Cross-linkingit

S1 115000 PDMS Approx. 10% –82˚C No Yes 

S2 110000 Hydroxy-PDMS 

S3 90000 

1

Hydroxy-PDMS 2 Yes 

S4 36000 Diacetoxy- 68˚C No Yes 

S5 36000 Methylacetoxy ˚C No Yes 

S  

5% –70˚C No Yes 

0% –73˚C No 

PDMS 55% –

-PDMS 55% –68

S6 11000 PMOS Amorphous - Yes No 

S7 9400 PMTS emi-crystalline 12˚C Yes No 

Copyright © 2012 SciRes.                                                                               OJOPM 
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 showed onl ross-linking  chain sci re- 
e therm ability of iloxanes i eases 

ne com- 

In

ons 
 first four hours of ageing. With 

 a competition between cross-linking 

At in  be divided in
 their tructures (PDM

d P  Properties su as cristallinity,
igh bvious ifferent. The PDMS
, S S4 and S5) nt beca

g
ta

up, ular w llinity s- actions. Th
llization behaviour depends on the molecular weight 

and the chemical structure. Shorter chains have larger 
mobility and thus can crystallize easily. 

After ageing we observed an evolution of chemical 
structures and physical properties for all samples. The 
main backbone substitution and terminal groups play an 
important role in the properties of polysiloxanes. During 
the first step of degradation till 20 hours with photo- 
ageing or acid treatment, hydroxy-PDMS showed a sig- 
nificant increase of both Mw and cristallinity ratio. Then 
after 20 h Mw decreased and the critallinity ratio was 
stable. Cross-linking, which is favoured in amorphous part 
of materials, is predominant at the beginning of photo- 
ageing or acid treatment. In the case of thermal ageing at 
100°C, during the first hours the increase of Mw is weak, 
then quite stable. The evolution of cristallinity ratio is 
slow. Chain scissions were favoured. 

S4 and S5 presented a decrease in cristallinity ob- 
served with DSC upon ageing. After GPC experiments 
we can suggest that the increase of Mw can be correlated 
to a higher cross-linking level for S4 and S5, compared 
to S1, S2 and S3. The thermal stability of S5 is weaker 
than for S1, S2, S3 and S4. S4 and S5 have the same ini- 
tial average molecular weight and the same cristallinity 
ration. The terminal group is diacetoxy for S4 and me- 
thylacetoxy for S5. The influence of the terminal group 

when they have a methyl substitution on silico
pa

 

on t bility emo
T  makes it 

susc dation 7 ha ic be
iour g with n reaction The 
PDMS y c  and ssion 

al st polys ncr

red to higher alkane group. Cross-linking appears pref- 
erentially with methyl groups on PDMS (see Scheme 1) 
after photochemical ageing. Oxidation reaction is the 
main degradation reaction for S6 and S7 and is also 
given in Scheme 1. 

Different experiments by Nuclear Magnetic Resonance 
(H and C13) were carried out to analyze the evolution of 
bridges during ageing, but were unsuccessfull probably 
because of the very low content of CH2-CH2 bridges. 

5. Conclusion 

 view of the different analytical results we can con- 
clude that complementary data were obtained. Sensitivity, 
accuracy and limitation of each method can be shown. 
With densimetry we showed that cross-linking reacti
took place during the
GPC we observed
and chain scission. The long term behaviour of PDMS is 
rather different upon thermal and photochemical ageings 
after 20 hours. Photo-ageing favoured mainly cross- 
linking. The observed levels of cross-linking depend on 
the chemical structure, the ageing and the initial rate of 
cristallinity. Differences given for S4 and S5 are very 
significant. The thermal stability of diacetoxy-PDMS S4 
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Scheme 1. Mechanism of oxidation and chain scission. 
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is less than other studied PDMS. The behaviour of S6 
and S7 was specific with a high level of oxidation. 
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