
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymer Analysis and Characterization
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713646643

Styrene — Isoprene — Styrene Photoperoxidation: FT-IR, Calorimetric and
Viscoelastic Study
L. Gonona; S. Commereuca; V. Verneya

a Laboratoire de Photochimie Moléculaire et Macromoléculaire, UMR CNRS 6505, Groupe Structure —
Réactivité des Polymères, Université Blaise Pascal (Clermont-Ferrand), Aubière Cedex, France

To cite this Article Gonon, L. , Commereuc, S. and Verney, V.(2000) 'Styrene — Isoprene — Styrene Photoperoxidation: FT-
IR, Calorimetric and Viscoelastic Study', International Journal of Polymer Analysis and Characterization, 6: 1, 75 — 87
To link to this Article: DOI: 10.1080/10236660008034651
URL: http://dx.doi.org/10.1080/10236660008034651

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713646643
http://dx.doi.org/10.1080/10236660008034651
http://www.informaworld.com/terms-and-conditions-of-access.pdf


hf. J. Pdym. Anal. Characr., 
2000 Vol. 6, pp. 75-87 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

Styrene - Isoprene - Styrene 
Photo pe roxi dat ion : FT- I R, Calorimetric 
and Viscoelastic Study* 
L. GONON+, S. COMMEREUC and V. VERNEY 

Laboratoire de Photochimie Moleculaire et Macromoleculaire, UMR CNRS 6505, 
Groupe Structure - R eactivite des Polymeres, Universite Blaise Pascal 
(Clermont-Ferrand), F-63177 Aubiere Cedex, France 

(Received 25 September 1999; In final form 26 January 2000) 

Styrene-isoprene - styrene copolymers are triblock copolymers consisting of a rigid 
(styrene block), and elastomeric phase. The styrenic phase is known to be resistant to 
light in comparison with the isoprene phase. A study of the photochemical evolution 
of a thin film under accelerated conditions has been carried out using conventional 
spectroscopic methods. Differential scanning calorimetry and chemical titration have 
been used to assess the content and the stability of the peroxide species. Viscoelastic 
experiments have shown that at the beginning of the photochemical evolution, chain 
scission is the main phenomenon while cross-linking begins to appear as photoageing 
proceeds. This cross-linking leads to insolubility that disappears in the presence of 
sodium iodide. Thus, the main finding is the formation of interchain peroxide groups 
(ROOR) in parallel with hydroperoxide formation (ROOH). 

Keywords: FT-IR; DSC; Viscoelasticity; Peroxide; Photooxidation 

INTRODUCTION 

Styrene -isoprene -styrene (SIS) copolymers are triblock copolymers 
consisting of a rigid phase (styrene block) with an elastomeric one. The 
mechanism of photodegradation of the corresponding homopolymers 
has been established in our laboratory by Mailhot and Gardette"] for 
~ 

*Presented at the 12th International Symposium on Polymer Analysis and Char- 

'Corresponding author. 
acterization (ISPAC-12), La Rochelle, France, June 28 - 30, 1999. 
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76 L. GONON et al. 

the styrenic phase and by AdamF2] and Pitonr3] for the elastomeric 
phase. The chemical evolution of SIS copolymer under photoacceler- 
ated conditions has been studied previously [41 and demonstrates im- 
proved stability of the styrenic phase in comparison with the 
elastomeric one. Moreover, it has been shown that the first step is 
the formation of peroxide species on the polymer backbone. These 
groups are the key products for understanding the mechanism as well 
as for gaining a better insight into the correlation of chemical 
modifications and their consequences on physical properties. Differ- 
ential scanning calorimetry and chemical titration were used to assess 
the content and the stability of the peroxide species. Viscoelastic 
experiments [5-71 were carried out to quantify the molecular changes 
(chain scissions, cross-linking, ezc.). 

The aim of this study is to characterize the formation of peroxides to 
be able to correlate chemical with physical properties. 

EXPERIMENTAL 

The material investigated was a styrene - isoprene -styrene copolymer 
provided by National Starch and Chemical S .  A. (Villefranche sur 
SaBne, France). This sample is composed of 29wt% polystyrene and 
71 wt% polyisoprene. 

In order to obtain a thin polymer film, the sample was pressed 
between Teflon sheets at 180°C and 200 bar for one min. Free film of 
SIS was fixed in metal frames for irradiation in an irradiation device 
(SEPAP 12.24). 18] This apparatus uses four 400 W medium pressure 
mercury lamps (Mazda MA-400) constructed with borosilicate glass 
envelopes which filter all wavelengths below 300 nm. Irradiation 
was performed at 60°C under ‘dry’ conditions (i.e., ambient relative 
humidity). All samples were mounted on a centrally rotating carousel 
to ensure homogeneous irradiation. The sample-to-lamp distance was 
20 cm. 

To identify unstable products under photolytic and thermolysis 
conditions, photolysis and thermolysis treatments were performed on 
the photooxidized sample. The polymer samples fixed on the metallic 
frames were introduced into Pyrex reactors and flame sealed under 
vacuum from a mercury-diffusion vacuum line. The reactors were then 
exposed in the SEPAP unit or in a ventilated oven at 60°C. 
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TRIBLOCK COPOLYMER PHOTOPEROXIDATION 77 

FTlR Analysis 

After various exposure times, samples were analyzed spectrophotome- 
trically with an FT-IR spectrophotometer. The film thickness (50 pm) 
was controlled and determined by IR (absorbance at I600 cm- I). 

Infrared analysis was performed with a Nicolet 5-SX FT-IR spectro- 
meter with a nominal resolution of 4cm-' and 128 scan summation. 

Peroxide Titration 

Chemical Titration 

Total peroxides were estimated by iodometric titration [9, ''I based on 
the reduction of hydroperoxides by sodium iodide in excess in acidic 
medium according to the reaction 

ROOH + 21- + 2H' + ROH + 12 + H20 
I2 + 1- + I; 

The concentration of the triiodide formed subsequently was measured 
by W spectophotometry at 362 nm using the commonly accepted 
extinction coefficient of 2.5 104mol-' . 1 . cm-'. 

Thermal Analysis 

The thermal instrument used was a DSC 2920 TA Instrument. The 
calorimeter was calibrated with indium standard at a heating rate of 
20°C . min- '. The TA Instruments Graphware software was used to 
measure the heat flow. The concentration in peroxide was assessed by 
dividing the energy of decomposition by 450kJ, heat of decomposi- 
tion of one mole of peroxide. [''I Moreover, by this technique we also 
assessed the thermal stability of the photoperoxided samples. 

Rheologlcal Experiments 

The changes in dynamic storage G' (stress/strain in-phase component) 
and loss G" moduli (stress/strain out of phase component) of photo- 
oxidized samples were followed in oscillatory shear mode using a rota- 
tional controlled stress rheometer (StressTech/Rheologica) equipped 
with a parallel plate geometry. The plate diameter was 20mm and 
the gap between the plates was about lmm. In all cases, the values 
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78 L. GONON ef al. 

of the stress amplitude were checked to ensure that all measure- 
ments were conducted within the linear viscoelastic region. At dif- 
ferent times during the W exposure, a frequency sweep extending 
from 0.01 to 30Hz was performed. All experiments were carried 
out at 105"C, because it is known that peroxides are quite thermal- 
ly stable at this temperature. [''] The stability of oxidized samples at 
105°C with respect to the measurement duration has obviously been 
verified. 

RESULTS 

Mechanism of Photodegradation: IR Evolutions Under 
Photooxidation 

Irradiation of SIS leads to noticeable changes of the IR spectra of 
exposed films in the C=O, OH and C-0 vibration domains. Sub- 
traction of the initial spectrum from the spectra recorded after dif- 
ferent irradiation times allows the observation of several maxima or 
shoulders (Fig. 1). 

The hydroxyl region (Fig. lc) reveals a broad absorption band 
between 3600 to 3100cm-' with a maximum shifting from 3430 
to 3440 cm- ' as photooxidation proceeds. In the carbonyl region 
(Fig. lb), at weak conversion degree, photooxidation leads to the 
formation of two bands centered at 1722 and 1693cm-'. As photo- 
oxidation proceeds, the intensity of the absorption band at 1722 cm- ' 
increases and the band shifts to 1717cm-'. A shoulder appears 
at about 1772cm-' and a broad absorption band is observed between 
1690 and 1600cm- '. Subtraction between the successive IR spectra 
show that the general inflation of the spectrum between 1690 and 
1600 cm- ' results from two phenomena: the formation of photopro- 
ducts absorbing at 1675 cm- ' and the consumption of intrinsic groups 
absorbing at 1663 and 1645 cm- '. 

In the region of C-H stretching vibrations, subtracted spectra show 
a decrease of the C-H stretching vibrations characteristic of un- 
saturated species at 3068cm-' and 3034cm-'. In the region of C-H 
deformation vibrations (Fig. la), photooxidation leads to a general 
inflation of the spectrum between 1500 and 7OOcm-'. Subtraction of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1
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FIGURE 1 Changes of the IR spectra of SIS film photooxidized for different ir- 
radiation times: spectra from which the virgin spectrum has been subtracted; a: 1600- 
~OOCII- ' ,  b 1900-1500~m-', C: 4000-3000~m-'. 

the initial spectrum from the spectra recorded after irradiation show a 
significant decrease of the intensities of several bands at 1446, 1375, 
889 and 835cm-' and the formation of new IR absorption bands at 
1163, 1112 and 1062cm-'. 

The kinetic curve of SIS photooxidation is given in Figure 2. After 
an induction period of about 2 h, the concentration of the oxidized 
products characteristic of the photodegradation increases rapidly to a 
maximum after about 4 h of exposure. 
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FIGURE 2 IR absorption of vibrations corresponding to the photoproducts generated 
by the photooxidation or the consumption of unsaturation under irradiation: 
+1718nn-', o 3441cn-'; .835cm-', 89Ocm-', + 1645m-'. 

The FT-IR analysis performed on the sample after physical treat- 
ment (photolysis and thermolysis) give the following information (the 
recorded spectra are not represented here): 

- In the hydroxyl range, the broad absorption band centered at 
3430cm-' results from the convolution of two absorption bands: 
an absorption at 3330 cm- ', which decreases under these physical 
treatments, and an absorption at 3460 cm- ', which is not modified 
during these treatments. 

- In the carbonyl range, the differences between the successive 
spectra show that the diminution of the IR absorption results 
from: 

0 the disappearance of the unsaturated products at 1690, 
1677cm-' and their associated bands (1665 and 1645cm-') 
under photolytic treatment, whereas the formation of these ab- 
sorbing products is favored during thermolysis treatment. 

0 the photolytic decomposition of the carboxylic product absorb- 
ing at 1718 cm - ' leading to a decrease of the IR absorption at 
1720 cm- '. An inverse evolution is observed during thermolysis 
treatment. 
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TRIBLOCK COPOLYMER PHOTOPEROXIDATION 81 

- In the range of the C-H deformation vibrations, the modifica- 
tions of the spectra are similar to those observed during photo- 
oxidation. The subtracted spectra reveal an increase of the 
IR absorption band at 1160 cm- and a decrease of the band 
characteristic of the unsaturated groups at 1441, 1375, 889 and 
835 cm- '. No modifications are detected during thermolysis 
treatment. 

Peroxide Titration 

The evolution of the concentration of peroxides through photooxida- 
tion is reported in Figure 3. These results indicate a high concentration 
of peroxide structures as reported earlier. [21 
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FIGURE 3 Variation of peroxide Concentration (m by iodide titration and by DSC 
titration) and carbonyl absorbance (*) through photooxidation. 
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82 L. GONON et al. 

Dynamic Viscoelastic Properties Through Photooxidation 

The evolution of the storage G’ and loss moduli G”, characteristic 
for respectively the elastic and the viscous responses of the material, 
through photooxidation is illustrated in Figures 4 and 5 .  In a first 
step, both moduli diminish with respect to the irradiation time 
( t  5 200 min). In a second step, increasing the irradiation time leads 
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FIGURE 4 Variation of the dynamic storage modulus versus frequency through photo- 
oxidation at a temperature of 105°C. 
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FIGURE 5 Variation of the dynamic loss modulus versus frequency through photo- 
oxidation at a temperature of 105°C. 
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TRIBLOCK COPOLYMER PHOTOPEROXIDATION 83 

to an increase of both moduli, indicating chain recombination or 
cross-linking process. Moreover, during the induction period (as 
determined from IR carbonyl absorbance), loss and storage moduli 
values are divided by a factor of 10 revealing the very high sensitivity 
of rheological measurements. Then, if the rheological experiments 
are carried out at high temperatures (T  > 180°C) both moduli sharply 
decrease, indicating that chain scissions occur at high temperature 
whatever the irradiation time. 

DISCUSSION AND CONCLUSION 

The FT-IR analysis performed on the material during the photo- 
oxidation give important information needed to elucidate the mecha- 
nism of photodegradation. The absorption detected in the hydroxyl 
region reveals a high concentration of hydroxyl structures. The 
physical treatment performed on the photooxidized material reveals 
that this absorption results in the convolution of two absorption 
bands: 3325 and 3440cm-'. The photolytic and thermolytic un- 
stability of the photoproduct absorbing at 3325 cm- is character- 
istic of peroxide structures. These peroxides result from the oxidation 
of radical species issued from chromophoric impurities. The mecha- 
nism of formation of these structures is the following: 

As the photodecomposition of these hydroperoxides does not 
modify the absorbance at 3440 cm- ', their decomposition to alcohol 
has to be considered as a minor process. A concerted mechanism of 
decomposition of hydroperoxides has been postulated f41 as respon- 
sible for the formation of a, @unsaturated ester groups character- 
ized by the IR absorption at 1720 and 1163cm-' and lactone at 
1772 c m  - '. 

This result is in good agreement with the iodometric and DSC 
analysis performed on the photooxidized material which demonstrate 
that the photooxidation of polyisoprene leads to a high concentration 
of hydroperoxides. 
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84 L. GONON et al 

The photolytic treatment indicates that the absorption at 1718 em- ' 
is the convolution of two bands: 1722cm-' corresponding to a 
methyl ketone and 1717cm-' to an a, /3 unsaturated ester. On the 
basis of litterature data[3'41 the maxima at 1693 and 1680cm-' must 
be associated with a, /3-unsaturated acid and with a, /3-unsaturated 
ketones. The mechanism of formation of these species is the following: 

IR analysis performed on the photooxidized samples indicate a 
significant decrease of the bands assigned to the microstructure (1,4 
unsaturation at 835 cm- ' and 3,4 unsaturation at 890 cm- '). These 
variations must be related to 

the decrease of the absorption bands at 1645 and 1663cm-' 
assigned to the C=C vibration of 3,4 and 1,4 double bonds. 
the decrease of the absorption bands at 3068 and 3034cm-' 
assigned to C-H stretching vibration of 3,4 and 1,4 double bonds. 
the decrease of the absorption bands at 1441 em- ' and 1375 ern- ' 
assigned respectively to the CH2 cis deformation of the 3,4 un- 
saturation and to the C-H rock vibration of the 1,4 unsaturation. 

The kinetic curves reported in Figure 2 indicate that this photo- 
degradation begins by the consumption of unsaturation (890 and 
835 cm- '). After 4 h of exposure, the concentration of residual 
unsaturations is reduced by a factor of 70%. The carboxylic species 
issued from the photooxidation appear after the beginning of the 
process and reach a limit value after 8 h of exposure. 

This apparent photostability of the material has been explained by 
Adam et ~ l .  12] as resulting from oxidative cross-linking reactions which 
would result in a decrease of the oxygen permeability of the material. 
Piton and Rivaton r31 have postulated that this cross-linking reaction 
would result from 

- the loss of unsaturation of a, &unsaturated oxidized products 
through cross-linking 
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TRIBLOCK COPOLYMER PHOTOPEROXIDATION 85 

with: X =  -Q- 8 - c p i b  -C- -5-H 
0 s 0 

AH 

- the formation of ether linkage through photooxidation 

This cross-linking process is confirmed by the solubility of the poly- 
mer in chloroform, which diminishes as the photooxidation proceeds. 
After about 3 h of irradiation, the material becomes insoluble in CHC13. 
Material is solubilized by addition of a chemical reducer like sodium 
iodide. The previous postulated processes by Piton and Rivaton r31 

cannot be taken into account to explain the formation of a tridimen- 
sional structure. Indeed, these two process should lead to the forma- 
tion of a structure, which cannot be removed by a reducer like NaI. 

Sodium iodide, however, is a chemical reducer for peroxide species. 
IR analysis has shown that the photooxidation leads to the forma- 
tion of hydroperoxide structures. But, the rheological analysis has 
pointed out that cross-linking becomes the predominant process when 
the peroxide concentration becomes significant. Moreover, this cross- 
linking can be suppressed by increasing the experimental tempera- 
ture of the rheological measurement. Thus, we assumed the formation 
of peroxide structures in parallel with hydroperoxide structures 
accumulation 

FH" 
--CrnCH-~CH2- 

$H3 b 
I 

-Ctt=CH-q-CH2- + 0 
$Ha hv 

-cHrCH=C-CH2- - 
Oon 

0 2  -ct!=cH+CH2- 
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86 L. GONON et al. 

In conclusion, Figure 6 exemplifies such behavior. The variations of 
the loss angle tangent (G"/G') exhibit the competition between chain 
scission and cross-linking. Let us recall that an increase of tg S value 
characterizes an increase of the macromolecular mobility of the 
chains. When, the peroxide concentration reaches a certain level and 
the molecular mobility is sufficiently high (by chain scission), then 
the probability for recombination of alkoxy radicals becomes very 
high leading to the formation of peroxide structures."'] Thus, SIS 
oxidation leads to the accumulation of hydroperoxide and peroxide 
structures. At the very beginning of the process, the first one are 
predominant while an inversion occurs as far as photoxidation 
proceeds. 

This study shows the necessity to use different techniques, such as 
chemical ones (iodometric titration, infrared) and physical ones (DSC, 
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FIGURE 6 Variation of peroxide concentration (. by iodide titration) and tg 6 (0 )  

through photooxidation at a temperature of 105°C. 
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TRIBLOCK COPOLYMER PHOTOPEROXIDATION 87 

viscoelasticity), to study photochemical mechanisms in macromole- 
cular media. 
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