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In order to rationalize the peculiar photochemical behavior of some silicone copolymers containing 
cyanostyrylacrylic (CSA) side groups connected to the main chain through a branched spacer, thermophysi- 
cal studies including microscopic, calorimetric and diffractometric analysis were conducted. An oligomeric 
trisiloxane containig the same type of functionality was also studied as a model compound. Although CSA 
acid and its simple alkyl ester derivatives exhibit only true crystalline order, layered (smectic or crystalline) 
structure was evidenced for the model compound. The series of reactive polysiloxanes containing various 
amounts of functional units shows phase separatioin. The photosensitive esters are gathered with part of the 
main chains in the ordered microdomains dispersed in a silicone-rich phase. The weight fraction of reactive 
side groups in the mixed microdomains was determined by calorimetric measurements indicating an almost 
unchanged composition of the microphases from one polymer to another. Several observations based on 
bulk state photochemistry showed a leveled reactivity independent of the macroscopic content in photo- 
sensitive groups. The layered order observed by wide angle X-ray scattering is consistent with the clean, 
reversible photoreaction and with the observed kinetics. 

Keywords: Polysiloxane, photoreactive polymer, liquid crystal, phase separation. 

INTRODUCTION 

Solid state photochemistry is a research area particularly rich in opportunities for 
achieving structure reactivity investigations. Since the develoment of the basis concepts 
of topochemistry', a number of chromophores giving rice to [2 + 21 photocycloaddi- 
tion in the crystalline state have been examined in detail'. The dimerization of various 
crystalline forms of cinnamic acid3 is still a subject of current intere~t .~ This basic 
reaction scheme has been applied to crystalline compounds bearing two reactive 
groups, thus opening the route to solid state step-growth photop~lymerization.~ 
Conversely, the dimerization of cinnamate derivatives as polymer-bound chromo- 
phores has proved to be of great industrial interest6. Polyvinylcinnamate is the most 
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296 J.  M. BUlSlNE ef a/. 

representative photopolymer working as a negative resist.' The photoreaction in the 
glassy polymer matrix has been studied recently.8 The reactivity measured at various 
temperatures suggests the existence of preoriented pairs of chromophore~.~ 

Our current interest in photo-cross-linkable silicone polymers has led us to synthe- 
size.functiona1 siloxane copolymers including cinnamic or cyanostyrylacrylic (CSA) 
esters side groups. The previous study" relative to the specific photochemical reactiv- 
ity displayed by these polymers indicated two types of behavior depending on the 
nature of the photoreactive moieties. The series of polymers containing cinnamic ester 
side groups are viscous resins exhibiting a reactivity similar in many respects to that of 
liquid alkyl cinnamates of low molecular weight,' ' thus contrasting the behavior of 
poly(viny1cinnamate) in the glassy state. Isomerization was indeed shown as the most 
important relaxation process taking place upon UV irradiation of the initially all-trans 
cinnamates. With polysiloxanes P, - 4  including CSA pendant groups, the reactivity 
studied by qualitative and quantitative UV spectroscopy revealed a set of features 
which, to be understood, require knowledge of the physical structure and morphology 
of the systems. The present report deals with the thermophysical characteristics of 
various silicone polymers bearing CSA lateral groups. 

2. EXPERIMENTAL PART 

2.1. Materials 

Cyanostyrylacrylic (CSA) acid (2-cyano-5-phenyl penta-2,4-dienoic acid) was prepared 
according to the standard procedure." Methyl, butyl, octyl, decyl and dodecyl CSA 
esters were prepared by reacting the sodium salt of CSA acid with the proper 
bromoalkane. The esters were purified by recrystallisation from ether-light petroleum 
solutions. Trisiloxane TS containing a single CSA side group and the analoguous 
copolymers PI - 4  were synthesised and purified as described in our previous paper.13 
Some thermophysical characteristics of unfunctionalized silicone copolymers were 
determined with poly(methylsi1oxane-co-dimethylsiloxane) Po of a number average 
degree of polymerization DP, = 240 and containing 7 mol-% of -[MeHSi-01- units. 

2.2. Methods 

Phase sequences, transition properties and phase structures have been studied by three 
thermophysical analysis methods. Transition temperatures and phase textures have 
been determined by thermomicroscopy using a polarizing microscope (Leitz) equipped 
with a heating and cooling stage (FP 52-Mettler). The working range of the standard 
equipment is of 30 to 250°C. The temperature was controlled at & 0.5 "C. The lower 
temperatures (about - 60 "C) were reached with a flow of cold nitrogen gas in a special 
device developed in our laboratory. To achieve temperature control the maximal 
cooling rate was - 10 "K.min- ' between + 20 "C and - 30 "C and was - 5 "K-min- I 

between - 30 "C and - 60 "C. 
The nature - 1st order of glass - of the transformation as determined by differential 

scanningcalorimetry (DSC 7-Perkin Elmer) in the temperature range from - 170 "C to 
+ 180°C. Heating experiments were performed at 10 to 30"K.min- '. On cooling, the 
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PHOTOCHEMICAL REACTIVITY OF SILICONE COPOLYMERS 291 

rates were between 2 and 5 "K.min- I. Temperature control was k 0.5 "C. For quench- 
ing the samples, the cooling rates were about 100"K*min-' with no temperature 
control. Structural studies were performed by diffractometry using a curved detector 
(CPS 120-INEL) efficient in the angular range from 0 to 120" for 2 8 (wavelength 1 K ,  
(Cu) = 1.54 A). A gas flow cryostat (ENRAF NONIUS) allowed the experiments to be 
performed between - 170 "C and + 30 "C. Diffractograms were recorded at constant 
temperature f0.5"C. Between two experiments the sample was heated at ca. 
10 K.min-'. Quenching rates were higher than 40°K min- ' with uncontrolled tem- 
perature. 

3. CONDENSED STATE PHOTOREACTIVITY 

The qualitative analysis of the UV spectra recorded from thin films submitted to 
increasing 350 nm light dose indicates that a clean photochemical process takes place. 
The presence of an isobestic point at 290 nm together with the recovery of the initial 
optical density at 345 nm upon irradiation with 254 nm UV light (Fig. 1)  is reminiscent 
of the main characteristics of the photoreaction given in the solid state by some 
crystalline esters of CSA.', The dimerization ofmethyl cyanostyrylacrylate is represen- 
ted in Scheme 1 as the possible reaction taking place with polymer bound photo- 
sensitive groups. Quantitive analysis of the dimerization kinetics indicated that the 
quantum yield can be expressed by a power law involving the mole fraction of 
unreacted chromophores a to the power 3: 

@(a) = @,,a3 

The strong dependence of the quantum yield @(a) upon a is not consistent with 
hypothetical crystalline packings of chromophores arranged in rows with two nearest 
neighbors, or by pair, with a single nearest n e i g h b ~ r . ' ~  These two observations thus 
suggest the existence of partially ordered structure. 

The comparison of the quantum yields of dimerization for the various samples 
submitted to kinetic analysis showed a surprising independence of the initial value of 
the quantum yield @( 1)  = a,, and of the variations of'@(a) on the macroscopic average 
content in functional units. This suggested that the concentration of the reactive groups 
was leveled from one sample to another, as would be expected from a segregated 
system. 

4. THERMOPHYSICAL STUDIES 

4.1. Acid and esters derived from CSA 

Optical, calorimetric and diffractometric measurements show that CSA acid as well as 
the simple esters with C,, C,, C,, C,, or C,, linear alkyl chains do not exhibit 
mesomorohic behavior. Despite the presense of the aromatic and polar moiety also 
found in several calamitic liquid crystals, the wide and rigid molecular architecture of 
these compounds leads to crystalline structures with high melting temperatures.I6 Two 
crystalline phases were observed for the acid and for the octyl and propenyl esters. 
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FIGURE 1 Changes in the UV spectra of polymer P, submitted to UV irradiation as a thin film cast on 
a quartz plate: a): dimerization under 365 nm irradiation, curve 1: before irradiation, curve 2 after 10s 
curve 3: after 30s. curve 4: after 40s. curve 5 after 90s; b): retrodimerization under 254nm irradiation 
curve 6 before irradiation, curve 7 after 2.5 s, curve 8: after 5 s, curve 9 after 10s. 
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PHOTOCHEMICAL REACTIVITY OF SILICONE COPOLYMERS 299 

SCHEME 1 Reversible photodimerization of crystalline methyl cyanostyrylacrylate. 

4.2. Trisiloxane 

Microscopical observations show that model compound TS is in the isotropic liquid 
state at room temperature. Upon observation during cooling from 100 to - 60 "C, the 
compound exhibits at about - 30 "C a heterogeneous texture with very small bright 
areas dispersed in a dark matrix. However, it was not possible to observe birefringence 
for all the sample in spite of several experiments conducted at  various slow rates of 
cooling followed by heating. Keeping the sample at  constant low temperature should 
lead to the growth of the areas, but could not be achieved successfully with our 
laboratory equipment. On heating they were shown to disappear at  - 25 "C. 

Model yH3 7th yth 

Yb 
YY 
Y+ 
Y H r  

trisiloxane ?s 

H&-Si-O-Si-O-Si-C& 
I I 
cH3 $Y cH3 

0 
I 

HO-CH 
I 
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300 J. M. BUlSlNE et d. 

T=-50°C 

Selected X-ray diagrams obtained from TS are presented in Fig. 2. Whatever the 
quenching temperature and cooling rate, the diffractograms obtained at - 150 "C (Fig. 
2a) and at room temperature are quite similar. They exhibit two maxima respectively: 
a faint one at about 26 = 3" and spread one between 26 = 12.5" and 25", which are both 
characteristic of an amorphous structure. Thus, at  low temperature, the compound is in 
a glassy state which is in fact the glassy liquid. The mean transverse distance between 
molecules, calculated from the angular position of the maximun of the diffuse ray at 
a large angle is about 4.7 A. By reheating, between - 50 and - 8 "C, one can observe 

T=-20°C 

1 

T=- 1 5OoC 

20 (") 

I( a. u. ) 

I I m 
4.11 12.41 20.11 

I I I 
4.1 1 12.41 20.11 
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PHOTOCHEMICAL REACTIVITY OF SILICONE COPOLYMERS 30 1 

a superimposed sharp peak at 28 = 3", the intensity of which is maximun between 
- 37 "C and - 20 "C. Another low intensity peak also appears for 28 = 27.5" between 
37 "C and - 8 "C. By cooling down slowly, both peaks can also be observed. In all cases 
the peaks can only appear aftera 5 h relaxation time. The low angle peak corresponds to 
a layered structure for the molecules. The thickness of the layers (29.4 A) is very near the 
calculated molecular length (29 8) and the molecules are almost perpendicular to the 
layers. The width of the low angle peak is quite equivalent to the resolution of the 
diffractometer which shows a long range order in the layers. The liquid ring keeps the 
same angular position as in the liquid state and the planar disorder is bidimensional. 
The small sharp peak corresponds to an approach distance of about 3.25 A. 

Figure 3 gives two examples of thermograms obtained for different conditions 
in cooling the sample. The thermal behavior depends upon whether the sample 
is quenched at - 100 "C or quenched at - 40 "C with one hour annealing at - 40 "C. 
However, in each case, experiments performed with 10, 20 or 30 "Kamin- ' heating 
rates do not induce changes in the thermograms. All those drawn from - 100°C 
(with or without quenching or/and annealing) exhibit a glass transition at about 
-55°C (Fig. 3a), which corresponds to the transformation from glassy to under- 
cooled isotropic liquid. By heating the samples, it appears as a spread exothermic 
peak (beginning at about - 50°C on Fig. 3a) that corresponds to a transformation 
into a more ordered state. It is followed by an endothermic one beginning at about 
- 4 "C and attributed to the clarification. The corresponding amplitude of the 
enthalpy changes is quite the same for the two transitions and measured near 4 J.g- '. 
Thermograms recorded on cooling (- 0.5 "K.min- ') from 20 to - 80 "C, followed 
by heating (+ 0.5 "Kamin- ' with or without tempering) never exhibit trans- 
formation. 

For TS, DSC and X-ray experiments give evidence of a layered structure between 
about - 50°C and + 6 "C. Such behavior needs quenching at low temperature 
( -  100°C) or annealing (forced in DSC measurements, imposed in X-ray diffr- 
action experiments) at higher temperature ( -  40 "C). This leads to the following 

1 .  , T P d  
-10 -so -30 -10 0 10 20 

FIGURE 3 Thermograms obtained by heating trisiloxane TS (endothermal changes upwards). a) at 
IO"K.min-' after quenching at - 100°C, b) at 20"Kmin-' after quenching at -40°C and one hour 
tempering at - 40°C. 
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302 J. M. BUlSlNE et a/. 

phase sequence for increasing temperature under atmospheric pressure: glassy iso- 
tropic liquid, undercooled isotropic liquid, layered structure-isotropic liquid. 
The layered arrangement can be a crystalline or a smectic structure. In the first 
case, optical observation should reveal the presence of bright areas of crystallites 
that are actually not observed. We believe that the layered phase can be of the 
smectic type with very low birefringence and very low kinetic of transformation. 
The molecular structure of TS is similar to compounds with a disiloxane terminal 
group recently described in the literature''. Though the latter exhibit inter- 
digitated layers, the bulky nature of the trisiloxane group in TS probably disrupts 
packing. 

4.3. The Polyslloxanes 

P P 
Fh P 7l Fb 

I I c=c, 
FY 

P P 
H\ ,c=o 

H CH-0-C\ hC-C-0-CH 

c=o 
I 
CY 

N 

The plots of Figure 4 represent schematically the general aspects of thermograms 
obtained by heating with a 30 "K-min- rate the polymers quenched at - 100 "C. They 
all present the same general features as for the trisiloxane. Other experiments per- 
formed with lower heating rates (10 and 20 "K.min- ') do not show significant changes 
in the thermograms. Numerous experiments were performed to obtain accurate data 
for transformation temperature, and for enthalpy and heat capacity changes. 

One glass transition a t  low temperature is followed by two peaks (the first: endo, the 
second: exothermic). The temperature and enthalpy change of the endothermic peak 
can be accurately measured (Table 11) on thermograms obtained for samples heated 
from a temperature slightly lower than room temperature. Both series of data vary in 
the same and continuous way as the functionalization ratio. Moreover, after quenching 
at - 15OoC, thermograms exhibit another glass transition (Fig. 4). The excess of 
specific heat (see Table 11) for the low temperature glass transition (ACpl) increases in 
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Po1vrn.r P, dt  

T W  

303 

dt 
Polvmmr P, 

t 4 To2 

1st 

V=3OoC m i d  

T ( W  

> -90 -50 -10 30 

$(&U.) 
Po1ym.r P, 

k 3OoC m i n t  

T(%) 

-125 -85 -45 -5 ' ' 

lg =-l250C 
ACp = 0.4 J K"o-1 

-145 -105 -65 -25 16 

G9 
FIGURE 4 Thermograms recorded upon heating functionalized polymers PI -4 and the unmodified 
silicone copolymers Po after quenching (endothermal changes upwards). 

TABLE I 

Structural characteristics and viscosity of the functionalized copolymer. 

Polymer Degree of Polymerization Mole fraction 7 of Dynamic viscosity 
functionalized repeat unit at 25 "C (Pas) 

33 
129 
209 
24 1 

14.2 
9.5 
1.5 
5.8 

4.2 
6.9 
5.1 
9.1 

the series of copolymers P ,  to P ,  where the chain length (DP,)  increases and the degree 
of functionalization T decreases at the same time. Conversely the specific heat for the 
high temperature glass transition (ACP2) was shown to decrease. Moreover, the low 
temperature glass transition is not observed for the less functionalized polymer. Other 
DSC experiments show that poly(dimethylsi1oxane-co-methylsiloxane) Po, a represen- 
tative parent polymer without side groups,exhibits a single glass transition at - 125 "C 
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304 J. M. BUISINE et al. 

TABLE 11 

Thermodynamic data of the studied polymers: TG, and TGI: glass transition temperature ("C), accuracy: 
f 5 T ,  ACp, and ACpa: excess of specific heat at the glass transition (J.g-' .K-') ,  accuracy: 
f 0.008 J.g- ' . K  - ',AH enthalpy change at the clarification (J.g- I),  accuracy: f 0.2 J.g- I ,  T': clarification 
temperature obtained by microscopical measurements ("C), accuracy: +_ 0.5 "C, T": temperature of the end 

of clarification obtained by microscopical measurements ("C), accuracy: f 0.5 "C. 

Polymer Lower glass transition Higher glass transition Clarification 

TG I - 105 

ACP, 0.153 

TG L - 120 
p4 

ACP, 0.215 

- 35 T 
T" 

0.188 AH 

- 40 T' 
T" 

0.042 AH 

- 45 T' 
T" 

0.026 AH 

T 
T 
AH 

26 
31 
8.6 

25 
36 

5.1 

24.5 
35.5 
4.5 

23 
33 
33 

(Fig. 4). Thus, the glass transition at low temperature (TG1) which also appears for the 
photoreactive polymers can be attributed to the main chains that segregate under 
a pure micro-phase in which the motions are dissociated from those of the side 

The high temperature glass transition (TGJ is then due to motions of the 
side groups which are connected to part of the main chains as a mixed microphase. This 
gives some evidence of a biphasic behavior.20-28 The exothermic peak which corre- 
sponds to a partial reorganization of the structures is less marked when the sample is 
cooled slowly ( -  5 to 20 "K-min-') than when it is quenched. This effect can be 
understood in terms of nucleation and growth competition upon heating and cooling. 

Through thermomicroscopic observations at room temperat.ure, the coexistence of 
birefringent and isotropic domains is observed with textures that are similar for the 
present series of polymers. Between the crossed polarizer and analyser, birefringent 
domains are constituted from small disks with dark lines more or less rippled and 
convergent, dispersed in a dark matrix. Identification or reference to known typical 
structures was not possible. By heating the sample, the birefringent domains progress- 
ively melt over a wide temperature range. Temperatures of the end of clarification are 
reported in Table 11. They vary in the same way as the content in organic side groups. 
By slow cooling (about 2 "K-min- I )  the extension of the birefringent domains which 
appears is a function of the functionalization degree z. Thus, for a given time and a given 
temperature, the birefringent phase is all the less extended because the functionaliz- 
ation ratio is small. This means that the more important the grafting, the more 
important the potential of organization. For all the polymers the ordered phase 
appears and the transformation is complete at about - 15 "C. It must be noted here 
that phase separation cannot be observed by microscopical observation because the 
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Polymor P, *b 
20 ("1 

L v 

305 

20 ("1 

A f l aw)  

Polymmr Pz 

20 (") 
L 
r 1 1 1  

3.17 9.33 15.49 3.17 9.33 15.49 

FIGURE 5 
quenching. 

Diffractograms obtained from polysiloxanes P ,  -4  at 37°C and at - 20°C by reheating after 

size of the microphase domains has the order of magnitude of the chain length (10 to 
100 A). The phase separation takes place inside the birefringent domains which then 
include both mixed and pure microphase. 

X-ray diffraction patterns recorded at 20 "C and above the clarification temperature 
of the series of photoreactive polymers are collected in Figure 5. In the liquid phase, 
a spread and intense ray is observed which is maximum at 20 = 12". Spectra obtained 
after quenching samples at - 150°C (not shown here) are also characteristic of an 
amorphous structure. Thus, at low temperature the compound is in a glassy state which 
is in fact the glassy liquid. By reheating from the glassy state no change is observed on 
the X-ray diagrams for P,. However, for the three other polymers, the spectra exhibit 
a sharp peak at 20 = 2.4" and a more or less structured liquid ring which corresponds 
maximum to that of the liquid phase. By slow cooling from the liquid state, similar 
X-ray diagrams are obtained. The liquid rings plotted respectively at  37 "C and 20 "C 
are well-fitted with a lorentzian curve the characteristics of which are reported in 
Table 111. The correlation lengths are determined using the paracrystal model from 
mean transverse distance between molecules calculated from the angular position of 
the maximum of the rays". The sharp peak at low angle suggests a layered structure. 
Low angle diffusion measurements give 42 8, for the thickness of the layers which is 
higher than the length of the lateral group (30A). Thus, the layers can be considered as  
formed by lateral rigid groups associated with a 10 A layer composed of flexible chains. 
However, a partially bilayered structure cannot be completely excluded. The intensity 
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306 J. M. BUlSlNE et al. 

TABLE Ill 
Characteristics of the X-ray spectra obtained for the liquid rings at 37°C and - 20°C for the polymers and 
fitted with lorentzian curves respectively L ,  and L,: I :  maximal intensity, Q: position of the maximum; 

AQ: width at half height, d inter-reticular length, L,: correlation length 

Polymer Type Channel l(a.u) Q(A-')  A Q k ' )  d(A) LR(I() 
~~ 

L,  580 810 0.85 0.25 7.4 40 
p, 

Li  576 812 0.84 0.20 7.5 50 

L,  590 627 0.87 0.29 7.2 35 

L2 580 68 1 0.85 0.27 7.4 37 
p2 

L,  590 5 50 0.87 0.32 7.2 31 
p3 

L2 585 550 0.86 0.29 7.3 34 

L,  594 455 0.88 0.35 7 28 
p4 

of the low angle peak strongly depends on the functionalization degree of the studied 
polymer. When z decreases, the extension of the layered microphases reduces and the 
organization of the molecules inside the layers decreases so that the low angle peak 
vanishes for the less functionalized polymer. The lack of longitudinal order can be 
explained by the very large proportion of the segregated chains. This situation highly 
affects the dispersed mixed microphase whose layered structure has no chance to 
appear. This behavior is similar to that of the least functionalized polymers of the other 
series3'. The intensity of the large angle diffuse ring increases with polymerization 
degree. The liquid ring corresponds to diffusion i) by lateral groups (or transverse order 
whithin the layers) ii) by the polymer main chain. The absence of well-marked rays at 
large angles shows that rigid groups are not ordered inside the layers. However, for P ,  
and P ,  there appears a small peak at 28 = 25" that corresponds to a 4 8, distance and 
that can be explained by lateral group packing. Mean distances and correlation lengths 
indicate that the longitudinal and transverse orders only extend to a few molecules, so 
that there is no long range order. Thus, the more functional the polymer is, the more 
extended the longitudinal otder. 

Microphase separation, as it occurs in the polymers, is the reason for the formation of 
a layered structure. As described for the model compound, the layered arrangement can 
correspond to a crystalline or a smectic structure of the side groups. To date, no typical 
liquid crystalline texture could be observed. Further experiments are necessary to 
determine whether the structure is smectic or not. All the diffractograms exhibit 
a reflection at 7.48, associated with a 35 8, correlation length. It corresponds to the 
distance between the siloxane layers. After clarification, this reflection is observable, 
indicating that phase separation is still present to some extent in the isotropic 
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5. DISCUSSION 

5.1. Phase Separation 

For the polymers, as a consequence of the existence of two glass transitions, a two- 
phase behavior is deduced.20-28 The introduction of lateral groups induces a phase 
separation in the polymers: a pure microphase, constituted by main chains, co-exists 
with a mixed microphase, formed from the association of lateral groups and main 
chains. This phase separation is due to the low compatibility of the flexible silicone 
parts of the main chain and the rigid and polar lateral groups. These groups aggregate 
with part of the chains and create microdomains irrespective of the other part of 
the segregated chains. The values of the weight fraction X, for the main chain and 
X ,  for the side chain in the polymer allow the mode of partition of both species 
(main chains and side chains) to be determined. On the other hand, from X, the 
excess of heat capacity of the chains in the microphase (without side chains) can be 
calculated: 

AC 
ACpl specific for the chain =A 

Xl 
The ratio between ACpl specific and ACp and the uncross-linked polymer gives the 

fraction x1 of the main chains that are segregated in the pure microphase. Symmetri- 
cally, the fraction x1 provides the fraction of main chains that are associated with the 
lateral groups. On the other hand, the values x1 and x2 allow the mode of partition of 
both species in the microphases to be determined. In fact, the proportion of material 
which appears as main chains in the pure microphase is 

c;L = X1’X,. 
The proportion of material which appears as main chains associated (or “dissolved”) 

with side chains in the mixed microphase is 

CGL = x2.x1. 
Assuming that all side chains are in the mixed microphase inducing the high 

temperature glass transition, the portion of material which appears as side chains in the 
microphase is 

c,, = 1-x, 

c g  + cg; + c,, = 1. 

with 

All these physico-chemical specifications allow the microphase compositions to be 
determined, y ,  in main chains and y, in lateral groups: 

X2’Xl 
1 -  -xz*x, + x 2  

A 2  
2 -  -x2*x, + x 2  with Y l  + Y 2  = 1. 
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308 J.  M. BUlSlNE et al. 

Data for X,, X,, x,, x,, C'&, CgL, CLG, y,, y, are reported in Table IV. The 
proportion x, of the segregated main chains increases when the functionalization 
degree T decreases. The proportion of the second phase increases with the content in 
lateral group one. Thus the introduction of side groups induces phase separation. 
A schematic representation of the distribution of the two species in the two micro- 
phases versus T for temperatures lower than the clarification zone is given Scheme 2. 
For the polymers (Scheme 2 b-e), the (intermediate) values of constitutional parameter 

Rlixcd tiiirropliasc 
n1.c.. + I..C. 

Mixed microphase 
h1.C. + I..C. 

P 

1 - 1  J, 
1 2 I c L . G . = x ~  I 

TcM!C. cM.C. 

h1.C. + L.C. 

I I I I 

r I I 1 
pure 

microphase Mixed microphase 1 M.C. I M.C. + L.C. 

I I I 1 I 

microphase Mixed microphase 
M.C. + L.C. 

pure microphase 
M.C. I 

SCHEME 2 Schematic representation of the distribution of the two species in the two microphases (M.C.: 
main chains, L.G.: lateral groups). 
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0.20 

0.15 

0.10 

0.06 

0.00 

TABLE IV 

Numerical data for the physicochemical specfications giving the partition of the main and side chains of 
the polymers 

- 0.5 

4 c ,  0.4 

0 0 
0 

. 
1 1 m. 0.3 
+I 

0.2 

0.1 

0.0 

X2 
Polymer XI X, x1 x2 G . C .  G . C .  Y I  = 

2 l+X, 
= CL.Ii. =x1X1 =x2x2 

PI 0.603 0.397 0.166 0.834 0.1 0.503 0.558 0.442 
P2 0.686 0.314 0.481 0.519 0.33 0.356 0.53 1 0.469 
p, 0.734 0.266 0.521 0.479 0.382 0.351 0.568 0.432 
p4 0.781 0.219 0.688 0.312 0.537 0.243 0.525 0.474 

T leads to the dissociation of the system in pure and mixed microphases inducing two 
glass transitions for the quenched samples. For very high ( T ~ )  or very low ( T ~ )  content in 
lateral groups, one can expect (Scheme 2a and f )  a homogeneous system exhibiting at 
room temperature a mixed smectic microphase or a pure amorphous phase repectively. 
Although the composition of the mixed microphase remains constant, surprisingly 
(Table IV), the glass transition temperatures TG1 -of the main chain in the pure 
microphase - and TG2 - of the mixed microphase - increase with the content in func- 
tional side groups. This can be understood by the mutual dynamic interaction between 
main chains and lateral groups. Thus, the increase of TGl from P ,  to P, can be 
interpreted by the decrease of the main chain mobility in the pure microphase. This 
phenomenon can result from topological constraints due to the phase seperation that 
confine anchoring points between lateral groups and main chains at interfaces between 

y2 

FIGURE 6 Plot of the initial quantum yield ofdimerization 9, and of the calculated weight fraction y ,  of 
CSA ester in segregrated microphases as a function of the average macroscopic weight fraction X, of CSA 
esters in polymers P, -4 in the condensed state. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
25

 1
8 

Fe
br

ua
ry

 2
01

3 



310 J. M. BUlSlNE et al. 

both phases. This effect is, of course, expected to be strongly dependent on the value of 
z since this parameter controls the average length of the dimethylsiloxane segments 
between two functionalized units. 

In the layered microphase, the proportion of main chains is important (yl = 55%)  
and induces disorder. For polymer P,, despite the lack of high order at molecular level 
and microphase level, a certain rough organization of the microdomains induces shape 
birefringence' which explains the optical anisotropy of the photosensitive poly- 
siloxane. 

The peculiar distribution of the photosensitive lateral groups suggested by 
photoreactivity studies" is confirmed by the present thermophysical studies. The 
loss of photoreactivity as determined by measuring the dimerization rate immediately 
after heating the polymer samples above the clarification temperature (ca. 45 "C) 
is in qualitative agreement with the conclusions of the present study. The transition 
to a homogeneous molten state obviously results in diluting in the silicone rich 
region in the side groups previously packed in the ordered domains. The observed 
invariance of the initial quantum yield Q0 for various macroscopic concentrations 
in functional side groups is correlated with the actual concentration y ,  of the 
dimerizable side groups in the segregated microdomains, as exemplified in the diagram 
of Figure 6. 

6. CONCLUSION 

Although CSA acid and its simple alkyl ester derivatives only exhibit crystalline 
structure, layered (smectic or crystalline) arrangement was evidenced at - 20 "C for the 
model compound containing the same type of functionality coupled to an oligomeric 
trisiloxane. The series of reactive polysiloxanes containing various amounts of func- 
tional units shows phase separation. The photosensitiveesters are gathered with part of 
the main chains in the ordered microdomains dispersed in a silicone-rich phase. The 
weight fraction of reactive side groups in the mixed microdomains was determined by 
calorimetric measurements. Simple calculation based on the changes of heat capacity 
allows determination of the composition of the segregated systems observed at room 
temperature with the various functionalized silicone copolymers. According to this 
model, the results indicate almost unchanged composition of the segregated micro- 
phases from one polymer to another. Several observations based on bulk state 
photochemistry showed a leveled reactivity independent of the macroscopic content in 
photosensitive groups. The layered order suggested by WAXS is consistent with the 
clean, reversible photoreaction and with the observed kinetics. The degree of order in 
the mixed microphase is expected to be the prime parameter controlling the 
stereochemistry of the photocycloaddition reaction. The physical characterization 
indicated only short range order, the nature of which is still under question. The 
determination of the structure of the photoproducts should afford useful information, 
as exemplified previously with cinnamic derivatives'. Further derivation of the cross 
linked polymers is currently in progress to allow the stereochemical analysis of the CSA 
ester dimers. 
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