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Dielectrical properties of u.v. cured acrylated 
polysiloxane films 
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The dielectric properties of f i lms obtained through u.v. curing of an acrylated polysiloxane 
resin were evaluated in the temperature range from - 136 to 24 ~ Different relaxation 
processes (cx, 13, 7, (5), characterized by decreasing dielectric relaxation intensities, were 
evidenced and quantitatively analysed: the a( process was attributed to the glass transition 
process on the basis of the dynamic mechanical spectrum of the f i lm and of its behaviour at 
different temperatures. The other processes (13, 7, 5), weaker than the ~ process, could be 
attributed to local dipolar motions present, even at low temperatures, in the polymer network. 

1. Introduction 
In the last years interesting structures of functional- 
ized oligomers have become available. In particular 
different 0t-e)-diacrylates have been prepared which 
can give rise, after a curing reaction, to networks 
having specific properties and applications [1]. 

We use the u.v. curing technique for the bulk poly- 
merization of the reactive oligomers; this technique is 
very suitable for obtaining complete and clear curing 
giving rise to polymeric networks with a well defined 
chemical structure [2]. The main applications of this 
technique are in the field of coatings, inks and in the 
electronic industry. 

In this work we have considered an 0t-o)-diacrylated 
oligomer containing a polydimethylsiloxane segment 
linked at the ends to two poly-caprolactone segments. 
The oligomer was cured by u.v. curing technique; its 
relevance for applications is related to its use as an 
additive of u.v. curable coatings for modifying their 
properties. 

Dielectric measurements as a function of tempera- 
ture and frequency and mechanical and optical 

measurements as a function of temperature have been 
performed with the aim of characterizing the dynamic 
behaviour of this material. 

2. Experimental procedure 
2.1. Materials 
As starting material an acrylated siloxane oligomer 
was used (80% solution in xylene), kindly supplied by 
BYK-Chemie (Wesel, Germany). The product is based 
on a polydimethylsiloxane having a,o)-hydroxypropyl 
groups. The OH-groups were esterified by ring open- 
ing reactions with caprolactone giving rise to a poly- 
ester modified polydimethylsiloxane. Afterwards the 
terminal OH-groups are reacted with isophoronedi- 
isocyanate resulting in an isocyanate functional 
preadduct. The two isocyanate groups are then reac- 
ted with hydroxylethyl acrylate resulting in a dia- 
crylate functional polysiloxane adduct. 

The structure of the obtained oligomer can be sche- 
matized as follows 

where 

R - [ - O - ( C H 2 ) s - C O - ]  6 - A -  ( - O - S i - ) ,  4 - A - E - O - ( C H 2 ) 5 - C O - 3 6 - O - R  

CH3 

R = 

CH3 

I 
A = -Si - ( C H 2 ) 3 - O -  , 

I 
CH3 

CH2 -~ CH-CO-O-CH2-CH 2-O-CO-NH-R'-NH-CO- 
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and R' is the isophorone group. The average molecu- 
lar weight ~r was 3200 + 5%. The Si content of the 
resin was 12.5%, which corresponds to a 33.0% con- 
tent of polysiloxane oligomer. 

The added material of benzyldimethylketal (4 wt%) 
as photoinitiator was spread on a flat surface using the 
procedure previously reported [-3, 4]. Films having 
thickness between 100 and 200 gm were obtained: 
they were u.v. irradiated under N2 atmosphere until 
all the acrylic double bonds disappeared. The i.r. band 
at 1633 c m ,  a was used for monitoring the acrylic 
double bond conversion which was found complete in 
any case. The films were colourless and transparent at 
room temperature indicating an homogeneous struc- 
ture in agreement with dynamic-mechanical measure- 
ments. It was observed that the studied oligomer flows 
very slowly under constant stress yet exhibits elastic 
properties upon sharp impact. 

2.2. Testing methods 
For dielectric measurements a two-electrode conden- 
ser, made up by two rectangular copper electrodes of 
about 5 x 10 mm 2 with a rectangular sample cut from 
a leaf of the sample, 120 gm thick, inserted between 
them, was used. The light pressure exerted by an 
electrically insulated hairgrip held the two electrodes 
in place, providing the adherence of the sample to the 
electrodes and preventing the formation of an air layer 
between them and the sample. The choice of such 
a system was due to the fact that it was not possible to 
use silver paint electrodes, since chemical interaction 
between the paint solvents and the sample had been 
observed. 

Two-electrode capacitance and conductance 
measurements of such a condenser, at different fre- 
quencies and temperatures, has been performed by 
means of a General Radio bridge model 1616, whose 
frequency range spans from 10 Hz to 100 kHz. The 
working voltage applied to the sample was about 
0.5V. 

Because of the difficulties of evaluating the vacuum 
capacitance Co of the condenser, only values of 
capacitance C and conductance divided by the angu- 
lar frequency G/o~ will be reported in this work, 
instead of the real and imaginary part of the permit- 
tivity. However, the former are closely related to the 
latter by the following equations: 

C(co) -- #(c0)Co, (1) 

 (co) 
- e" Co. (2) 

(O 

Preliminary measurements showed the existence of 
relaxation processes around and below room tempera- 
ture, thus measurements at constant temperatures, 
over the whole frequency range of the bridge have 
been performed from about - 136 ~ to room tempera- 
tures. Unfortunately, at temperature above 0 ~ the 
presence of d.c. conductivity, which affects conduc- 
tance measurements in the low frequency region and 
whose contribution to G(co)/m becomes more and 
more relevant as the temperature increases, makes 
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measurements above room temperature less useful to 
the purpose of studying dielectric relaxations. 

The dynamic-mechanical storage modulus E' and 
the mechanical loss tangent were measured, as a func- 
tion of temperature from - 5 0 ~  to 150~ with 
a Rheovibron instrument DDV-II at 110 Hz on a strip 
of the u.v. cured polymer. The size of the strip was 
1.0 x 4.0 x 0.02 cm [3]. 

The refractive index n D was measured at different 
temperatures, from about 12 ~ to 70 ~ with an accu- 
racy of _+ 0.0005 with an Abbe refractometer (Officine 
Galileo) illuminated by the yellow light of a sodium 
lamp. Technical difficulties prevented us performing 
measurements at lower temperatures. 

3. Results and discussion 
Fig. 1 (a) and (b) report the values of (i/(o versus fre- 
quency and Fig. 1(c) and (d) the values of C versus 
frequency at temperatures from -136  ~ to 24 ~ 

The main characteristic emerging from the graphs 
of Fig. 1 is the presence of multiple relaxation proces- 
ses. In fact, the shapes of the plots of G/o~ exhibit 
anomalous tails in the regions of lower and higher 
frequencies. This behaviour, which is typical o f  poly- 
meric materials, can be interpreted by means of the 
superposition of two or more relaxation proces- 
ses [5-7]. In the range of frequencies and temperature 
explored in our measurements four different relax- 
ation processes were observed. 

According to the generally accepted use the loss 
peak observed at the highest temperature (at a given 
frequency) or at the lowest frequency (at a given tem- 
perature) is defined as the 0t peak; 13, 7, 5 and following 
symbols are used to identify other relaxation processes 
in order of decreasing temperature or increasing fre- 
quency. 

The analogous Cole-Cole plots, that is the graphs 
of G/o3 versus C, not reported in this work, showed 
very flat arcs suggesting that also a distribution of 
relaxation times is present in each of the relaxation 
processes [5]. To fit the experimental data with a 
suitable function taking into account both :the super- 
position of different relaxation processes and the dis- 
tribution of relaxation times in each of them, we used 
a superposition of Cole-Cole-like equations 1-5] for 
C(o)) and G(o3)/o3 resulting in the following equations 

N 

c( o) = + E AC, 
i = l  

1 + (c0zi)x-~'sin(�89 
X 

1 + 2(cozi)l-~'sin(�89 + (c0zi) 2(1-~') 

6((o) 
- ~ A C i  

fl) i = 1  

X 
1 

(3) 

1-*cos(�89 
+ 2(co'q)l-~*sin(�89 + (co'q) 2(1-~0 

(4) 

where N is the number of superposed relaxation pro- 
cesses observed at each temperature and ai, ~i and AC~ 
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Figure I Experimental values of G(o@/o~ in pS rad- a s 1 (a) and (b), and of C(fo) (c) and (d), versus frequency v, at different temperatures: 
( •  136.5 ~ ( * ) -  121.8 ~ ( O ) -  110.5~ ( m ) -  90.8 oc; ( ~ ) -  70.3 oc; ( Y ) -  55,4oc; ( , ) -  42.1 ~ ( + ) -  28.6 ~ (T3)- 15.0~ 
(t:~) 1.9~ (~) 11.5~ (O) 17.8~ (A) 20.7~ (&) 24.3 ~ 

are, respectively, the Cole-Cole distribution para- 
meter, the main relaxation time and the difference 
between the value of C at tow and high frequencies for 
each relaxation process, and C~o is the high frequency 
capacitance. 

The choice of a Cole-Cole function to account for 
the distribution of the relaxation times is mainly due 
to its relatively simple mathematical expression and, 
moreover, because there was no relevant reason lead- 
ing to the use of a different approach, for example, 
a particular asymmetry in the Cole-Cole arcs. 

The fitting procedure has been performed by first 
analysing the plot of G(o))/co versus frequency at each 
temperature by means of Equation 4, determining 
from this analysis the best values for the parameters 
~,  % and AC~, and then using these values to deter- 
mine the best value of C~ fitting the experimental data 
of C(o~) by means of Equation 3. This procedure takes 
into account.that C(co) and G(o3)/co are  related 

through the equivalent of Kr6nig-Kramers relations 
and, therefore, the set of parameters ~ ,  % and ACI 
must be the same for both G(co)/o and C(co) at a given 
temperature. 

At temperatures above 0 ~ as already mentioned, 
we had to consider also the presence of d.c. conductiv- 
ity affecting the measurements of G(e~)/o in the low 
frequency region. To take into account this effect, 
when present, a term inversely proportional to c0 has 
been added to the expression of G(e@/e~ so that Equa- 
tion 4 becomes 

G(o~) K n 
= -- + ~, ACi 

(.0 ~ i=1 

(~ , )1  -~,COS(�89 
x 

1 + 2(~) l -~"sin( �89 + ( ~ 3  m-~ ' )  

(5) 

where K is the temperature-dependent d.c. conductance. 
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T A B L E  I Values of  the parameters ACt in pF, eq and xt in s, for the different relaxation processes, together with K and C~ at different 
temperatures, obtained from the best fits of  experimental data using the superposition of  Cole-Cole- l ike  functions 

T ~ Relaxation process K (pS) C| (pF) 

13 7 

-- 136.5 ACt 0.27 
:q 0.69 
q 1.57 x 10 2 

- 121.8 ACt 1.02 0.41 
cq 0.73 0.69 
"c t 1.13 x 104 5.54x 10 -3 

-- 110.5 ACt 0.94 0.50 
eq 0.73 0.69 
zt 1.11 x 103 2.13 x 10 -4 

-- 90.8 AC, 0.84 0.47 

at 0.74 0.66 
"q 6.70 1.02 x 10 - s  

-- 70.3 AC~ 0.85 0.54 

~t 0.72 0.63 
~ 5.70x 10 -2 9,91 x 10 -7 

- 55.4 ACt 0.87 0.56 
~t 0.72 0.61 
~ 1.16x 10 -3 1.07x 10 -7 

-- 42.1 ACl 5.39 0.96 0.58 

~i 0.73 0.71 0.63 
3, 5.60 x 10 '~ 9.53 x 10 -5 3.39 x 10 - s  

- 28.6 ACt 5.65 1.39 0,53 
~t 0.75 0.72 0.63 
"q 4.96 x 103 9.53 x 10 -6 3.19 x 10 -9 

-- 15,0 ACt 5.62 2.24 0.53 
al 0.76 0.76 0.63 
"q 3.97x 10 z 1.21 x 10 -6 1.07x 10 -9 

1.9 ACt 5.76 .2.81 
~t 0.76 0.71 
zl 5.84x 10 -1 1.23 x 10 -7 

11,5 AC, 5.82 2.79 
~ 0.75 0.70 
~i 2 .90x 10 -2 4.92x 10 -8 

17.8 AC~ 5.85 2.86 
~t 0,75 0,66 
xt 3.47 x 10 -a  2.15 x 10 - s  

20.7 kCi -5.74 3.04 

cq 0,74 0.57 
zt 3.07 x 10 -4 9.85 x 10 -9 

24.3 ACI 5.52 3.28 
~ 0.73 0.47 
zt 6.48 x 10 -5 9.85 x I0 -9 

0,03 

0,39 6,62 
1.47 x 10- s 
0.04 
0.41 6.64 
9.39x 10 -6 

0.05 
0.34 6.67 
6.74x 10 -6 

0.05 

0.49 6.76 
4.40x 10 -7 

6,86 

6.84 

6.90 

6.90 

6.53 

1.51 6.61 

4.60 6,51 

5,05 6,30 

14.39 5.88 

23.82 5.28 

In Table I the values of the parameters ACi, a~ and 
zi obtained from the best fits are reported together 
with K, when present, and C~o. The four different 
relaxation processes observed were labelled at, ~, y and 
8 in order of decreasing temperature; they are charac- 
terized by decreasing dielectric relaxation intensities 
in the same order. 

We have to emphasize that at each temperature only 
two or three relaxation processes, among 0t, 13, y and 8, 
give a significant contribution to the relaxation spec- 
trum. At higher temperatures only the a and 13 pro- 
cesses were considered since the tails of the 7 and 
8 processes were negligible. Below 0 ~ the third relax- 
ation process 7 became relevant, while below - 4 0 ~  
the 0t process contribution became, in turn, negligible. 
At - 9 0 ~  the fourth relaxation process 8 became 
observable and, finally, at the lowest temperatures only 
the 7and 8 relaxation processes were taken into account. 
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From the results of our analysis, we can observe 
that the investigated films show a main relaxation 
process Qt which exhibits maxima of G(m)/m in the 
frequency range of our measurement system at about 
room temperature, although partially hidden by the 
rise of d.c. conductivity with the rise of temperature, as 
one can see from Fig. lb. 

Correspondingly, dynamic-mechanical measure- 
ments at 110 Hz, reported in Fig. 2, show a decrease of 
several orders of magnitude of the elastic modulus, 
associated with a peak of the mechanical tan 8 with 
the maximum at about 23 ~ 

Fig. 3 reports the refractivity values of the cured 
film, defined as nD -- 1, as a function of temperature. 
A best fit of experimental data with a single straight 
line shows that some points are far from this line by 
more than the standard deviation. For this reason 
the temperature range has been divided into three 
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Figure 3 Refractivity data versus temperature. 

consecutive intervals and the experimental points in 
each of them have been fitted by means of different 
straight lines. The equation for each line is 

riD-- 1 = A T  + B (6) 

where T is the temperature in degrees centigrade and 
A --- dnD/dT represents the thermo-optic coefficient of 
the material [8]�9 The best fit procedure gives: in the 
temperature range from 12~ to 22~ A =  
- 3.51 x 10-4 ~ -1, B = 0.4893; from 22~ to 38 ~ 

A = - 2.41 x 1 0 - 4 ~  - 1 ,  B - -  0.4866; from 38~ to 
70~ A = - 3.29 x 10-4~ -1, B = 0.4901. In Fig. 3 
segments of the three best fit straight lines are also 
shown. The first change of dnD/dT could be assigned 
to the 0~ transition in agreement with the results of 
dynamic-mechanical measurements. No explanation 
at the moment are possible for the second variation of 
dnr /dT  at about 40 ~ although this variation of the 
thermo-optic coefficient could be related to a subtle 
structural transition not detected by dielectric or 
mechanical measurements. 

A secondary relaxation process [3 presents dielectric 
loss peaks with maxima in our frequency range at 
temperatures between - 28 ~ and - 70~ These 
peaks are characterized by a narrower distribution of 
relaxation times with respect to those of the ~ process, 
but their height, evaluated by the expression [5] 

(G(co)~ 1 cos (~, (~/2)) 
~--Jmax -~-~ ACI 1 + sin(ain/2) '  (7) 

increases with increasing temperature, while the height 
of the peaks of the 0~ process remain roughly constant. 

For  temperatures below - 7 0 ~  and above 
- 1 3 0  ~ the y and ~ processes show loss peaks in the 

explored frequency range. Their characteristic broad- 
ness and height are less relevant than those of t h e  
previous processes, but their presence reveals the 
existence of dipolar motions in the polymer chain even 
at low temperature. 

In Fig. 4 two of the most significative graphs are 
presented in which, beside the experimental points, the 
fitting curve together with the curve representing each 
process taking part to the superposition of relaxation 
in process are drawn. In Fig. 4b, which represents data 
at the highest temperature, the contribution of d.c. 
conductivity is also drawn. 
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Figure 4 Experimental points of G(o~)/o~ versus frequency and fitting curves: (a) at - 90.8 ~ and (b) at - 24.3 ~ 
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The inverse of the dielectric relaxation times, i.e. the 
relaxation rates determined through the best fits of 
experimental results are plotted in a semilogarithmic 
graph versus 1000/T in Fig. 5, where T is the absolute 
temperature in ~ The relaxation rates of the four 
relaxation processes found in our analysis are distrib- 
uted along four curves. The high temperature parts of 
such curves exhibit a linear behaviour whose slopes 
represent the apparent activation energy of each pro- 
cess according to the law 

1 _ 1 exp ~ (8) 
"17 gO 

in which % is a proportionality constant, k is the 
Boltzman constant, and EA is the activation energy. 

By fitting the experimental points in the graph of 
Fig. 5, we obtained the values of EA which are: 
25.0 kcalmol - t  for the a process, 8.3 kcalmo1-1 for 
the 13 process, 5.0 kcalmol-t  for the 7 process and 
3.5 kcalmo1-1 for the 8 process. 

4. Conclusions 
For polymers in the amorphous state a relaxation 
region is observed at temperatures around and above 
the glass transition temperature Tg. This relaxation is 
usually labelled 0~ and is referred to as the primary or 
glass-rubber relaxation [6]. It is frequently the most 
prominent dielectric loss peak and it is characterized 
by an amplitude slowly varying with temperature, 
while the 13 peaks appear relatively broader with re- 
spect to the 0~ peaks and their amplitude decreases 
with decreasing temperature. 

The investigation of the dielectric, mechanical and 
optical properties of the u.v. cured acrylated poly- 
siloxane films, evidenced different relaxation pro- 
cesses. The relaxation process observed at the highest 
temperature was attributed to the cx process either 
because of the typical behaviour of the relaxation 
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process itself at different temperatures and because the 
dynamic-mechanical measurements show a relevant 
decrease of the elastic modulus in the same tempera- 
ture range (Fig. 2). In fact, as we can see from the data 
of Table I and by means of Equation 7, the amplitude 
of the 0c peak remains roughly constant at different 
temperatures, while that of 13 peaks increases with 
increasing temperature. 

We can observe the high value of Tg presented by 
the investigated system (about 23 ~ with respect to 
the Tg values of poly-dimethylsiloxane ( -  127 ~ [9] 
and of poly-caprolactone ( -  64 ~ [10]. The presence 
of the acrylic and particularly of the rigid urethane 
structures can explain the high increase in the 
Tg value. 

As far as the other low temperature relaxation pro- 
cesses are concerned, they can be attributed to dipolar 
motions present in the system even at low tempera- 
tures. Usually, to account for secondary relaxations, 
torsional oscillations and local conformational 
transitions of the skeletal bonds, crankshaft and kink 
motion and motion of side groups are invoked [11]. It 
is impossible at the moment to attribute these relax- 
ation processes to a particular polar group motion, 
due to the complexity of the molecule. In fact, in the 
investigated system many different structures are pre- 
sent, namely polysiloxane, polyether, ester and 
urethane structures which could give rise to different 
relaxation processes. However, these relaxations can 
be attributed to restricted local motions in the mate- 
rial which do not influence the mechanical properties, 
at least to -50~  as we can see from the dy- 
namic-mechanical spectrum of the material. Recent 
studies devoted to explain the weak 13 absorptions of 
some model compounds of polyacrylates at the mol- 
ecular level [-12] suggested that intermolecular inter- 
actions must play an imp6rtant role in the origin of 
such relaxation processes. 

The temperature dependence of the refractive index 
is characterized by thermo-optical coefficients with 
values typical of organic compounds and, in particu- 
lar, of polymers [13]. The existence of temperature 
regions with different thermo-optical coefficients can 
be due to structural transition phenomena which 
could take place in the polysiloxane film studied. Fur- 
thermore, it is to be noted that in correspondence with 
the temperatures at which a change in the thermo- 
optical coefficient occurred, the dielectric and mech- 
anical measurement revealed the existence of the glass 
transition. 
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