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Abstract--The dielectric properties of unsaturated polyester resins mixed with styrene have been 
investigated in the microwave 1-12 GHz range. The frequency dependence of the permittivity (e~ and ~:'/) 
is typical of an orientational polarization relaxation process. A Davidson-Cole like model fits the 
experimental results reasonably well. A hypothesis on the molecular process is discussed, correlating the 
infuence of temperature and sample composition. 

INTRODUCTION 

Microwave  heat ing  of  polyester  resins mixed with 
styrene leads to copolymerizat ion;  exper imental  
p r o o f  at  the 2.45 G H z  frequency has  been recently 
given [1, 2]. The  appearance  of  heat ,  when  a non-  
conduct ive  mater ia l  is subject  to an  electromagnet ic  
radiat ion,  is generally conceived as caused by the 
dielectric losses. Our  purpose  has  been to discover 
whether  the loss factor  is sufficiently high, in the 
vicinity of  2.45 GHz,  to explain the possibili ty of  an  
easy copolymer iza t ion  process. Little is known  a b o u t  
the dielectric proper t ies  of  polyester /s tyrene in the 
microwave range. Measurement s  at  92 G H z  [3] have 
led to h igh values of  the loss factor,  indicative of  a 
s t rong polar iza t ion  of  the polymer.  

In order  to elucidate the frequency dependence  of  
polar izat ion,  we have per formed dielectric measure-  
ments  in the gigahertz  range on  various low molecu- 
lar weight samples,  using a b r o a d b a n d  system (HP 
Ne twork  Analyzer).  

SYNTHESIS 

Polyester resins have been synthesized by thermal  
po lycondensa t ion  of  phtha l ic  and /o r  maleic anhy-  
drides with propylene  or ethylene glycol. In  any case, 
maleic residues are isomerized into fumaric  in order  
to make  radical  copolymer iza t ion  with styrene poss- 
ible. In two samples (R~ and  R4) propylene  oxide has 
been used (Table  I). 

The  polyester  chains are mixed with styrene (30% 
weight concent ra t ion) .  The chains are short ,  corre- 
sponding  to very low molecular  weight. 

Table 1. Chemical composition of the initial unsaturated polyester 
resins 

Sample GP PO PA MA GE I A MW 
code (moles) 
R~ 1.16 0.64 0.76 0A0 
R 2 1 1.00 41 1300 
R~ 1 0.50 0.50 38 1400 
R 4 1 0.66 0.33 35 1400 
R 6 1.09 0.37 0.63 

GP = glycol propylene; PO = propylene oxide; PA = phthalic anhy- 
dride; MA = maleic anhydride; GE = glycol ethylene; 
I a = acidity index; MW = molecular weight. 

EXPERIMENTAL 

The determination of the permittivity is based upon 
reflexion coefficient measurements, provided by a non- 
automatic HP 8746 B Network Analyzer. A 50 f~ coaxial 
line is connected with the analyzer, the propagating mode 
being the TEM. The polyester/styrene mixtures, which are 
in a viscous liquid form, have been studied in a coaxial short 
circuit terminated cell. 

The modulus and the phase of the reflexion coefficient are 
related to the real and imaginary parts of the permittivity by 
a system of two non-linear equations which may be numer- 
ically solved [4]. The measurements have been made in the 
1-12 GHz frequency range. The real part of the permittivity 
of styrene has been found consistent with published values 
[5, 6]: e'r = 2.40 with a probable uncertainty of = + 3,~i, and 
maximal uncertainty of + 10"/o. 

Statistical analysis of the data and comparison with 
values obtained by the resonant cavity perturbation tech- 
nique (in the X band range) led to a probable uncertainty 
of +9~/o and maximal uncertainty of _+20~i on the imag- 
inary part of the permittivity g~'. These large values are 
fundamentally caused by the manual operating procedure, 
which does not include automatic vectorial corrections. 

The influence of temperature has been studied between 
292 and 338 K. The cell was surrounded by a Joule effect 
heated ceramic. The temperature was measured by a Pt 
resistance thermometer, with an absolute error of +025  K. 

RESULTS AND DISCUSSION 

Ini t ia t ing of  graf t ing by microwave heat ing canno t  
be considered because of  low values of  electrical 
power  (a few milliwatts); this is confirmed by the fact 
tha t  all dielectric measurements  are reproducible  
after  recovering the initial exper imental  condit ions,  
i.e. no  chemical  graft ing occurs under  this microwave 
analysis. 

As examples of  the dielectric measurements ,  dis- 
persion and  absorp t ion  of  R~ are shown in Fig. la  
and  lb.  The  exper imental  results may be fitted, within 
the uncer ta in ty  domain ,  by the Dav idson -Co le  like 
model  

as is shown by the Argand  representa t ion  (Fig. 2). 
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Fig. 1. Dielectric dispersion (Fig. la) and absorption (Fig. lb). 
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Fig. 2. Argand diagram. 

Calculation of the Davidson-Cole parameter [7] leads 
to fl = 0.36: this value is independent of temperature. 

The absorption maximum shifts slowly towards 
higher frequencies as the temperature rises. The relax- 
ation frequency is 3.5 GHz at 292 K and 5 GHz at 
338 K. Intermediate values are consistent with an 
Arrhenius equation 

=f0 exp 7WW~) L (KB~/ 
(Fig. 3), where the activation energy W is 7.1 kJ/mol. 
This value is compatible with Van der Waals bonding 
which induces aggregations of the chains mainly 
responsible for the thermoreversible viscosity of the 
medium. 

The real and imaginary parts of the permittivity (e~ 
and e ' )  exhibit linear evolution over the studied 
temperature range (Fig. 4); the slope decreases as the 
frequency increases (Table 2). The dielectric re- 
sponses of all the samples are qualitatively very 
similar. The large uncertainty inherent in the 
measurement technique [8] makes precise comparison 
difficult but the most important and less ambiguous 
feature is that the highest absorption values are 
observed in R 2 and the lowest in R4 as shown in 
Fig. 5. 

The chemical structure of the polyester chain may 
be represented thus: 

The C = O  units are known to be dipolar. The 
electric moment has been measured on carbon mon- 
oxide in the gaseous state [6] and is 0.112 D. They are 
involved as side chain groups coming from maleic 
and phthalic anhydrides. 

From a mechanical point of view, the chain may be 
considered as a sequence of flexible segments con- 
nected by units having rigidity caused by double 
bonds. A priori, two elementary movements are poss- 
ible. The C = O  units may turn around the axis of the 
chain. The mass of these entities being small, easy 
displacement is expected. 

Phthalic anhydride gives rise to the segment 
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Fig. 3. Temperature dependence of the relaxation frequency 
of R~. 
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Table 2. Slope of dielectric permit- 
tivity vs temperature 

~g,  ' ] 

~T 103 

2 10.3 8.12 
5 8.0 7.80 
8 6.0 3.84 

10 3.2 3.36 

The possible rotation around the axis (1) involves 
the phenyl group so that, in comparison to the first 
case, it involves a heavy group. This displacement is 
probably hindered by interaction with the phenyl 
group of styrene, which superposes. 

More complex movements than these two elemen- 
tary processes may arise because of the flexibility of 
segments within the chain. Brownian motions are 
indeed responsible for strong deviation from linearity 
of the chains. So it is difficult to propose simple 
"crankshaft" motion as would be possible in solid 
polymeric materials. 

The flexibility of the chain may introduce inter- 
action between dipolar species. As Work e t  al. [9] 
recently reported, the Davidson-Cole parameter is a 
measure of intrachain interaction: # has been found 
to be smaller than unity and indicates interactions 
within the chains. 

The striking point is that, even in the absence of 
phthalic anhydride, relaxation processes occur. Com- 
parison of the resins R2 and R4 indicates that the 
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Fig. 5. Absorption at 333 K in the polyester/styrene 
samples. 

absorption grows as maleic concentration increases. 
This correlation gives logical support to the hypoth- 
esis by which C = O  units coming from maleic anhy- 
dride play a fundamental role in the observed relax- 
ation process. 

Finally, we stress the following important point: 
contrary to the Debye [10] or Fr6hlich [11] models 
which predict 

1 
T i p ,  v = -- ~ (g,s --  'f:~ ) 

the experimental data lead to a positive slope 

6Tip . , .  > 0 

Accordingly to Daniel [12] this increase corre- 
sponds to a case where most of the free energy 
F = U - T S  of the field is stored in an energy content 
U rather than in a T S  term where S represents 
entropy. 
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