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Variation of the microwave dielectric permeability of the 
acrylamide--calcium nitrate system during its spontaneous polymerization 
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The kinetics of the variation of the complex dielectric permeability at microwave 
frequencies of 1.1, 1.7, 2.7, and 10 G Hz during spontaneous polymerization of acrylamide in 
the presence of the hydrate of calcium nitrate was studied. The microwave conduction of this 
system has an ionic nature. It was assumed that some of the water liberated during the 
polymerization is both transformed into a bound state and forms microinclusions of an 
electrolyte solution in the bulk of the polymer. 
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In recent  years, considerable  interest has been gener-  
ated in the polymer iza t ion  o f  complexes  of  crystal hy- 
drates o f  metal  ni trates with acry lamide  due to the 
discovered thermal ly  induced frontal and spontaneous  
polymerizat ion at room temperature,  t,2 Water  of  crystalli- 
za t ion par t ic ipates  in the polymer iza t ion  and plays an 
impor tan t  role in it. 3 It is also known that  the dielectr ic  
permeabi l i ty  o f  water  undergoes a dispersion in the 
microwave region,  and therefore its molecules  can serve 
as a kind o f"probe"  for structural  rearrangements  occur-  
ring during polymer iza t ion ,  which permits  the use of  
dielectr ic  microwave spectroscopy for the investigation 
o f  this process.  Moreover ,  the dielectr ic  propert ies  of  
meta l -conta in ing  polymers in the microwave range, which 
are of  interest  in themselves,  have not been studied. 4,5 
An except ion is the tentative result 2 obtained in the 
measurement  o f  the kinetics of  the dielectr ic  permeabi l -  
ity of  a c r y l a m i d e - - c h r o m i u m  nitrate and ac ry lamide- -  
b ismuth ni t rate  systems during their  spontaneous  poly-  
mer iza t ion  at a f requency of  2.7 GHz .  It was noted that  
the  imaginary  part  o f  the  dielectr ic  permeabi l i ty  e" in-  
creased dramat ica l ly  (by ~20 t imes)  after the complex  
format ion,  but  no explanat ion of  this fact was presented.  

In the present  paper ,  we discuss the results o f  an 
exper imenta l  s tudy of  the variation o f  the complex  
dielectr ic  permeabi l i ty  (DP)  in the microwave range 
during the spontaneous  polymeriza t ion  of  acrylamide  
(AAm) in the presence of  Ca (NO3)2"4H20 .  

Experimental 

The Ca(NO3) 2 " 4 H 2 0 - A A m  system for the polymeriza- 
tion was prepared from reagents of the "pure for analysis" and 
"pure" grades in 1 : 3 and I : 8 molar ratios (systems 1 and 
II, respectively). 2 After separation of the water of crystalliza- 

tion, the samples were placed in glass tubes with diameters 
from 0.2 to 1.2 mm, depending on the frequency range and on 
the magnitude of dielectric losses in the samples. The real e '  
and imaginary e" parts of the complex dielectric permeability 
were determined on an automated radiophysical test bench by 
a modified resonance procedure 2 at frequencies of ~1.1, 1.7, 
2.7, and 10 GHz. The time required for passing the resonance 
curve is ~1 s. The accuracy of the measurement o f e  ° is 5 %, 
that for e" is 10 %. Each point in the experimental curve is the 
average value over 3--10 measurements carried out at intervals 
of 20--30 s. The experiments were carded out at 21--23 °C 
and a relative moisture of 45--55 %. The maximum warming- 
up of the sample (measured by a thermocouple) during 
polymerization did not exceed 1 °C. To inhibit the polymer- 
ization up to the beginning of the measurements (~10 min), 
~0.01% phenothiazine was added to the mixture as an inhibi- 
tor. Evaporation of water was monitored gravimetrically and 
did not exceed 0.1%. 

Results and Discussion 

Figure 1 presents typical kinetic curves for the  vari-  
at ion of  e" and e" during the spontaneous  po lymer iza-  
t ion of  the C a ( N O 3 ) 2 " 4 H 2 0 - - A A m  system at f requen-  
cies of  1.1 and 10 GHz .  Note  the  character is t ic  differ- 
ence in the behavior  of  e" and e ~ in the  low-frequency 
(LF)  and high-frequency (HF)  regions o f  the  microwave 
range. For  example ,  whereas substantial  variat ions of  the 
DP can be seen at 1.1 G H z  (e '  changes ~ l . 4 - fo ld  and E ~ 
changes ~6-fold),  at 10 G H z  these variat ions are slight. 
Note  also that  the e ~ value at a f requency o f  1.1 G H z  in 
the initial stage of  the spontaneous  po lymer iza t ion  is 
a lmost  2.5 t imes higher than the dielectr ic  losses in pure 
water  (c ~ = 5.5) 6 (the initial dielectr ic  permeabi l i t ies  of  
the  components  o f  the mixture were as follows: for 
calc ium nitrate e '  = 6.2 and e ~ = 0.2, for AArn,  e '  = 
2.4 and e" = 0.16). Another  character is t ic  feature o f  the 
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Fig. 1. Time dependence of e ' ( l ,  2) and c"(l~ 2") during the 
spontaneous polymerization of mixture I at frequencies ~1.1 
(1, 1") and ~10 (2, 2") GHz. 

curves obtained is the presence of  out-of- the- l ine points 
of  ~' differing in amplitude and position from sample to 
sample. In some cases, the difference in the E" values 
between neighboring points is ~5 times greater than the 
error of  the measurements;  the deviations of  the outly- 
ing ~" values are close to the error of  the measurements. 
They decrease with an increase in the electromagnetic 
field frequency (see Fig. 1, curves 1 and 2). In systems 
that do not polymerize, no outliers are observed. 

In all cases o f  monitoring the DP,  the maximum rate 
of  variation of  e" was achieved after 15--20 min (by this 
time, the temperature of  the sample was virtually maxi- 
mum,  AT= 1 °C), but 120--140 min later the variations 
were slight. At this time hardening of  the sample was 
largely completed. The e ' ( t )  and E"(t) values at frequen- 
cies of  1.7 and 2.7 G H z  occupy an intermediate position 
between those shown in Fig. 1; the absolute values o f e '  
and e" in the system 11 are ~20--30 % lower than those 
in the system I. 

A number  of  regions can be conventionally distin- 
guished in the frequency dependences of  the e '( t)  and 
e"(t) kinetic curves, which reflect complex relaxation 
curves in the polymerizing system. These regions are 
seen most clearly in the c"(t) curves (see Fig. I): I is the 
region corresponding to the induction period caused by 
the effect of  the inhibitor added, l i  is the region of  rapid 
changes in ~"(t), H I  is the region where the curve 
flattens out, and I V  is the region of  slow changes. To 
construct the frequency dependences of  ~ ' 0  e) and c"(f), 
we formally chose characteristic periods within these 
regions: t I is the time of  the beginning of  measurements, 
which is +3--8 rain after mixing the components  of  the 
system; t 2 corresponds to the maximum rate of  variation 
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Fig. 2. Frequency dependence of ~'(1--3) and ~"(1"--3") of 
mixture 1 for periods of time t I (1, 1")and t 4 (2, 2" and the 
dependence calculated from Eqs. (1) for time t I at <~ = 
0.43 Ohm -1 m -I (3, Y)+ 

of  e"(t) (~15--20 rain); t 3 is the time of  flattening-out 
(estimated from the intersection of  the tangent drawn at 
the point of  the maximum change of  E"(t) with a tangent 
to region IV) ( -30--60  min); and t 4 is the conventional 
time of  the beginning of  region I V  ( -120--140 min). 
The decrease in ~"(t) in this region is no more than 5 % 
over a period of  ~14 h, which makes it possible to 
evaluate t 3" Fig. 2 presents the frequency dependences 
of  DP for times t I and t 4 characterizing the beginning 
and end of  rapid changes in ~". 

A common  feature of  all the regions distinguished is 
a decrease in ~' with an increase in the frequency, which 
is equal to -30- -35  % for time t I and - 5 - - 1 0  % for t 4. 
The dependence of  E" on frequency is more complex. 
Whereas a sharp decrease in ~" with an increase in 
frequency (almost sixfold over the range in which the 
measurements were carried out) is characteristic of  time 
tl, the value of  E" virtually does not change in the 
HF-reg ion  during t ime t 3 and markedly increases 
during t 4. 

The high values of  the components  o f  DP suggest 
that the greatest contribution to the DP of  the system is 
made by the water and its state; therefore, it is natural to 
compare the results obtained with the Debye theory of  
dipole relaxation, 7 without complicating the considera- 
tion by the use of  modified Debye equations for multi- 
component  and heterogeneous systems with a set of  
relaxation times 7-9 and by distinguishing the "average" 
relaxation time. In this case, expressions for the compo-  
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nents o f  the complex DP are written in the following 
form: 

e, = iz00 + [ 0  - -  I~00 IZ" = (80 - -  IZ00) t-°x 
1 + o ) 2 T  2 ' 1 + 0)2"¢ 2 ' (1) 

where E 0 and c00 are static and limiting high-frequency 
DP, respectively; to = 2nf, f is the frequency of  the 
electromagnetic field; x is the relaxation time. 

The experimental c ' ( f )  and c"(/') dependences ob- 
tained for characteristic times tl, t 2, t3, and t 4 were 
compared to those calculated from Eq. (1), using a PC, 
by selecting the e 0, E00, and x parameters. 

The high value of  c" and its frequency dependence,  
which differs markedly from (1), indicate that the con- 
duction o f  the system may contribute to e". To verify 
this suggestion we determining the complex DP in a 
water-swollen polymer obtained from mixture I prior to 
and after the washing-out  of  Ca ions l° (polymer : water 
ratio 1 : 9). The results are shown in Fig. 3. Whereas in 
the absence o f  Ca ions, the frequency dependences of  E' 
and e" are close to those for the DP of  water 6 and can be 
described by formulas (1), in the presence of  these ions, 
the frequency dependence o f  e" is close to the l / f  plot 
typical of  conduct ing dielectrics. 7 This indicates that the 
conduct ion of  the system formed has an ionic nature. 
Replacement o f  calcium nitrate by erbium(m) nitrate 
incorporating the metal, whose atomic weight is almost 
4 times as great as that of  calcium, leads to a 2.9-fold 
decrease in e", which also supports our conclusion. The 
introduction o f  an additional term ~/evto (ev is the 
electric constant) that takes into account  the conductiv- 
ity o f  a heterogeneous medium 7,8 to the expression (1) 
for e" leads to good agreement of  the calculated fre- 
quency dependences of  E" with the experimental curves 
(see Fig. 2, Table 1). The presented cr values are close 
to the conductivity values obtained H from the measure- 

80 

60 

40 
% 

20 ~ ~ . . . .  

A I A ~  " ~ A ~ "  ~ ~ 2 "  

I I I I I 

2 4 6 8 f /GHz 

Fig. 3. Frequency dependence o fe '  (1, 2) and e" (1~ 2") for a 
water-swollen polymer from which calcium nitrate was washed 
out (I, I ' )  and in the presence of calcium nitrate (2, 2"). 

Table 1. Calculated values of the ~, a, e0, and e00* parameters 

Period of Mixture T cr e 0 e00 
time /ps /Ohm -l  m -I 

t I 1 220 0.43 20 7 
II 350 0.36 20 5.5 

t 2 1 150 0.35 14 6.5 
II 200 0.20 13 5 

t 3 i 60 0.23 9.5 6.5 
11 90 0.07 8.5 5 

t 4 I 25 0.10 8.5 6 
!I 10 0.03 5.5 4.5 

* The values of the parameters obtained T = 8.5 ps, e 0 = 80, 
e00 = 4 for tridistilled water are close to the literature data. 6,8,13 

ments at direct current. However, the decrease in the 
microwave conductivity during the spontaneous poly- 
merization occurs approximately 4--10 times more slowly 
than that described previously. It The reasons for this 
deceleration will be discussed below. 

The frequency range in which e" decreases narrows 
down during the spontaneous polymerization. This is 
probably due to two processes that occur  during the 
reaction. Initially, when the calcium nitrate hydrate was 
mixed with AAm, the water of  crystallization was liber- 
ated, and an electrolyte solution with a high conductiv- 
ity was formed, the curve for E" is close to l / f  virtually 
over the whole frequency range measured. As the 
polymerization proceeds, microinclusions (clusters 12) of  
water arise, for which e" ~ f 0,8 in the frequency range 
under consideration, t3 Consequently,  during the spon- 
taneous polymerization, a frequency rise o f  e" occurs in 
the H F  region. Calculations performed according to the 
model o f  effective dielectric medium 14 with micro-  
inclusions of  water also indicate that the e" values 
increase in the HF region, if the size o f  microinclusions 
is no more than ~1 ram. This phenomenon  cannot  be 
explained by the relaxation retardation effect (increase 
in conductivity of  an electrolyte solution with increase 
in frequency), t5 since the estimates show that a notice- 
able increase in e"(f) can be expected in this case only at 
frequencies above 50 GHz.  

The appearance of  outliers o f  the DP on the kinetic 
curves may be due to several reasons. First o f  all, the 
outliers o f  the c" values and their frequency dependence 
may be affected by the transition of  water from the free 
state (e" ~ 80) to the bound state (e '  ~ 3) and back; the 
E' value o f  water has a substantial variance in the 
frequency region under consideration, which leads to a 
decrease in the amplitude of  the outliers in the H F  
section of  the range considered. The outliers o f  the e" 
value should not be noticeably affected by the change in 
the state of  water, since the e" value is small. At the 
same time, the outliers of  E" may be caused by the 
instability of  the conduction of  the system and by the 
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related frequency dependence of  c". Second, the varia- 
tion of  e" and z" can be affected by the local appearance 
and disappearance o f  a crystalline phase 16 (a redistribu- 
tion of  relaxation times occurs 7) and by the formation of  
gas bubbles and defects during the polymerization (which 
changes the effective volume of  the sample). Their 
appearance may be due to the change in the volume 
during the hardening of  the polymer. 17 

Table 1 presents the parameters of  Eqs. (1) and 
the a values that led to the best fit of  the calculated and 
experimental data for times t l - - t  4. In general, the 
theoretical and experimental curves for times t l - - t  4 agree 
with an accuracy o f~10- -35  %. This discrepancy can be 
explained by the fact that the calculations are approxi- 
mate and do not take into account  the distribution of  
relaxation times, 7-9 which can occur in a heterogeneous 
system. However,  apparently, the presented parameters 
mainly describe quite correctly the characteristic fea- 
tures of  the variation of  the complex DP during the 
spontaneous polymerization. 

According to Table 1, the x, rr, and e 0 values de- 
crease during the spontaneous polymerization, while the 
too values remain practically invariable. This behavior 
can be explained by the formation of  microinclusions of  
an e lect rolyte  so lu t ion  in the sample during the 
polymerization. Initially (in the period of  time fi), after 
mixing the componen ts  and liberation of  the water of  
crystallization, a viscous saturated solution of  the salt 
and acrylamide with maximum x, a, and E 0 is formed. 
The greater x value and the smaller a value in the case of  
system 11 is due to the higher viscosity of  this mixture. 
During the polymerization, most of  the water passes to a 
bound state (for example, in complexesl,2), and a small 
portion is separated as microinclusions of  an electrolyte 
solution, whose viscosity is lower than that of  the start- 
ing system (the available data do not make it possible to 
evaluate this portion). Consequently,  the c 0 and x values 
decrease during the polymerization. The same effect can 
also result from an increase in the concentration of  the 
electrolyte in the microinclusions, s The formation of  
microinclusions leads to a decrease in the ripple-through 
conduction and accounts  for the fact that in the micro- 
wave region, the decrease in the conduct ion during the 
polymerization occurs much more slowly (~10-fold) and 
remains at a higher level than that measured at a direct 
current. 
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