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Dynamic viscoelastic properties were studied for polyacrylonitrile solution in dimethylacetamide in the proc­
ess of sol-gel transition. Gel was prepared using freezing and thawing method; the solution was frozen at 
-50°C and then kept at 25°C so as to undergo gelation. The longer the freezing time was, the shorter the 
time to occur for gelation became. Loss tangent was ascertained to be independent of the frequency at the 
sol-gel transition point. The strength of the network, S and critical exponent n at the transition point were 
evaluated. The S value was ascertained to be invariable in spite of the variation of freezing time when the 
concentration of the solution was constant. 
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1. INTRODUCTION 
Polyacrylonitrile solutions in various solvents 

exhibit gelation. This phenomenon was a disadvan­
tage for the traditional fiber solution in spinning process. 
However, in recent years, solvents have been sought for 
gel spinning of acrylonitrile[l]. From these back­
ground the gelation behaviors of polyacrylonitrile solu­
tion have been the subject of current study. Among 
them, the viscoelastic behavior of polyacrylonitrile gels 
has been investigated by only a few studies[2J. The 
viscoelastic properties of the nowadays so important 
gels of polyacrylonitrile and propylene carbonate has not 
yet been studied and hence this may be a fruitful area. 

Concerning the viscoelastic properties in the process 
of sol- gel transition, several scaling laws are proposed 
and experimentally examined for various gelling sys­
tems[3]. The limiting behavior is of interest in 
studying the viscoelastic properties near sol-gel transi­
tion region. Winter et. al. have presented important 
researches to this area and gave an interpretation on the 
frequency dependence of dynamic viscoelasticity at the 
gel point[4-6]. They first experimentally found a 
power law of G'(w)=G"(w)-w112 at the gel point and 
later it was generalized for gelling systems[?}. The 
material parameters were proposed as S, the strength of 
the network at the gel point, and relaxation exponent, n. 
There are some contradictions with several observations 
for viscoelastic materials; for example, a single material 
constant is the only adjustable parameter, while vis­
coelastic liquids or solids require a relaxation time spec­
trum. Nevertheless, they are the only parameters that 
characterize the linear viscoelastic properties. S is 
related with the complex modulus, G'(w) at the gel point 
with, 

G*(w)=S·f(1-n) ·(iw)" (1) 

where f(n) is the usual gamma function[8J. The 
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exponent, n, may adopt values between 0 and 1. 
Recently Aoki et. al. have presented a series of 

studies for the gelling system of Poly(vinyl chloride) in 
bis(2-ethylhexyl) phthalate and showed clear data which 
verified experimentally the validity of the power 
laws[9,10J. 

In order to ascertain the power law of complex 
modulus and angular frequency, we wanted to obtain the 
viscoelastic data during the process of gelation for 
polymer solution. There is an experimental difficulty 
that is essential for dynamic viscoelastic measurement of 
lower frequency, that is, to measure stress and strain of 
the gelling solution is difficult in the stationary state in 
the case that the change in the state is remarkable. 
Gelation of polyacrylonitrile solution is preferable to 
circumvent the above-mentioned situation since the 
solution forms a gel spending very long time by the 
freezing and thawing method[llJ. The solution turn­
ed into solid-like one 30 hours after it was heated to 
25°C in the preliminary test of our own, using U-tube 
method[12]. The time is 2000sec for measuring the 
viscoelasticity of low frequency around 0.01 rad/sec, 
which is short comparing with the spending time for 
gelation of the solution and it can be considered to be in 
its stationary state. The obtained viscoelastic data 
were interpreted according to the power law presented 
by eq.(1). 

2. EXPERIMENTAL 
2.1 Sample preparation 

Polyacrylonitrile(PAN) was kindly supplied from 
Mitsubishi Rayon Co., Ltd., and used without further 
purification. The viscosity average molecular weight 
was reported to be 1.3x105

• Dimethylacetamide(DMA) 
was purchased from Nacalai. inc., and dehydrated. 
PAN solutions were prepared by heating the mixture of 
powdered PAN and DMA above l20°C. The weight 
percent concentration of the solution was 14%. After 
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the solution was prepared it was soaked to a bath of 
-50°C for various hours, then poured into a measurement 
cell. Freezing time, the length while a solution was 
frozen is noted as tF hereafter. tF varied from 2 to 
35h. 

2.2 Dynamic viscoelasticity measurements 
The PAN!DMA solution was transferred into the 

dynamic rheometer of ARES !00-FRTNI, Rheometric 
Scientific (the torque range is 0.004 -lOOgmcm). The 
Couette Cell was used for the dynamic viscoe!asticity 
measurement, which geometry is 32mm in inner diame­
ter and 34mm in outer diameter. The experimental 
temperature was 25°C. Aging time, the time passed 
after the sample was heated to 25°C was noted as tA. 
Prior to the measurement a suitable shear amplitude was 
determined by measuring the strain dependence of 
moduli to ensure the linearity of dynamic viscoe!asticity. 

3. RESULTS AND DISCUSSION 
The storage moduli, G', and loss moduli, G", were 

measured for unfrozen solution as a function of angular 
frequency, which results were found to follow such a 
liquidlike one as; 

G'(w) ex: w2
, G"(w) ex: w ( w---+ 0). (2) 

The viscoelastic behavior of frozen solution varied with 
the proceeding of tA; for example, the solution of tF=Sh 
was liquidlike at tA=30min as shown by eq.(2), while 
the dev1ation from this relations becomes more pro-
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Fig. 1. G'(open symbols) and G"(filled sym· 
bols) for 14% PAN/DMA solution(tF:=8h) plot· 
ted as a function of angular frequency w at 
various tA described below. The data are 

axes by shift factors B to 

nounced with the course of time. The frequency 
dependence of G' and G" of the solutions of tF=8h and 
20h are shown in Figs.! and 2 on the log-log scale at 
various tA values. The data in Figs. 1 and 2 were 
shifted along horizontal axes by shift factors B to avoid 
overlapping. The slopes of both G' vs. w and G" vs. 
w plots in lower frequency region decreased with the 
increase in tA. We could see from Figs.! and 2 that 
the slopes of G' and G" would take a common value at a 
given tA value. The slope of the G' vs. w plot in 
lower frequency region decreased further and reached to 
0, showing the appearance of frequency independent 
modulus which is related with the behavior of solid 
sample. Therefore, the liquid - solid transition took 
place during the course of time and the power law be­
havior of G'(w), G"(w) - w" could be observed. G' 
value in higher frequency region remained almost con­
stant with the increase in tA, showing the relaxation 
strength didn't vary in the process. The similar vis­
coelastic behavior was observed for PAN/DMA solu­
tions of different freezing time. 

The following equation has been shown as the 
expression of power law, which indicates that loss tan­
gent is independent of frequency when gelation oc­
curs[13]. 

G'(w)=G"(w)/tanli=S·w"·f(l-n)·cosli. (3) 

The phase angle 1\ between stress and strain is indepen-

4 

B=O B=2 B=4 -- •• • • <U • • 0.. •v • ..0 ;-- v"' V • • • 0 

~2 • V • D • 0 • V • • • V • D • 0 

Ol • V • D • 0 ., 
V • D • .Q V V 0 • D • V V • • 0 - D ., vv 0 ..--.. v~v • IJ • <U • c • 0 

• • 0 0.. D V V • • .0 ::--a ., • D • CJ ., • D 0 
D • 0 - • • rP • Ol • D 0 

0 D • 0 
D 

0 

-2 0 2 4 6 

B + log (w/rad sec-1
) 

Fig. 2. G'(open symbols) and G"(filled sym· 
bols) for 14% PAN/DMA solution(tF=20h) 
plotted as a function of angular frequency w 
at various tA described below. The data are 
shifted along horizontal axes by shift factors B to 
avoid overla 
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dent of frequency but proportional to the relaxation 
exponent. 

b = nrc/2 . 

Since the phase angle varies from 0 to rc/2 as n takes a 
value between 0 and 1, n measures the rheological dis­
tance from a complete elastic solid to a complete viscous 
solid. Earlier pioneering studies presented a plot of 
tanb vs. the parameter which governs the gelation proc­
ess for different frequencies so as to show tan() was 
independent of frequency[9,10,13,14]. Values of tanb 
were plotted against aging time in Fig.3 and 4 for 
PAN/DMA solutions with tF=2 and 8h, respectively. 
All curves in each figure pass through a common point 
at a certain aging time, which determines the gel point 
tAg. The appearance of the common point is consis­
tent with eq.(3). The occurrence of the frequency 
independent tanb during sol-gel transition was observed 
for other solutions with different tF. The relaxation 
exponent was determined from tano and summarized in 
Table I together with tAg. In spite of different tF, 
values of n were found to be almost constant and con­
sistent with gelation theory that predicts the exponent to 
be between 0 and 1. Although we don't understand 
the whole meaning of the exponent as of the present, the 
explanation about it among the gels of different chemi­
cal species is expected by further researches of our own. 
A number of studies have been reported to determine the 
exponents for both chemical gels and physical gels. It 
was also experimentally found that increasing the cross­
linking density led to a reduction of n in the case of 
chemical gels especially in end-linked polymers[13,14]. 

We attempted to evaluated S value. S has a 
complicated dimension of Pa s", which was said to be 
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Fig. 3. Loss tangent plotted as a function of 
aging time at various frequencies, w for 14% 
PAN/DMA solution frozen for 2hours. 

Table I Gelation time, tAg , gel strength, 
Sand critical exponent, n for 14% 
PAN/DMA solutions treated with various 
freezing time. 

tF/h tA)min SIP~ s" n 

2 2252 2.8 0,86 
8 2045 2.4 0.87 
14 1162 3.2 0.87 
20 896 2.5 0.87 
35 650 2.2 0.89 

composed of a material characteristic modulus and a 
time. An explanation was given on the meaning of S 
with the expression, S = G(t)xt" , G(t) is the shear re­
laxation modulus. When n=O, S equals the elastic 
modulus, that describes the rigidity of the system, while 
S represents the viscosity for n=1 [9]. Eq.(3) suggests 
the existence of a crossover between G' and G" I 
tan(nrc/2) at the gel point. Therefore, the value of G' 
at the gel point should be obtained by plotting G' and G" 
I tan(nrc/2) as a function of aging time for different fre­
quencies, and then S would be easily calculated. An 
example of this kind of plot is shown in Fig.5 for 
PAN/DMA solution with tF=2h. Each crossover point 
appeared at the same tA, which agreed with tAg deter­
mined from the tano vs. aging time plot, as indicated by 
dashed line in Fig.5. Values of S for different fre­
quencies were evaluated using eq.(3) and confirmed, 
within the experimental errors, not to depend on cross­
over point used. We choose to adopt an averaged 
value from the six points as S to avoid any unreliability 
following the earlier studies[9). S values were ob­
tained for solutions with other tF and summarized in 
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Fig. 4. Loss tangent plotted as a function of 
aging time at various frequencies, w for 14% 
PAN/DMA solution frozen for 8hours. 
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Fig. 5. G'(filled symbols) and G"/tan(mt/2) 
(open symbols) plotted as a function of aging 
time at various frequencies, w for 14% 
PAN/DMA solution frozen for 2hours. 
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Table I. They remained almost constant with the 
variation of tF. It was reported that S might be related 
with the total mass of polymer in the solution, taking 
account of the relation between S and the number of 
junction zone in unit volume at the gel point[9]. 
Since the concentration of the solution didn't vary in this 
experiment S remained invariable in spite of the varia-
tion of tF. The value of tA

8 
decreased with the in-

crease in tF. The obtained results suggest that the 
freezing time doesn't influence the number of junction 
zones formed at the gel point, whereas it influences the 
rate of formation of the junction zone. 
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