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Abstract The relaxation of linear 
poly(styrene sulfonate) chains in 
a swollen poly(acrylamide) network is 
investigated by birefringence measure- 
ments. After a stepwise deformation 
of the network relaxation occurs, 
because the linear chains are initially 
deformed as well, but diffuse into an 
isotropic conformation via the 
reptation mechanism. The course of 
the birefringence with time agrees 
essentially with what follows from the 
reptation model. It could be shown 
that the relaxation time varies 

approximately  with the third power  of 
the molar  mass of the enclosed mole- 
cules when networks of sufficiently 
high network density are used. On the 
other  hand, the dependence of the 
relaxation time on network density or 
degree of swelling, respectively, seems 
to be much stronger than what  is 
expected from theory. 
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Introduction 

Topological constraints are of fundamental importance in 
concentrated polymer  systems. In melts or solutions of 
linear or branched chains they markedly influence the 
dynamics of the macromolecules,  whereas the static prop-  
erties remain unaffected. In cross-linked systems (rubbers, 
gels) they also have a significant or even decisive influence 
on equilibrium properties. 

A basic understanding of several experimental facts 
was achieved by the not ion that entangled chains rear- 
range their conformat ions  by reptation, i.e. curvilinear 
diffusion along their own contours. This model for poly- 
mer dynamics in concentrated solutions and melts was 
first proposed by de Gennes  [1]. He assumed that chain 
motions in the direction perpendicular to the chain's con- 
tour are prevented by the other chains, which form kind of 
a tube around the chain under consideration. The average 

time necessary for complete rearrangement  of conforma-  
tion, r, and the macroscopic diffusion coefficient, D, were 
shown to vary with chain length (or molar mass M) as 

17 ,-~ M 3 , (1) 

D ~ M -  2 (2) 

Equat ion (2) could be verified experimentally in a number  
of studies [2, 3]. 

Development  of this concept  by Doi and Edwards  
allowed them to predict a set of macroscopic, rheological 
properties of such systems [4]. However,  these did not  
always agree quanti tat ively with experimental  observa-  
tions, and it was suggested that pure reptat ion is only 
one of several mechanisms responsible for relaxat ion 
phenomena.  Another  could be the renewal of the tube 
arising from the diffusion of the surrounding chains, 
a third one could be excursions of the chain from the 
tube I-5]. 
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The "tube renewal" mechanism can only operate in 
liquids, but not  in networks. The study of the dynamics of 
linear chains enclosed in a network is therefore concep- 
tually somewhat  simpler than to study melts or solutions. 
The system corresponds closer to the original model  of 
a "polymer  chain in an array of fixed obstacles" [6]. There 
are, however, less experimental  approaches dealing with 
such systems. 

Gent  et al. reported on the diffusion of linear polyiso- 
prene into polyisoprene networks measured by a macro- 
scopic method I-7]. They  found D ~ M - 2  and only a very 
weak dependence on network density. Antoniett i  and 
Sillescu studied the self-diffusion of polystyrene chains in 
bulk polystyrene networks via a holographic grating tech- 
nique [3]. They also verified the M-Z-dependence  of the 
diffusion coefficient and found D in networks to be typi- 
cally reduced by 25-35% compared  with uncross-linked 
polystyrene. The stress-relaxation studies by Kramer  et al. 
focussed solely on the molar  mass dependence of the linear 
chains and left the network density out of consideration 
[8]. 

The influence of concentra t ion on D seems to be less 
clear. In a careful investigation, L6ger et al. showed that 
the self-diffusion coefficient of polystyrene in semi-dilute 
benzene solution varies with the inverse 1.7th power of 
concentrat ion [9], in agreement with scaling arguments. 
Fo r  r, a c 1'5 power law was predicted. 

A direct measurement  of ~ was at tempted by Lee and 
Wool,  who used the relaxation of infrared dichroism to 
follow the orientat ion relaxation in uncross-linked poly- 
styrene films [10]. They confirmed the M - 3  dependence of 
z when M was below 400000 g/mol, but found a signifi- 
cantly different behavior  with higher molar  masses. 

Concept of the present work 

In this work we investigated the relaxation of linear probe 
chains enclosed in a swollen polymer  network via birefrin- 
gence measurements. When the network is deformed in 
a stepwise manner,  the enclosed chains are initially de- 
formed as well. The birefringence observed is the sum of 
two contributions: one due to the network polymer and 
one due to the enclosed linear chains. The contr ibut ion 
coming from the network will be essentially constant  as 
long as the strain is kept constant  while that of the en- 
closed chains decreases with time as the chains diffuse from 
the imposed anisotropic conformations towards their 
equilibrium (isotropic) state. It has to be ensured that the 
experiment is performed under  conditions where the net- 
work does not  show perceptible relaxation. 

In terms of the tube model, the birefringence due to the 
linear chains should be propor t ional  to the fraction F(t) of 

chain lengths still t rapped in their original tubes. This is 
given by [4] 

8 
1 exp(--(Zn + 1)zt/~) (3) V(t) = ~5 (2n + 1) 2 

n = 0  

where r is the disengagement time (time necessary for 
complete rearrangement of conformations,  Eq. (1)), and t is 
the time elapsed after the step-strain was imposed. 

As known for many  diffusion problems, some useful 
approximations exist for Eq. (3) [10, 11]. For  short times, 
t < r/2, we have 

F(t) = 1 - -  4 / ~ - 3 / 2 ~  , (3a) 

whereas a long-time approximat ion  is 

8 
F(t) -- ~5 exp (-- t/z). (3b) 

It is advantageous to use a network polymer showing a 
small anisotropy of polarizability and to enclose linear 
chains having a strong anisotropy of polarizability. This en- 
hances the sensitivity of the experiment significantly and one 
can keep the amount  of enclosed linear material small. We 
incorporated linear poly(sodium styrene sulfonate) (PSS) 
in poly(acrylamide) networks (PAAm) in the gel state. 

The aim of the study is to find out: 

- whether the transient of birefringence is of the form of 
Eq. (3); 
how the disengagement time r varies with the molar  
mass of the enclosed chains; 

- how the network properties (network density, degree of 
swelling) affect the disengagement time. 

Studying the orientat ion relaxation in gels has some 
advantages, but also poses additional problems. The 
structure in a gel is more  open than in a dense system, 
hence motions are faster. The  dependence of relaxation 
rate on concentration can be investigated over a wide 
concentration range. This is impor tant  because as the 
system becomes more dilute a crossover from reptation to 
Rouse-like behavior can be expected. The network density 
of the gel can - at least in principle - be varied indepen- 
dently of the degree of swelling. Thus, the influences of the 
concentration of the network polymer and of the concen- 
tration of cross-linkages could be separated. 

Experimental 

Materials 

Polystyrene: Polystyrene was prepared by anionic poly- 
merization in te t rahydrofurane using butyl-lithium as 
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initiator. The reaction was terminated with methanol, 
the polymer was precipitated by adding methanol, 
subsequently dried and characterized by GPC.  Table 1 
contains the molar  mass averages thus determined of 
the polymer samples used. 

Poly(sodium styrene sulfonate) [12]: 1.5 g of polysty- 
rene was dissolved in 75 ml cyclohexane at 40~ 11 g 
P4010 was suspended in 50 ml sulfuric acid (98%) and this 
mixture was added dropwise to the cyclohexane solution. 
The sulfonation reaction was performed for 4 h at 40 ~ 
Poly(styrene sulfonic acid) was then precipitated by addi- 
tion of ice, dissolved in water and separated from the 
organic phase. After neutralization with 0.5 M NaOH, the 
solution was dialyzed against doubly distilled water for 
2 weeks, and then freeze-dried. Elementary analysis yiel- 
ded a degree of sulfonation of (85_+ 3)%. Table 1 also 
contains the weight-average molar mass of the poly(so- 
dium styrene sulfonate), calculated from the corresponding 
data  of the polystyrene. 

Poly(acrylamide) networks [13, 14]: 15 g acrylamide, 
60mg (NH4)2S20 s and 230-770mg (variable) N',N'- 
methylene-bis-acrylamide were dissolved in 50 ml water. 
72 mg of N,N,N' ,N'- tetramethyl  ethylene diamine was dis- 
solved in 20 ml water. The two solutions were mixed, 
water was added to yield a volume of 100 ml, and the 
solution thus obtained was poured into cylindrical glass 
tubes (inner diameter 14.5 mm) which were finally covered 
with Teflon plugs on both sides. The glass tubes were 
stored in an oven at 55 ~ for 24 h. During this time the 
cross-linking polymerization occurred. 

When gels containing poly(sodium styrene sulfonate) 
were prepared, the procedure was as above except that 

0 .5g of PSS was dissolved in the starting solution. 
Hence, the concentrat ion of PSS is 3.3% with respect to 
poly(acrylamide). 

The t ransparency of the gels containing PSS was in- 
spected by light-scattering experiments. No notable  differ- 
ence to the pure polyacrylamide gels was observed, and we 
take that  as evidence that microphase separat ion did not  
occur. 

Gel cylinders cut to a height of 15 mm were stored in 
doubly distilled water until the equilibrium degree of swell- 
ing was attained. This was checked by weighing the gels 
from time to time. If a small sol fraction was present,  it was 
extracted during this time. The ratio of the weight of the 
gel after attaining swelling equilibrium and the weight 
after preparat ion is termed the relative degree of swelling, 
qre~. AS the weight fraction of polymer at the gel synthesis 
is 0.15, the weight fraction of polyacrylamide in the gel at 
swelling equilibrium, q52, is 0.15/qreb usually in the range 
0.06-0.12. 

To characterize the networks further, the shear 
modulus, G, was measured. F rom G, the effective network 
density can be calculated according to rubber  elasticity 
theory (see below). 

Five sets of networks were thus prepared, each of them 
covering five different network densities. One of the sets 
did not  contain PSS and was used just for comparison.  
The others contained one of the four PSS samples listed in 
Table 1. The network parameters of the reference set and 
of the networks containing PSS are listed in Table  2. 

F r o m  the effective network densities it is readily cal- 
culated that  the average spatial distance between cross 
links is about  4 - 6  nm and that the number-average  molar  

Table 1 Molar masses of 
polystyrenes and poly(sodium 
styrene sulfonates) made 
thereof 

Polystyrene 

Mn [g/moll Mw [g/moll Mw/Mn 

Poly(sodium styrene sulfonate) 

Mw [g/moll Sample code 

154000 194000 1.26 360000 PSS 360 
390000 410000 1.05 750000 PSS 750 
545 000 556 000 1.02 1020 000 PSS 1020 
991000 1050000 1.06 1 930000 PSS 1930 

Table 2 Characteristic 
parameters of the networks 
studied 

Vnom [-mol/m3] Veff [mol /m3]  qrel G [kPa] qrel G [-kPa] 

Without PSS With PSS 

30 15.6 1.89 14.1 2.46 15.3 
40 20.3 1.79 19.1 2.16 20.4 
50 23.2 1.55 22.8 1.92 24.4 
70 35.7 1.34 37.3 1.59 38.8 

100 50.8 1.21 55.4 1.40 57.2 
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mass of the network chains ranges from 3000 to 
10 000 g/mol. These figures illustrate how the mesh size of 
the network compares to the dimensions of the PSS 
chains. 

Mechanical set-up 

A sketch of the apparatus used for the measurements is 
given in Fig. 1A. The cylindrical sample (6) is placed in 
a quartz cuvette (2) filled with water. Uniaxial compression 
can be achieved by means of a piston (5) whose vertical 
position is controlled by two stops (1 and 4). The height of 
stop (4) is adjusted such that the piston just touches the 
undeformed sample, while the height of stop (1) determines 
the deformation 2. The piston can be moved manually in 
a stepwise manner  between the two stops and fixed in 
either position. The time span necessary to apply or 

Fig. 1A Mechanical set-up used for the measurements, B optical 
system used to measure birefringence (cf. explanations in the text) 

reverse the deformation is short (~0.1 s) with respect to 
the time span of the experiment. 

The force f exerted on the sample is measured via 
a load cell (3), while the deformation )~ is determined by 
means of a cathetometer. 

Optics 

A He Ne laser (7') is used as a light source. It is adjusted so 
that the laser beam passes the sample (5') perpendicular to 
the direction of deformation and that the plane of polar- 
ization forms an angle of ~/4 with the axis of deformation. 
To improve the degree of polarization, a film polarizer 
(6') is employed. The quarter-wave-plate (3') behind the 
sample is arranged with its slow axis parallel to the plane 
of polarization of the incident light, and the analyzer (2') is 
rotated a certain angle (typically 10 ~ from the crossed 
position. The light intensity is measured by means of 
a photo diode (1') whose output voltage is fed to a strip- 
chart recorder (8') (cf. Fig. 1B). 

To provide the calibration curve for the correlation of 
retardation or phase shift ~ between the light components 
polarized parallel and perpendicular to the strain direction 
and the output voltage of the photo diode, a babinet 
compensator (4') is put in the beam between sample-cell 
and quarter-wave plate. 

Data treatment 

The relative deformation 2 is the height of the deformed 
sample divided by the height of the undeformed sample: 

2 = L / L o .  (4) 

Upon deformation, the cross-sectional area of the cylin- 
drical sample A changes by a factor 2-1: A = Ao2-1, and 
the diameter, which is the path-length d of light in the 
sample, changes by 2-1/2: d = d02-1/2 

In order to calculate the shear modulus, the force per 
unit cross-sectional area of the deformed sample is divided 
by the strain function 22 - 2-1: 

f f 
- A ( 2 ~  _ , ~ - 1 )  - A o ( 2  - ,~ -  ~) " (5) 

The effective network density (expressed with respect to 
the state of formation) is obtained from G according to 

2G 1/3 
ven= ~-~ q re, �9 (6) 
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The birefringence of the sample is calculated from the 
retardation 6 via: 

206 2o21/26 
A n  . . . .  (7) 

21rd 2~d0 ' 

where 2o is the wavelength of the light in vacuum (632 nm). 
For  the analysis of the final data, the absolute value of the 
birefringence is not of  much  importance;  we rather focus 
on its time dependence after a strain transient. A normaliz- 
ation was made  therefore according to 

A n ( t )  - -  A n ( t  = oc)  

Anre ,  = A n ( t  = O) - -  A n ( t  = oc)  " 
(8) 

To base the discussion on these relative values Anr~l has 
the advantage that  different samples which may, for 
example, differ slightly in their content of PSS, are now 
comparable.  

Results 

Preliminary considerat ions 

An important  prerequisite for a solid discussion is that the 
presence of poly(sodium styrene sulfonate) does not signifi- 
cantly influence ne twork  format ion  and hence the network 
topology. The da ta  in Table  2 show that the modulus of 
gels containing PSS is slightly larger than that  of gels 
without PSS. However ,  the difference is raher small 
(<10%) ,  and this may  serve as an argument  that the 
condition ment ioned above  is essentially fulfilled. 

The relative degrees of swelling qrel differ more mark-  
edly. Figure 2 shows qrel as a function of Verf, and it is seen 

that  gels containing PSS swell more  strongly. This 1s due 
to the fact that  because of the ionic nature  of PSS, the 
swelling pressure of the PSS t rapped in the ne twork  is 
quite appreciable  a l though its weight fraction is ra ther  
small. The different degrees of swelling do not imply that  
the network structures are different. 

An impor tan t  condi t ion to get meaningful  da ta  is 
that  the concent ra t ion  of PSS in the network does not  
change during the measurement .  When the gels are 
immersed in an aqueous  solution, PSS will of course dif- 
fuse out of the gel, but this is a long- term process. This  
kind of extract ion was moni to red  for 10 days using net- 
works with ne twork  density 23.2 and 50.8 mo l /m  3 and  the 
PSS with mola r  mass 360.000 g/mol. The concent ra t ion  of 
PSS in the surrounding solution was measured by UV- 
absorpt ion  at 262 nm. Figure 3 shows the dependence  
of the PSS concentra t ion  in the gel. The dura t ion  of a 
relaxation exper iment  is usually less than 10min,  the 
change of concentra t ion of PSS in this time span is far 
below 0.1%. 

A second basic condit ion necessary to allow for an 
unambiguous  interpretat ion of the data  is that  the t ime 
dependence of the birefringence is solely due to the PSS in 
the gel. To  prove  this point,  ne tworks  which do not  con-  
tain PSS were investigated in a similar manner ,  Figure  4 
gives an example  of the course of birefringence with 
time when a strain is applied in a stepwise man n e r  at 
t = 0 and removed  at t = 600 s. F igu re4A showing the 
response of the gel wi thout  PSS demonst ra tes  that  the 
birefringence is constant  while the strain is mainta ined,  
and that  no birefringence is present after r emova l  of  
the strain. 

Figure 4B shows da ta  for a sample with the same 
network density containing 3.3% PSS (with respect to 

Fig. 2 Relative degree of swelling as a function of the effective 
network density for gels containing PSS (v) and not containing PSS 
(e) 
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Fig. 4 Course of blrefringence with time in a step-strain experiment. 
A gel not containing PSS, B gel containing PSS 

anisotropy of the PSS chain is markedly higher than that  
of PAAm, and this is a significant requirement enabling 
the measurements  to be conducted with reasonable sensi- 
tivity and reliability. 

Figure 5 shows a compar i son  of the relative birefrin- 
gence as a function of the square root  of time for transient 
application and removal  of strain. It is for a network with 
Vef f = 23.2 mol /m 3 and PSS 750. The plot vs. x ~  was 
chosen because the beginning of the curve is then linear (cf. 
Eq. (3a)). It is obvious that  the two curves coincide within 
the limits of experimental  error. The use of the da ta  
obtained after removal  of  the strain has the advantage  
that the final birefringence is zero, hence Anre~ = ~Jn(t)/ 
An(t=O),  whereas with the application of strain, 
An(t = ~ )  has to be determined with sufficient accuracy to 
calculate A nrel. Therefore, in the following only data  de- 
rived from strain-removal  experiments  will be used. 

The influence of strain magni tude  on the relaxation of 
birefringence is shown in Fig. 6. Results obtained with 
2 = 0.95, 0.93, 0.88, and 0.82 are depicted covering a factor 
of ~ 4  of initial birefringence. The curves for the three 
smallest strains coincide while the data for 2 = 0.82 evi- 
dently deviate from the others. The strain applied in the 
following experiments was therefore limited to 2 = 0.93, 
hence the system is studied at small strains close to the 
isotropic state. 

Dependence of the relaxat ion on the molar  mass 
of the linear chains 

Several series of identical ne tworks  which contained PSS 
of different molar  masses were studied. As an example,  

PAAm). It  is seen that  now a significant time dependence 
of the birefringence occurs: the birefringence relaxes from 
1.36 to 0.88 during the t ime span when the sample  is 1.2- 
compressed.  After r emova l  of the strain, an instantaneous 
birefringence of --0.48 is observed, which then relaxes to 1.0- 
zero. The relaxat ion strengths after appl icat ion and after 
removal  of the strain are comparable .  This fact supports  o.8 
the not ion that  the birefringence due to the network and 
that  due to the incorpora ted  linear macromolecules  are -~  0.6 
addit ive and separable.  

The mechanical  stress, on the other  hand, does not 0.4- 
show any appreciable  relaxation. Its course with t ime is 
the same as in the case of  the ne twork  not  containing PSS. 0.2- 
Al though the ne twork  polymer ,  PAAm,  accounts  for 97% 
of the total  a m o u n t  of  polymer ,  the birefringence of the 0.0 

0 
network  is only twice as large as the ins tantaneous bire- 
fringence of the PSS. This is due to the fact that the optical 

Fig. 5 Relaxation of relative birefringence, plotted versus square 
root of time, for a gel (Ve~ = 23.2 mol/m 3) containing PSS 750: ([]) 
after uniaxial compression, (t) after removal of strain 

I I .  

t 1/2 [ sec v2 ] 
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Fig. 7 Relaxation of relative birefringence for a gel with 
Veff = 23.2 rnol/m 3 containing: (o) PSS 360, (n) PSS 750, (A) PSS 
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Fig. 7 shows the course of A nrel vs. x ~  obtained with 
a network density of 23.2 mol /m 3. The curves depicted 
correspond to the theoretical relationship given in Eq. (3) 
with Anted(t) being equated to F(t) .  r was chosen to get 
a reasonable agreement  with the data  points, in particular, 
at  short  times. It is obvious that  only for PSS 750 and PSS 
1020, the curves are a good representat ion of the experi- 
mental  findings. With PSS 360, relaxation is so fast that  
the limits of our  time resolution were reached and only few 
data  points could be collected. At the other extreme, with 
PSS 1930 the plot of the experimental  data  exhibits 

a marked  curva ture  which cannot  be accounted  for on the 
basis of Eq. (3). 

Despi te  these l imitations it is obvious  tha t  the relax- 
ation t ime depends  severely on the mola r  mass  of  the PSS. 
Figure 8 represents  the dependence of the re laxa t ion  t ime 
z on the m o l a r  mass of  the PSS in a log - log  plot.  D a t a  
obta ined when  networks  with different ne twork  densities 
were used as the matr ix  are included in this graph.  Straight  
lines are d rawn  through each set of points  imply ing  that  
a power  law r ~ M" is a valid app rox ima t ion  of  the actual  
dependence. 

The lines obta ined  for the ne tworks  hav ing  the three 
highest ne twork  densities have slopes a r o u n d  3 (a = 3.4, 
2.7 and 2.5), while those for the other  two ne tworks  are 
appreciably  lower (a = 1.8 and 1.2). However ,  the pre- 
cision of these exponents  should not  be overes t imated  
(s tandard devia t ion is 0.4), as the linear regression is based 
on 3 4 points  only. Some of the lines d rawn in Fig. 8 tend 
to intersect at fairly high mola r  masses, which is of  course  
unreasonable .  Careful interpretat ion of the da ta  jus t  per- 
mits to s tate  that  the relaxation time varies rough ly  as the 
third power  of  the molar  mass when the ne twork  densi ty is 
sufficiently high. With lower ne twork  densities, deviat ions  
occur which seem to cor respond to smaller  exponents .  

It should  also be kept  in mind that  a lower  ne twork  
density co r responds  to a higher degree of swelling and  vice  
versa. 

Influence of ne twork  parameters  on re laxat ion 

To study the influence of the ne twork  density or  the degree 
of swelling of the network which contains  the PSS more  

Fig. 8 Plot of disengagement time versus molar mass of PSS. 
re," = 15.6 mol/m 3 (v), 20.3 mol/m 3 (o), 23.2 mol/m 3 (*), 35.7 mol/m 3 
(A), 50.8 mol/m 3 (m) 
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35.7 mol/m a, 4'2 = 0.0942, (x) ve~ = 50.8 mol/m 3, 4'2 = 0.1075 
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Fig. 10 Plot of disengagement time versus the weight fraction of the 
PAAm in the gel: (o) PSS 750, (m) PSS 1020, (A) PSS 1930 

systematically,  relaxation curves for PSS 1020 are com- 
pa red  in Fig. 9. The relaxat ion rate increases s trongly with 
increasing degree of swelling or decreasing ne twork  den- 
sity, respectively. �9 varies for abou t  a factor  of 20 in Fig. 9. 
Whe the r  this is due to the var iable  density of  polymer 
mater ia l  (i.e., the degree of swelling), or  to the network 
densi ty (namely how tightly the p o l y m e r  chains are inter- 
connected),  or  to a combina t ion  of the two causes cannot  
be answered  so far. As all exper iments  were per formed at 
swelling equil ibrium, the ne twork  densi ty  determines the 
degree of swelling. The two pa rame te r s  were not  changed 
independent ly  (such work  is present ly  in progress). We 
have  deliberately decided to use the weight fraction ~b2 of 
the P A A m  as the pa rame te r  vs. which the relaxation 
t imes are plot ted in Fig. 10. Only  da ta  obta ined with 
PSS 1930, 1020, and  750 are shown, because  with PSS 360 
the re laxat ion is so fast that  the experimental  error 
is too  large. ~ seems to increase with ~b2 according to 
a power  law, ~ ~ ~b~, with b ranging  f rom 3.9 to 6.1 
( s tandard  deviat ion is 0.5), as the m o l a r  mass of  the PSS 
rises f rom 750.000 to 1.9 million g/mol.  This exponent  is 
far above  what  is predicted at least for uncross-linked 
systems [93. 

Conclusions 

Our  experiments have shown that  birefringence measure- 
ments conducted under  proper  conditions are well suited 
to study the or ientat ion relaxation of linear chains en- 
closed in swollen networks.  When the cross-link density of 
the network is sufficiently high, the relaxation time varies 
approximate ly  with the third power  of the mola r  mass of 
the enclosed molecules, in agreement  with the prediction of 
reptat ion theory. However ,  the number  of da ta  points has 
been too small to allow for a precise determinat ion of the 
exponent.  What  can be said wi thout  doubt  is that the 
exponent  assumes markedly  smaller values when the net- 
work density is lowered. 

When the relaxation behavior  of  a linear polymer  in 
networks of different cross-link density or different degree 
of swelling, respectively, are considered, it turns out that 

depends on a fairly high power  of the concentrat ion of 
the network polymer  with an exponent  in the range 4-6.  
Such steep dependences are beyond any theoretical predic- 
tion and need further investigation. 
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