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Synthesis and polymerization of acrylic 
monomers with hydrophilic long side 
groups. Oxygen transport through water 
swollen membranes prepared from these 
polymers 
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The synthesis and characterization of tetraethyleneglycol acrylate (TTEGA) and tetraethyleneglycol 
diacrylate are described. Radical polymerization reactions of TTEGA were carried out at different 
temperatures and the curves of conversion against time, obtained by using dilatometric techniques, allowed 
the determination of kp/k~/2, where kp and k t are, respectively, the propagation and termination rate 
constants. The values found for this ratio were comparatively much higher than those reported in the 
literature for other acrylic monomers. The polymer, poly(tetraethyleneglycol acrylate), is soluble in water, 
exhibits low glass transition temperature (-45°C) and the percentage of syndiotactic dyads in the chains lies 
in the vicinity of 65 + 5%, a value normally found in similar polymers. Both poly(tetraethyleneglycol 
acrylate-co-tetraethyleneglycol diacrylate) and poly(triethyleneglycol acrylate-co-triethyleneglycol diacry- 
late) membranes were prepared by radical polymerization of the corresponding monomers and a small 
quantity of diacrylic esters. Electrochemical techniques were used to evaluate oxygen transport through 
these membranes swollen in water. The apparent values of both the permeability and diffusion coefficients 
are unusually large as a consequence of a high swelling degree of these membranes. Although the solubility 
coefficient of oxygen in the swollen hydrogels is larger than in water, restrictions in the diffusion path caused 
by the polymer matrix decrease the diffusion coefficient of the gas to ca one-third of its value in water. 
© 1997 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Water insoluble hydrophilic polymers, like poly(2- 
hydroxyethyl methacrylate), are especially suitable for 
many scientific, biomedical and pharmaceutical appli- 
cations 1 5, such as soft contact lenses, dental materials, 
optical lenses, materials for encapsulated cells and 
carriers for controlled drug delivery, whereas water 
soluble polymers are of  great interest for the preparation 

6 of  superabsorbent hydrogels with potential applications 
in agriculture and medicine. Many studies have been 
reported on the properties of polymers containing 
hydrophilic groups rigidly attached either to the back- 
bone or to lateral chains, though most of  them were 
performed on polymers prepared from high purity 
commercial monomers. It is interesting to extend these 
studies to the synthesis and polymerization of new 
hydrophilic monomers with the aim of  obtaining a better 
knowledge of the relationship between structure and 
properties in hydrogels. 

Pursuing the objective of preparing hydrosoluble and 
water-swollen hydrophilic polymers, experimental work 

* To w h o m  cor respondence  shou ld  be addressed  

is being done in our laboratories related to the syn- 
thesis and characterization of  different monomers with 
either hydroxyl or amino groups in their structure. In 
this way, the chemical and kinetic aspects of  the syn- 
thesis of  polymers containing hydroxyl groups in the side 

7 10 groups have already been reported - . These studies were 
further extended to the synthesis of water soluble poly- 
mers with polar long side groups in their structure 11, such 
as poly(triethyleneglycol acrylate) (PTEGA). In order to 
obtain more complete information on how the length of  
the hydrophilic side group of acrylic monomers may 
affect their polymerization kinetics and the properties 
of  the resulting polymer, the synthesis and polymeriza- 
tion of tetraethyleneglycol acrylate (TTEGA) was 
undertaken. Another objective of  this work was the 
development of  hydrophilic membranes with the poten- 
tial capability to be used as contact lenses and, for that 
purpose, membranes of  this kind were prepared by 
radical polymerization of  triethyleneglycol acrylate 
and T T E G A  in the presence of  crosslinking agents of  
the same chemical nature as the monofunctional  
monomers.  Thus, new membranes of poly(triethylene- 
glycol acrylate-co-triethyleneglycol diacrylate) and 
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poly(tetraethyleneglycol acrylate-co-tetraethyleneglycol 
diacrylate) were obtained and their permeability to 
oxygen in an aqueous medium was studied. 

EXPERIMENTAL 

Materials 

Both triethyleneglycol and tetraethyleneglycol were 
dried by azeotropic removal of water from a solution of 
these compounds in benzene. Benzene and dioxane 
(Merck) were purified by conventional methods whereas 
acryloyl chloride (Fluka) and triethylamine were used as 
received. 2,2LAzobisisobutyronitrile (AIBN) were puri- 
fied by crystallization from methanol and dried under 
high vacuum at room temperature. 

Synthesis of the acrylic esters of triethyleneglycol and 
tetraethyleneglycol 

Mixtures of TTEGA (or triethyleneglycol acrylate) 
and tetraethylene glycol diacrylate (or triethyleneglycol 
diacrylate) were obtained at 20°C by reaction between 
tetraethyleneglycol (or triethyleneglycol) and acryloyl 
chloride in benzene solution and under nitrogen atmos- 
phere, using triethylamine as absorbent of the hydrogen 
chloride evolved during the reaction. In order to obtain 
a larger fraction of the monofunctional monomer and 
an adequate yield, the molar ratio glycol/acid chloride 
used 7'8 was 7/3. Acryloyl chloride was slowly added to 
the mixture for 2 h and the reaction proceeded for a 
further 10h, the triethylammonium chloride formed 
being removed by filtration. The reaction medium was 
washed several times with distilled water to remove both 
most of the monofunctional monomer formed during the 
reaction process and the unreacted glycol. The mon- 
acrylate monomer was then extracted from the aqueous 
phase with chloroform whereas the diacrylate monomer 
was isolated from the benzene solution. Finally, both 
monomers were purified by flash chromatography using 
a column of silica gel 60 (230-400 mesh ASTM). 

Characterization of the monomer 
The acrylate esters were characterized by 13C nuclear 

magnetic resonance (n.m.r.) spectroscopy. The reso- 
nance spectra were registered with a Varian XL-300 
operating at 75.4 MHz, using deuterated chloroform as 
solvent and tetramethylsilane as internal reference. The 
13C spectrum of the monoesters showed the absence of 
the resonance signals corresponding to the diacrylate 
esters, thus indicating their purity; 15 for TTEGA (13C, 
CDC13): 61.4 (1C, a), 63.4 (1C, h), 68.9 (1C, g), 70.1- 
70.42 (4C, c,d,e,f), 72.42 (1C, b), 128.07 (1C, i), 130.8 
(1C, j) and 165.9 (1C, C=O). 

C H2=C H-COO-  C H 2- C H2-O- C H 2- C H2-O- 
j i h g f e 

C H2- C H2-O- C H2- C H2-OH 
d c b a 

The glycol residue of the diacrylate ester showed only 
three signals at 63.5, 68.97 and 70.5 ppm assigned to the 
carbons h, g and f + e, respectively; 6 for triethylenegly- 
col acrylate (13C, CDC13): 61.4 (1C, a), 63.4 (1C, f), 68.9 
(1C, e), 70.1-70.4 (2C, c,d), 72.39 (1C, b), 128.01 (1C, g), 
130.95 (1C, h) and 165.99 (1C, C=O). 

C H 2 = C  H 2 - C O O -  C H 2 -  C H 2 - O -  C H 2 -  C H 2 - O -  
h g f e d c 

C H2- C H2-OH 
b a 

The glycol residue of the triethyleneglycol diacrylate 
showed only three signals at 63.5, 69.1 and 70.5ppm 
assigned to the carbons f, e and d, respectively. 

Polymerization of TTEGA 
The polymerization kinetics of triethyleneglycol acry- 

late has already been reported 11. The polymerization of 
TTEGA was carried out in dioxane solution at several 
temperatures between 50 and 65°C, using AIBN as 
initiator. The progress of the polymerization at each 
temperature of interest was measured with a double 
branch dilatometer of 6ml volume and 1.036mm 
capillary diameter. The polymer, PTTEGA, was isolated 
from the reaction medium by several precipitations in 
n-hexane and finally was dried in high vacuum at 80°C. 

Characterization of the polymer 
The characterization of PTTEGA was performed by 

lH and 13C n.m.r, spectroscopy. The spectra obtained 
with a Varian XL-300 spectrometer, using deuterated 
chloroform as solvent and tetramethylsilane as internal 
standard, showed the purity of the polymer. The stereo- 
chemical composition of the polymer was determined by 
13C n.m.r, spectroscopy. The stereoregularity of acrylic 
polymers 12-16 is more difficult to measure than that of 
methacrylic chains due to the fact that the chemical shifts 
of the carbons and protons in acrylics are only slightly 
influenced by the stereochemical configuration of nearby 
units. In this sense, only the carbonyl carbons of the side 
chain and the methine carbons of the main chain give 
signals which suggest a tacticity effect. In particular, the 
peaks corresponding to the C=O carbons show a com- 
plicated spectral pattern with overlapping of almost all 
the signals. Nevertheless, by deconvolution of the dif- 
ferent peaks, the signals were separated and the tacticity 
of the polymers calculated, obtaining values for the 
isotactic diads in the region of 0.35 +0.05. The 13C 

n.m.r, spectrum of PTTEGA with the corresponding 
assignment of the resonance signals is shown in Figure 1. 

As a consequence of the relatively large number of 
oxyethylenic units in the side groups, PTTEGA is soluble 
in water. The glass transition temperature of the dried 
polymer, determined with a Perkin Elmer DSC8 
calorimeter at a heating rate of lO°Cmin -1, was 

CDCI 3 

_L 
r 

80 

Figure I 

c d  
e f  

- j i 

b ~ " ~ H 2 - ~ H : ' ~  h 8 f © d e b a 
COO --CH2--CH2 -O --CH2-C H~ -O --CHz-CH2 -O --CH2-CH2-OH 

ml~-rr  

h i • , 

176 174 172 

i 

60 40 
5,ppm 

13 C (1 H) n.m.r, spectra of  P T T E G A  

20 

5228 POLYMER Volume 38 Number 20 1997 



Acryfic monomers with hydrophilic side groups. J. Guzmdn et al. 

Table l Characteristics of  the polymer networks 

% Cross-linking 
Polymer Tg (°C) Agent w 

PTEGA -48  2 0.70 
PTTEGA -45  1 0.77 

-45°C. The comparison with other acrylic polymers with 
short pendent chains such as poly(methyl acrylate), 
poly(ethyl acrylate) 17 and poly(3-hydroxyneopentyl 
acrylate) 7 shows, as expected, that the glass transition 
temperature of PTTEGA is lower than those of the other 
polymers due to the higher flexibility of its pendent 
chain. However, the Tg of PTTEGA is similar to that of 
poly(triethyleneglycol acrylate) (PTEGA) 11, indicating 
that the presence of one additional oxyethylene unit does 
not change the glass transition temperature of the 
polymer. 

Preparation of the membranes 
Membranes of PTEGA/PTTEGA were obtained at 

50°C by radical polymerization of triethylene/tetraethy- 
leneglycol acrylates, using 1% of triethyleneglycol/ 
tetraethyleneglycol diacrylates as crosslinking agents and 
AIBN as initiator. The polymerization was carried out in 
a Teflon mould under nitrogen atmosphere. 

Permeation measurements 
Prior to the measurements, PTEGA and PTTEGA 

membranes were swollen in water until equilibrium 
attained in approximately 30rain. The water weight 
fractions (w) in the swollen networks were 0.70 and 0.77 
for PTEGA and PTTEGA, respectively, corresponding 
to swelling degrees of 233 and 348%, respectively. Some 
characteristics of the membranes prepared with these 
polymers are shown in Table 1. The diffusional charac- 
teristics of the membranes were determined utilizing the 
experimental assembly commonly used to measure the 
permeability of oxygen through contact lenses. It 
comprises a permeometer model 201T (Rheder Devel- 
opment Co.) in which the polarographic cell is a solid 
cylindrical cathode of 24 carat gold (4.25 mm diameter 
and 6 mm long). The anode is a silver hollow cylinder 
7 mm long, the inner and outer diameters being 5 and 
10mm, respectively. A thermistor is installed into the 
anode to monitor the temperature of the cell and the 
membrane. The temperature was controlled by a 
thermostat bath of water, which was adjusted so as not 
to permit changes in this parameter higher than 0.1°C. 
More details and a sketch of the experimental assembly 
are given elsewhere 18. 

RESULTS AND DISCUSSION 

Kinetics of polymerization 
By assuming that the decomposition of the initiator is 

a first order reaction, the rate of radical initiated 
polymerization can be written as 

dM-k~ P\(2fkd[l°]~'/2[M]exp(--~)kt J (l) 

where K d, kp and k t are the rate constants for initiator 
decomposition, propagation and termination reactions, 
respectively, [M] is the instantaneous concentration of 

monomer, [I0] is the initial concentration of initiator, and 
f is the efficiency of the initiator. Moreover, in the 
development of equation (1) both depropagation reac- 
tions and the thermal polymerization are assumed to be 
negligible. Integration of equation (1) gives 

in [M0] 2kp(2f[lo])V2 1 (--2k--~dt) ] 
[m] = ~ ktkd ) 1 - exp (2) 

In dilatometric experiments it is useful to transform 
equation (2) into 

v0 
-lnI(l 2~hloo) Vo~-Z2xV] =2k ~ ktkd J 

× 11 -  {--kdtX~] exp T) J I3) 
which can also be expressed in a more convenient form 
by 

Ah =Ahloo 1 Vo Vexp - 2 k p \  ktkd j 

x [1 f--kdt~ 

where Ah and Ahl00 are the changes of dilatometric 
height at time t and at 100% of conversion, respectively, 
V0 is the initial volume of monomer and solvent in the 
dilatometer, and A V is the change of volume at time t. 

Values of kp/k~/2 and Ahloo were obtained from the 
dilatometric measurements by a non-linear least squares 
procedure described in detail elsewhere 7'8. The values of 
kd were taken from the literature 19'2°. Curves showing 
the time dependence of conversion are given in Figure 2. 
From semi-logarithmic plots of the conversion against 
1 - exp (kdt/2) straight lines were obtained whose slopes 

1/2 (=2kp(2f[Io]/ ktkd) ) allowed the determination 
1/2 of kp/kt . Results for this ratio at different tem- 

peratures, calculated by assuming that f = 0.6, are 
given in Table 2. It is noteworthy that the results 
shown in this table for kp/k~/2 are much higher than 

8 13 17 those reported for other acrylates' ' , particularly 
triethyleneglycol acrylate (TEGA) 1~, a monomer that 
shows great similarity to TTEGA. In most monomers 

t/2 and at the temperatures used in this work, kp/k t lies 
2r. in the interval 0.1-1, the highest values being obtained 

for acrylic monomers. Even assuming f = 1 instead of 
I/2 0.6 in equation (3), the values of kp/k t are only 

reduced by a factor of about 1.3, so that the differences 
with similar monomers still remain significantly large. To 
elucidate the cause of this apparent inconsistency would 
require one to measure the absolute rate constants of 
TEGA and TTEGA. 

The temperature dependence of the ratio kp/k~/2 may 

Table 2 Kinetic constants for the polymerization of  TTEGA in 1,4- 
dioxane. [M0] = 0.57mo11-1; [I0] = 5.6 × 10-3 moll  -1 

k./k~/2 
T(°C) (1 ~/2 mol-]/2 s- 1/2) 

50 1.10 
55 1.20 
60 1.24 
65 1.46 
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Figure 2 Variation of conversion with time for the polymerization of 
TTEGA in 1,4-dioxane at several temperatures 

be expressed in terms of the Arrhenius equation by 

k l / 2 -  A e x p - \  R T  ,] (5) 

where A is a combination of the frequency factors for 
the two rate constants; AE*= AEp ~ - AE~/2, AE~ and 
AE~ are, respectively, the activation energies of 
propagation and termination, T the absolute tempera- 
ture, and R the gas constant. By using the values of 
kp/k~/2 shown in Table 2 an Arrhenius fit for the 
polymerization of TTEGA in dioxane is obtained 
(Figure 3). The straight line allows the determination 
of the activation energy for the polymerization of this 
monomer under the conditions described in the experi- 
mental part; the value was 3.8 kcalmo1-1. 

Oxygen permeation through swollen PTEGA and 
PTTEGA membranes 

In the apparatus used in this study, the oxygen 
permeates from one side of the membrane where the 
partial pressure of the gas is kept constant (p = 
P0 = 155mmHg) to the other side facing the cathode 
of the polarographic cell where the partial pressure is 
PL ~ 0. Under steady state conditions the transport of 
gas in the membrane involves the motion of the 
molecules of oxygen with velocity Ux under the driving 
force of the gradient of chemical potential, O#/Ox, 
against the resistance of the matrix defined by the friction 
coefficient ~. The flux at the position x (0 < x </) ,  (where 
l is the thickness of the membrane), can be written as 

e O# D Olnc 
Jx = CUx - - (6) 

COx Ox 
where at low concentrations the chemical potential is 
given by 

Iz = #o + RTlna ~_ #o + RTlnc  (7) 

The gas concentration at a point x in the membrane, 
c(x), is at equilibrium with its partial pressure at the 
same point, p(x), and both magnitudes are related by 
Henry's law, i.e. e(x)= Sp(x), where S is the gas 
solubility coefficient in the membrane. Consequently 
the flux of gas can be written as 

RT Op -- DS~--= _pOp (8) 
J x -  ~ Ox ox Ox 

Figure 3 
dioxane 
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Ar rhen ius  p lo t  for the po lymer iza t ion  of  T T E G A  in 1,4- 

where P(= DS) and D(= R T / O  are, respectively, the 
permeability coefficient and the diffusion coefficient. 
Integration of this equation gives 

Jx = pPo - PL ~_ peo  (9) 
L L 

where the pressure at the side of the membrane facing the 
electrodes is considered to be negligible. The transport of 
oxygen through the swollen membranes was monitored 
by the following electrochemical reactions taking place 
at the electrodes: 

O2 + 2HzO + 4e --. 4OH- (cathode) 

4Ag - 4e ~ 4Ag + (anode) (10) 

Equations (9) and (10) indicate that once steady state 
conditions are reached, the intensity of current necessary 
to reduce the oxygen diffusing through the membranes 
can be written as 

I(t ~ cx~) = -nrAJx  = n F A P ~  (11) 

where A is the area of the membrane (area of the 
cathode = 14.24 -4- 0.13 × 10 -2 cm2), Fis Faraday's con- 
stant (= 96490Cmol -1) and n (=  4) is the number of 
electrons transferred from the anode to the cathode to 
reduce each molecule of oxygen. 

Under non-steady state conditions, gas transport 
across the membranes is governed by Fick's second law: 

Op( X,o~t ) _ D OZp( x,ox 2 t) (12) 

By using the boundary conditions, 

p ( x = - O , t < O ) = O  p ( x = L , t < O ) = O  

p ( x = O , t > O ) = p o  p ( x = L , t > o ) = p L ~ = O  (13) 

(the solution of equation (12) in terms of current 
intensities gives ]8,22,23) 

I(t) _ 1 -  { 6Dt'~ (14) 
I(t ~ ~ )  exp\  L2 j 

By measuring I(t) as a function of time, the values of 
both the permeability and diffusion coefficients can be 
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Table 3 Values of  the asymptotic current I ( t  ~ ~ ) ,  permeability (P) 
and diffusion coefficients (D) at different temperatures for P T T E G A  

T(°C) l ( t  ~ e~) (#A) P (barrers) 106 x D (cm 2 s 1) 

20 2.19 46.42 9.30 
25 2.39 50.66 11.50 
30 2.58 54.68 15.10 
35 2.66 56.38 15.90 
40 2.73 57.86 16.70 
45 2.78 58.92 16.90 
50 2.85 60.41 17.30 

1 barrer = 10 - t°  cm 3 02 ( S T P ) c m c m  -2 s -~ c m H g  

18 65 

16 
6O 
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F i g u r e  5 Influence of  the temperature on the diffusion and per- 
meability coefficients for P T T E G A  

0.04 

_~- 0.03 

g 

~ 0.02 

© 
O • 

• P r I ' E O A  

C) wam 

© 
© 

0.01 , , , 

15 25 35 45 55 
T,°C 

F i g u r e  6 Solubility coefficients of  oxygen for the P T T E G A  hydrogel 
and pure water 

readily determined, respectively, by means of equation 
(11) and from the slope (6D/L 2) of the plots 
ln[I~-I(t)/I~] against t, as equation (14) suggests. It 
should be pointed out, however, that, as a consequence 
of the liquid-membrane interfaces, the partial pressure 
difference between the two faces of the membrane could 
differ slightly from P0--PL. On the other hand, the 
diffusion resistance of the solution layer separating the 
membrane from the electrode has not been considered, 
so that the permeation measurements embody the 
assembly comprising the membrane and the thin solution 
layer. For this reason, the results obtained for P and D 
with the experimental device used in this study are 
apparent values. The difference between apparent and 
true values of the diffusive parameters decreases with 
decreasing water content of the hydrogels, decreasing 
thickness of the solution layer between membrane and 
cathode and with increasing thickness of the membrane 
itself. It should be stressed, however, that the thickness of 
the water layer between the membrane and the cathode 
in the apparatus used in this work is only a few 
micrometres and, consequently, the uncertainty involved 
in the diffusive parameters due to the resistance of the 
layer is a minor one. Studies carried out on hydrogels 
used as contact lenses have shown that the mechanism of 
absorption-diffusion is basically controlled by the 
hydroge124. 

Prior to each electrochemical experiment, nitrogen 
was bubbled in the high pressure chamber and the 
deoxygenation was monitored by following the evolution 
of the electrical current. Once the intensity reached a 
minimum, as a consequence of the total consumption of 
oxygen, nitrogen bubbling was stopped and the atmos- 
pheric oxygen was dissolved in the high pressure 
compartment. Oxygen started to diffuse through the 
membrane producing an increase in I(t) with time until 
the current intensity reached an asymptotic value, I~. 
Illustrative plots showing the evolution of the intensity 
with time are presented in Figure 4. The apparent values 
of P and D can be obtained from I(t) and I~ by using the 
procedures outlined above, and average results of these 
quantities are given in Table 3. In the case of PTEGA, 
the measurements were only carried out at 25°C, the 
values of P and D being 34.3 barrers and 7.7 x 
10-6cm2s l, respectively, which are lower than the 
results obtained for the same parameters, 50.66 barrers 
and 11.5 x 10 -6cm 2s -1, respectively, found for 
PTTEGA membranes at the same temperature. 

The temperature dependencies of both the apparent 
diffusion and permeability coefficients for the PTTEGA 
network are shown in Figure 5 where, below ca 45°C, a 
sharp increase in the values of these parameters with 
temperature are observed, each of them approaching a 
nearly asymptotic value for T > 45°C. Values of the 
solubility coefficient, S, calculated from the results for P 
and D, are represented as a function of temperature in 
Figure 6. In the same figure, for comparative purposes, 
the variation of the solubility coefficient of oxygen in 
pure water is plotted. It is noteworthy that the curves 
depicting the temperature dependence of the solubility 
coefficient in the swollen hydrogels and in water follow 
similar trends. The values of S decrease rapidly with 
increasing temperature until a temperature is reached 
(T ~_ 30°C for the hydrogel and T ___ 35 ° for water) 
above which the solubility coefficient decreases slowly 
with increasing temperature for water and remains 
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Figure 7 Permeability and diffusion coefficients for different hydrogels 
as a function of the degree of swelling (see text) 

nearly cons tant  for the hydrogel.  Moreover ,  the results 
plot ted in Figure 6 suggest that  a high degree o f  swelling 
causes an anomalous  enhancement  o f  the solubility o f  
the gas in the hydrogels.  

It is tempting to compare  the values o f  permeabil i ty 
and diffusion coefficients o f  oxygen th rough  different 
hydrogels,  with different degrees o f  swelling, with those 
reported for  pure water 25. Results represented in Figure 
7 show that,  for hydrogels with relatively low water 
content ,  bo th  the diffusion and permeabili ty coefficients 
increase slightly with the weight fraction o f  water, w. 
For  example, the apparent  values o f  bo th  P and D for 
oxygen th rough  hydrogels prepared f rom 2-hydroxyethyl  
methacrylate-p-methacryloyl-oxyacetanilide copolymers 26 
only change between 3.7-7.1 barrers and 2.2-3.3 x 
10 -6 cm 2 s --1 when w increases f rom 0.2 to 0.4. The values 
o f  these quantities are significantly larger for P T E G A  and 
P T T E G A ,  observing that  a change o f  water content  o f  7% 
in these hydrogels produces changes o f  about  48% in the 
values o f  P and D. Even though the solubility coefficient o f  
oxygen in the hydrogels with high water content  is larger 
than in water, restrictions in the diffusive path caused by 
the polymer  matrix are responsible for the fact that  the 
diffusion o f  oxygen th rough  the highly swollen hydrogels  
is nearly one third o f  the value in pure water. 

W o r k  is in progress dealing with the synthesis o f  
P T E G A  and P T T E G A  membranes  with different 
degrees o f  crosslinking with the aim o f  s tudying how 
the degree o f  swelling affects the diffusive characteristics 

and mechanical  properties o f  these membranes  swollen 
in water at equilibrium. 
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