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Two Component Hydrogels
2. Polymer- Polymer and Polymer-Solvent Interactions in a One
Component Hydrogel — Experimental Verification —

W. R. Good and H.-J. Cantow

Institut fir makromolekulare Chemie der Universitat, 7800 Freiburg i. Br., Federal Republic of Germany

Summary

The equations of state for the ternary system water (1)- 1li-
near crosslinker (2)- one component gel (3) given in the
previous paper are checked experimentally for polyethylene-
oxide (PEO- linear) and polyvinylpyrrolidone (PVP- crosslin-~
ked). The interaction parameter X3, has been found as inde-
pendent of crosslinker length and crosslink density. x23 and
e€ven more Y13 are dependent on the degree of crosslinking.

Introduction

In our recent paper 1 the relationship

1 — (vi-¢1) -

E[ln(vl/fbl) ~V12 ln(va/¢7)] = 2X12—¢§— + (X13-X12-Vi2x23) 1)
was developped describing the swelling behaviour of a one- component gel
inan agueous solution of a linear crosslinker. v, are the solution phase
and ¢, the gel phase volume fractions. This equa%ion is totally indepen-
dent of explicit contributions of the crosslink density. This will be
checked in the following with the system PEO (linear) and PVP (crossl.)

Experimental

PVP networks were prepared by simultanecus copolymerization and cross-—

linking of N-vVinylpyrrolidone. The crosslinking agent used in the net-

work preparations deserves some attention here as it is an analeogue to

those which are used in the preparation of our two- component gels. Two
moles of allyl alcohol are reacted with one mol of 2,4- toluene- diiso-
cyanate (2,4 TDI)

g g
1
to produce, CH2=CHCH2(5CNHVHN OCH,CH=CHy

(1)
CHg

This diallylic compound is well adapted to our purposes due to its very
small tendency to homopolymerize and its very high penchant to copolyme-
rize with NVP to produce well defined networks. In experiments to be de-
scribed in the third installment of this series of papers it was found
that the reactivity ratios in the system NVP (1) and (I) (2) are ry =
0.887; ry = 0. In determining the interaction parameters for water- PEO-
PVP, it is necessary to accept the "volumeless crosslink" 2 approxima-
tion in order to use the three component equations derived in the theo-
retical section. Hence, compound (I) represents our volumeless crosslink
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when compared with either the main chain length or the PEO used in our
swelling measurements.

The NVP used was a fraction which boiled between 57- 58° C at 2 mm. Mono-
mer (I) was prepared by dissolving 2 moles of allyl alcohol together with
1 mol of 2,4 TDI in 290 g CH2Cl and refluxing the mixture for three
hours. The product is isoclated %y evaporation of the solvent, redissolved
and recovered twice (CH=CH2 calc. 18.61, found 18.00 %).

Networks were prepared by codissolving NVP, (I) and 0.8 % (based on mono-
mer) of AIBN along with 10 % N- Methylpyrrolidone. These solutions were
then injected into closed molds which consisted of two glossy mylar
sheets separated by a silicone rubber gasket. The mylar sheets were
backed by flat glass plates and the entire assembly was clamped together
by strong spring binders. Polymerization at 60° C for two hours yielded
polymer sheets (V1 mm thick), which were demolded by immersing the sand-
wiches in Dry Ice/ methanol. The presence of N- Methylpyrrolidone aided
this demolding process. The hydrogels were washed in water for 7 days,the
water being changed twice daily. Three hydrogels were prepared in which
the starting monomer compositions were 2.00 mole % monomer (I) (gel 1);
1.00 mole % (I) {(gel 2); 0.50 mole % (I) (gel 3), respectively. The equi-
librium swelling compositions for these materials in water at 25  C are:
Wt %

M of PEO (Union Carbide Corp.) were determi- Gel ge1 1 $3
réa By Eroesing point depression in sgieous T Te.r 00010 0.1
Y group n 4 2 14.82 0.8743 0.1257

propriate. p was given by the supplier. 3 10.55 0.9112 0.0888

Equilibrium swelling measurements were per-
formed at 25°C in agueous solutions of PEO.
The swollen gel is cut into conveniently si-
zed rectangular pieces of 100-300 mg, blotted
dry with tissue paper and weighed to an accu-
racy of 0.1 mg. The gel pieces are then pla-
ced into the PEO solutions and the vials are
allowed to gently rotate at 25© C. Typically,
the swelling equilibrium was established
within 48 h for the lowest Mn PEO, within

72 h for the intermediate M_PEO and within 96 h for the higher M, PEO
solutions. The hydrogels are then rinsed in fresh water, blotted dry and
reweighed to determine the new equlibrium weight. The specimens are then
dried at 60° C, under vacuum for 24 hours and weighed in the dry state.

PEO pl(g/ml) M Vi
300 1.12 300 0.0675
600 1.12 615 0.0329
750 1.09 750 0.0262

1000 1.10 974 0.0203
2000 1.10 1903 o0.0104

Results and Discussion

Since the hydrogels were placed into the PEO solutions in the swollen
state the weight of dry gel is calculated from the known initial swollen
weight and the amount of linear PEO absorbed is calculated from the diffe-
rence between this value and the final dry weight. The control data pre-
sented in the Table were obtained by averaging the volume fractions of
water and gel over five determinations for each gel in which the standard
deviation was less than 0.5 %. The volume fractions were calculated for
solution and gel phases at equilibrium taking into account all correc-
tions including loss of linear polymer from solution to gel and exchange
of solvent between solution and gel. Since the initial solution volume
was more than ten times the initial gel volume the corrections are gene-
rally only in the order of 2- 5 %, but were, nevertheless, included in
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the calculations. In Table A we give the equilibrium volume fractions
for the PEO linear polymers that penetrated the PVP gels. For Mn > 2000
the gels absorbed no appreciable amount of the linear polymer.

These data are fitted to equation (1) by a least squares method and ave-
rage Y12 values for each PEO are tabulated (Avg. Y12 = 0.4189 - 0.0070):
We present the data as a plot of the left side of

equation (1) vs. 2(vi- ¢1)/¢3 as illustrated in Fi- PEO  V)p X12

gures 1. The curves are grouped with respect to M, 300 .0675 .4160
of the penetrant, PEO. In these figures all of the 600 .0315 .4143
lines for each penetrant are drawn with the same 750 .0263 .4157
slope. These results show, as should be the case, 1000 .0203 .4282
there is no dependence of ¥12 on the cross link 2000 .0104 .4205

density of the gels. Moreover, the slopes for
each penetrant used with each gel all fell in a very narrow range of va-
lues which fell well within the limits of experimental error. Hence, we
have determined the value of yj3 to be 0.4189 irrespective of M, of the
PEO. This result is strong evidence that ¥Xj1» is independent of concentra-—
tion over the concentration range and molecular weight range studied.

Although we observe the slopes to be independent of penetrant M, and gel
crosslink density, it is obvious that the intercepts of these curves are
dependent on both gel crosslink density and molecular weight of component
2. Although SAKURADA et al 2 gstate that the linear relationship should be
independent of the M, of component 2 it is clearly seen that the inter-
cept from equation (1) is explicitly dependent on Vip, the ratio of sol-
vent to linear polymer molar volume. It should be noted that these
authors used linear polymers of much higher molecular weight than in the
present study. Hence, Vipx23 becomes negligible as compared to (x13- xi2)
if X723 1is not too large. However, in our case VisX23 is not negligible
and must be taken into account. If we call the intercepts from Figures 1
Tr we may write, I = (x13- x12) -~ Via2xas . t2)
were Y1p represents the slopes of these lines. Then, rearranging and
solving explicitly for (I + x12 ) we have

X _
I+x12 =x13 - 2D x1V, (3)
Xy1p

where we have normalized 23 with respect to
X12 in order to use the values of Y17 for
each PEO molecular weight rather than the
average value. In the foregoing table we
have presented the ¥jgovalues for each linear
polymer used in the swelling studies and in
Figure 2 we have plotted the left side of
equation (3) vs. X12V12 for each hydrogel
studied. If xp3 is independent of crosslink
density than all these points should fall
on the same straight line having slope of
-{X23/X12) and intercept of ¥x13. If X23 is

Figure 2 Dependence of the intercept from 374 -
figs. 1 on Vyy for PVP gels 1, 2, 3. Slopes X12%2

yield xo3 and intercepts give xi3- fo) .ol .62 .63
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dependent on crosslink density but independent of molecular weight of the
penetrant we should obtain a family of straight lines all having diffe-
rent slopes and intercepts of X313 characteristic for the gel crosslink
density. It is also conceivable that 3 is dependent on both M, of com-
ponent 2 and crosslink density of the gel. It is apparent from Figure 2
that x23 is at least dependent on crosslink density as the date points
definitely are grouped with respect to gel crosslink density. For pene-
trant molecular weights >300 we have a fairly good linear correlation.
Hence, as may be expected, Y23 exhibits behavior which supports the idea
that the polymer- polymer interaction can be characterized as a structu-
ral unit phenomenon which is implied in its definition in the FLORY- HUG-
GINS theory. Most importantly, we see that X13 is quite strongly depen-
dent on crosslink density. This is a crucial point, as it is common prac-
tice among workers in the field to assume that the solvent- polymer in-
teraction parameter is independent of crosslink density. This approxima-
tion may be valid, but our data indicate it to be valid only for very
lightly crosslinked gels. In the table we ta-

+ -
bulate the set of interaction parameters Gel X12  X13 X23
found for the three PVP gels and f}ve l}near 1 .4189 .5631 1.931
polyethylene glycol polymers used in this D) 4189 5412 1.934
study. The ¥13 values reported are extrapo- 3 .4189 .5196 1.913

lated from the data of Figure 2.

+ Extrapolated
Conclusion # For PEO My > 600

By using the ternary phase relationship for a solvent, crosslinked poly-
mer and linear polymer and extending the treatment first introduced by
SAKURADA et al it is possible to determine the FLORY- HUGGINS interaction
parameters for the three- component system Water, PEO (linear), and PVP
(crosslinked). Moreover, this treatment indicates that the degree of
crosslinking in the network polymer is reflected in the value of the in-
teraction parameters associated with the network chains; implying an en-
tropic contribution on the interaction parameter exists.

The interaction parameters for Hp0- PVP (x13), HyO0- PEO (x312) and PVP-
PEO (xp3) are important for us in the development of the thermodynamic
equations of state for the two- component gels in which the PEO component
is no longer merely a swelling agent but rather a part of the network it-
self. The correlation between the systems studied here and the two- com-
ponent networks may well be heavily dependent on our understanding of the
interactions elucidated in this paper.

We have to thank the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie for financial support.
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