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Swelling Equilibria for Ionized Temperature-Sensitive Gels in Water
and in Aqueous Salt Solutions
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. Chemical Engineeririg Department
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and

Materials and Chemical Sciences Division
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ABSTRACT

Swelling equilibrium data in water and in aqueous NaCl solutions are presented for
thermally-sensitive N-isopropylacrylamide (NIPA) hydrogels containing 0-4 mole percent
quaternized amine (positively ionizable) comonomer. We report the effect of gel charge
and solution ionic strength on the temperature-induced collapse of NIPA gels. Experimental -
swelling equilibria are compared with predictions based on a recently proposed oriented-
quasichemical model. This model has been shown previously to describe lower critical”
solution behavior in uncharged' aqueous polymer solutions and gels (i.e., aqueous NIPA
gel). We apply the model here 0 ionized NIPA gel. Semiquantitative predictions are
obtained for the effects of gel charge and solution ionic strength on temperature-dependent

- swelling behavior.
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INTRODUCTION

Phase transitions in polymer gels have attracted much attention since the first observa-
tion of gel collapse by Tanakal. Initial work was directed primarily at partially ionized
polyacrylamide gels (or related derivatives) which collapse in mixed solvent (acetone/water)

d2'6. In recent years, crosslinked gels of N-

systems as solvent composition is varie
isopropylacrylamide (NIPA) and of N,N’-diethylacrylamide (NDEA) have been shown to

exhibit discontinuous or nearly-discontinuous volume transitions in water in response to an

increase in temperature7'12.
11,12

These temperature-sensitive gels have received attention for

their scientific interest and for their potential technical importance in a variety of

9

applications including solute recoverylo, drug delivery”, and immobilized-enzyme reac-

[0!'813.

Temperature-induced collapse of polymer gels is analogous to lower-critical-solution
phase separation in aqueous polymer solutions, and to the coil-globule transition of a single
polymer chain in solution. For example, aqueous poly(NIPA) solutions exhibit a lower crit-
ical solution temperature (LCST) at approximately 31°C14; the end-to-end dimension of an
infinitely-dilute isopropylacrylamide polymer in water decreases dramatically as temperature
rises above 31°C15 ; and crosslinked NIPA gels exhibit volume collapse as temperature
exceeds approximately 33°C. LCST behavior in aqueous polymer solutions is due to

16

specific, orientation-dependent interactions” . This behavior cannot be explained by con-

ventional polymer-solution theories (e.g., Flory-Huggins)”.

Many potential applications of temperature-sensitive gels require incorporation of fixed
ionizable groups within the gel. Ionic groups may be used for imparting to a gel specific
solute-binding or exclusion properties, or for increasing the water absorption capacity of a
gel. Thus, the effect of gel charge on temperature-induced phase transitions is of interest.
While swelling equilibria in water have been reported previously for temperature-sensitive

10'18'21, in this work we examine swelling equili-

gels containing weakly ionizable groups
bria for NIPA gels containing a strongly dissociating quaternized-amine comonomer. The
effect of ionic strength on swelling behavior for ionized temperature-sensitive gels has not
been studied previously. We report here temperature-dependent swelling behavior in water
and in aqueous sodium chloride solutions for NIPA gels copolymerized with methacrylami-

dopropyltrimethylammonium chloride (MAPTAC).

22

Prange et al®” recently presented a theoretical framework for describing LCST

phenomena in aqueous polymer solutions and gels. This framework accounts for the com-
petition between specific (hydrogen-bonding) and non-specific (dispersion-force) interactions
which results in LCST behavior in aqueous polymer systems at normal temperatures and

23

pressures. Hooper et al®~ extended this model to polyelectrolyte gels and compared model
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predictions with isothermal swelling measurements for ionized acrylamide/MAPTAC copoly-
mer gels in water and in salt solutions. In this work we consider simultaneously the effects
of temperature, gel ionization, and solution ionic strength on the swelling properties of
N"IPA/MAPTAC gels (which are sensitive to all three variables). Swelling measurements
are compared with predictions based on the model presented in Refs. (22) and (23).

EXPERIMENTS

Gels were prepared by free-radical copolymerization of NIPA and MAPTAC, using
N,N’-methylenebisacrylamide (BIS) as the crosslinker. The synthesis procedure is similar
to that discussed in Réf. (23) with differences described below. All monomers were dis-
solved in 100ml water (in a nitrogen-filled glove box) and 0.01g each of ammonium persul-

fate and sodium metabisulfite were added to initiate reaction. The gels were formed -

between glass plates (10x10cm) separated by 1.0mm Teflon spacers. The plates were
chilled to 10°C before injecting the monomer solution; after injecting solution, the plates
were transferred from the glove box to a refrigerator and allowed to react at 10°C.. (Tem-
perature control is essential to prevent thermally-induced phase separation during polymeri-

zation). After48 hours, the gel slabs were removed from the plates and sliced into l-cm

disks using a punch. The disks were soaked in distilled, deionized water (replaced daily)
for one week. '

The volume fraction of monomers in the initial (100ml water) reacting solution was
0.12 for all gels prepared here. Also, each gel was prepared with a crosslink content of
0.01 mole BIS per mole of all monomers (i.e., b.Ol mole fraction BIS on a diluent-free
basis). The only gel-composition parameter varied here was the relative amount of charged
comonomer (MAPTAC) in the gel. Five gels were prepared containing, respectively, O,
0.01, 0.02, 0.03, and 0.04 mole fraction MAPTAC (on a diluent-free basis); we refer to
these gels by their respective mole percent MAPTAC. '

Gel volumes (water absorption capacities) were measured in the temperature range
10-70°C in water and in aqueous sodium chloride solutions in the concentration range 10"5
to 1.0M. Capacities were determined gravimetrically and by volume change as discussed in
Ref. (23). At each temperature, gel samples were allowed to equilibrate at least 24 hours
before recording the volume. Gels placed in salt solutions were equilibrated for seven days
(with solutions replaced daily) at 10°C. The solution temperature was then increased, held
constant for at least 24 hours, and the gel volume recorded. All swelling measurements
were performed in triplicate; standard deviations of the measured swelling capacities were
generally less than 2% of the mean. Temperature was measured with a calibrated
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thermocouple which is accurate to within £0.05°C.

EXPERIMENTAL RESULTS

Figure 1 presents swelling equilibria in water for uncharged NIPA gel in the range
10-70°C. The gel undergoes a continuous volume change as a function of temperature; this
change is most dramatic in the region 30-35°C (the transition region). Both continu-
ousg’?‘o’21 and discontinuouss’lo transitions have been observed for NIPA gels in water.
The gel is close to a critical point, and changes in gel crosslink densitylz, external osmotic
pressure“, and initiator typez4 have been shown to result in a crossover of the transition
from first-order to second-order behavior. Regardless of the order of the transition, a large

volume change is always observed in the temperamre range 30-35°C.

Figure 2 shows swelling behavior at 10°C in water and in aqueous NaCl solutions for
gels with varying MAPTAC concentration. (Pure water is denoted on the graph as 10'7M
NaCl). Gel swelling in water, and in salt solutions at low ionic strength, is highly depen-
dent on the degree of gel ionization (%#MAPTAC). As salt concentration rises, the ionized
gels deswell; at about 0.1M NacCl all gels have approximately the same water content. The
behavior seen in Figure 2 is similar to that observed elsewhere. This behavior can be

explained on the basis of Donnan-equilibria argﬁment323.

-Temperature-dependent swelling equilibria for gels with varying %MAPTAC were
measured for three of the ionic strengths shown in Figure 2: deionized water, 10'3M Na(l,
and IO'IM NaCl. Figure 3 presents results for measurements in water. Like the uncharged
NIPA gel, the ionized gels exhibit large (continuous) changes in water content as a function
of temperature. The temperature range where the volume change is greatest (i.e., the transi-
tion region) increases strongly with gel ionization. In addition, the volume change appears
to become less dramatic (more continuous) as %2MAPTAC increases.

Some workers have observed discontinuous volume transitions for ionized NIPA

21 and for ionized NDEA gelsls‘lg. However, others have reported continuous transi-

20

gels
tions for ionized NIPA
conducted additional studies to confirm that our measurements of continuous transitions

and NDEAIO gels. In light of these conflicting observations, we -

were not the result of slow equilibration near a possible critical (discontinuous) transition.
The transition region for different gels was approached from both higher and lower tem-
peratures using swollen-gel samples and using samples which were initially dry (i.e., dried
in a vacuum oven). After 12 hours, all samples with the same MAPTAC content had identi-
cal swelling capacities (within £2%) corresponding to the continuous temperature-volume
curves in Figure 3. In addition, some samples were held in the transition region for longer
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times (up to 5 days); no change in gel water content was observed after the first 12 hours.

A plausible explanation for the reported differences in transition behavior for ionized .
temperature-sensitive gels is that the the effect of the ionizable comonomer is not restricted
to its ionic character. The chemical and physical nature of the comonomer (in addition to
its ionic character and to its concentration within the gel) may inﬂuenceb the type of transi-
tion observed. In Refs. (18), (19), and (21) (where discontinuous transitions were observed),
the ionizable comonomer was either sodium acrylate or sodium methacrylate. In Ref. (20)
(continuous transition), the gel contained N-(acryloxy)succinimide. Clearly, other factors
(e.g., network composition and preparation procedure) ‘may contribute to the observed
differences in transition behavior for ionized gels (as with uncharged NIPA gels). Thus,
more data are required before definitive conclusions may be reached regarding the transition
behavior of ionized temperature-sensitive gels.

Figure 4 presents swelling equilibria for NIPA/MAPTAC gels in 10'3M NaCl solu-
tions. The gels exhibit swelling curves similar to those seen in Figure 3. However, in anal-
3MNacl'
than in deionized water. Increasing ionic strength thus decreases the apparent magnitude of

- ogy to the behavior observed in Figure 2, the ionized gels absorb less water in 10°

the. volume transition for ionized gels.

Figure 5 shows swélling measurements for NIPA/MAPTAC gels in 0.1M NaCl solu-
tions. In Figure 2 we noted that at 0.1M NaCl (and 10°C) gel charge density has little -
effect on swelling capacity. Figure 5 confirms this effect over the range 10-70°C. Thus, at
ionic strengths of 0.IM (or greater), gel charge density has a. minimal effect on swelling
behavior, and the ionized gels exhibit temperature-volume curves which are in near-
. quantitative agreement with those for the uncharged NIPA gel. This damping of Charge
effects at (relatively) moderate ionic strengths has important implications for proposed
. applications of ionized gels. In particular, Donnan exclusion of ionized solutes from a
charged gel will not be observed at ionic strengths above 0.1M; therefore, solute recovery
operations relying on Donnan exclusionlo
larger than 0.1M.

will be ineffective at ionic strengths near or

The swelling data presented in this section are available in tabular form as supplemen-
tal material.
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COMPARISON OF EXPERIMENT WITH THEORY

LCST behavior is observed in polymer solutions when: (1) the polymer and solvent

exhibit large differences in thermal expansion, or (2) specific, orientation-dependent interac-

tions occur between polymer and solvent. In both cases, the phase separation is entropi-
cally driven; however, tﬁe origin of this driving force is significantly different in the two
cases. While compressibility effects are dominant in nonpolar systems at temperatures
approaching the solvent critical temperature (e.g., poly(styrene)/acetonezs), speciﬁc interac-
tions are dominant in polar, or hydrogen-bonding systems at normal temperatures and pres-

sures (i.e., conditions remote from the solvent’s critical point). Aqueous polymer solutions

(e.g., NIPA gels) represent systems in which specific (hydrogen-bonding) interactions are

the driving force for LCST behavior.

26 27

Free-volume“® and lattice-fluid“’ equations of state can describe LCST behavior
resulting from compressibility effects in nonpolar systems. However, these models do not
account for orientation-dependent interactions and thus cannot describe LCST behavior in
aqueous polymer solutions. Recently, lattice models have been proposed which account for
specific interactions and describe’ LCST behavior in polar and hydrogen-bonding sys-
tcmszz'zs. We have applied such a model for describing LCST behavior in the uncharged

22’

NIPA gel/water system™”. Here, we apply an extension of this model for polyelectrolyte

ge1323 for describing swelling behavior in ionized NIPA/MAPTAC copolymer gels.

7 does not account for free-volume

The classical solution theory of Flory and Huggins1
effects or for specific interactions, and thus cannot describe the mechanisms responéible for
LCST behavior in either non-polar or specifically interacting systems. Nevertheless, LCST
behavior can be predicted by classical Flory-Huggins theory if the polymer/solvent interac-
tion parameter is given an unreasonable temperature- or composition-dependence. This
approach, while physically unappealing, has been used for describing LCST behavior in

NIPA and NDEA gelslg'zl.

At equilibrium, the osmotic pressure difference (IT) of solvent between a gel (phase ’)

and surrounding solution (phase *’) is zero, i.e.,

—ap ~(i-py)

m= ="

o (1)

where V, is the molar volume of solvent and u, represents the solvent chemical potential.

Assuming that the swelling pressure IT is the sum of contributions from polymer/solvent
mixing, network elasticity, and ion/solvent mixing, and substituting expressions discussed in
Ref. (23) for these contributions, we obtain:
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Here, R is the gas constant, T is temperature, ¢, and ¢, represent (respectively) the volume
fraction of solvent and polymer in the gel, ¢; and the z,’s are solvent structural parameters,
a, ﬂ.' and D represent different types of contact (interacting) sites on a segment, the I'y;’s
are non-random factors (representing the extent of non-random mixing around each type of

contact site), ¢4 is the volume fraction of the gel at preparation, x. denotes the average
number of segments per network chain (where a segment is defined as having the same

volume as that of a solvent molecule), A = (¢5/¢2)'?, and cf* and c/™ represent, respec-

tively, the concentration of mobile ions within the gel and in the surrounding solution.

The first line in Equation (2) gives the contribution to the swelling pressure from.
polymer/solvent mixing. The first two terms in this expression represent the random (ather-
mal) Flory-Huggins combinatorial contribution, while the last three terms represent the
energetic and non-random mixing contributions (discussed in Ref. 22).. The non-random
mixing contribution is significant for mixtures in which strong, orientation-dependent
interactions occur; it is this contribution which ‘enables the model to describe LCST

behavior in aqueous polymer solutionszz.

The second line in Equation (2) gives the contributions to the swelling pressure from

network elasticity and from ion/solvent mixing. The affine network modell"7 is usually used

for describing the elastic contribution to gel swelling. However, this model gives a poor

description of elastic properties when applied over large ranges of strain, and is particularly

29
).

Here, we use for the elastic contribution the constrained junction theory of Flory and
30

unsuitable for swollen networks (which behave closer to the phantom network limit
Erman™"; this model interpolates between affine and phantom network behavior, and
accounts for nonaffine displacement of network junctions under strain. The function K(1)
in Equation (2) is given by Equation (16) (and related equations) in Ref. (31). The last

term in Equation (2) is the van’t Hoff expression for ideal ion/solvent mixing”.

Equation (2) is the equilibrium criterion for solvent (water) concentration within the

gel. The distribution of mobile ions (added salt) between the gel and solution is described

here assuming ideal Donnan equilibria”:



v

el ext
S| — 3)
C:' t Cgcl + l¢2
5 V.‘

where ¢, refers to the concentration of added salt, i represents the fraction of monomer

units containing bound charges, and V, denotes the molar volume of a monomer unit.
When salt is not present in the external solution (i.e., for swelling in deionized water),

Equation (3) is not needed. In that case, all ¢ in Equation (2) are zero, and c¢f is given
by the concentration of counterions within the gel. ‘
Equations (2) and (3) describe the gel water content (or, equlvalently, ¢,) and the salt

concentration within the gel (c#*) as a function of temperature and external salt concentra-

tion (c). For comparison with experiment, we define here the parameters which appear in
these equations. Structural parameters in the polymer/solvent mixing expression are the

same as.those in Ref. (22): g1 (=r)=10, :2=20 =20, 26=2£ =1.07, and V, = 18.0
cm3/mol. Gel-composition parameters in the elastic expression are determined from the
synthesis conditions as: ¢3 = 0.12, and x. = 283. The degree of gel ionization (parameter i
in Equation (3)) is determined from the %MAPTAC for a given gel, and we estimate V, =
101.0 cm3/mol.

The above parameters are fixed by gel and solution conditions and are not adjustable.

Three adjustable energy parameters are required for determining the non-random factors
(Ty;’s) in Equation (2)22; these parameters characterize specific interactions between -

different contact sites in the solution. These energy parameters must be obtained from
experimental data. Our goal here is to examine the ability of Equations (2) and (3) to
describe the effects of gel charge and solution ionic strength on the swelling behavior of a
temperature-sensitive gel. We thus obtain the adjustable energy parameters from swelling
equilibria for uncharged NIPA gel in water (Figure 1), and use these parameters to predict
swelling for ionized NIPA/MAPTAC gels in water and in salt solutions.

Energy parameters optimized to swelling equilibria for the uncharged NIPA gel are
(using the notation of Ref (22)): ?P? =202, »®# = -710, and »®* = -119 (in degrees Kel-
vin). Figure 6 presents experimental and calculated swelling equilibria for uncharged NIPA
gel and for NIPA/MAPTAC copolymer gels in water and in aqueous NaCl solutions at
10°C. As found earlier23, ideal ion/solvent-mixing and Donnan-equilibria arguments
predict, in semi-quantitative agreement with experiment, the effects of gel charge and solu-
tion ionic strength on swelling (at constant temperature).

a3
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Figure 7 presents experimental and calculated swelling equilibria in deionized water
. for gels containing O, 2, and 4%MAPTAC. Analogous with Figure 6, calculated swelling
capacities at low temperatures are in reasonable (though not perfect) agreement with experi-
. ment, The increase in temperature of the transition region with increasing %MAPTAC is -
also predicted fairly well. However, discrepancies between calculated and measured swel-
ling behavior are apparent both in the order of the volume transition, and in the swelling
capacities at high temperatures (above the transition). For gels which undergo a
temperature-induced volume transition (whether continuous or discontinuous), the
ion/solvent mixing expression in Equation (2) always predicts an increase in the sharpness
of this transition (to 1st-order behavior) with increasing ionization21. While such a cross-
over has been observed (as discussed earlier), it was not seen here. In addition, the calcu-
lated swelling curves for the ionized gels (at temperatures above their predicted transitions)
are nearly identical with the curve for uncharged NIPA gel. In contrast, the ionized gels
were actually swollen to a signiﬁéantly greater degree than the uncharged gel at high tem-
peratures.

Figure 8 presents experimental and calculated swelling equilibria for the 4%MAPTAC
3M and 10°IM aqueous NaCl. The calculated swelling
curves describe correctly the large effect of ionic strength on the temperature-dependent

gel in deionized water, and in 10~

swelling behavior for this gel. As in Figure 7, however, discrepancies between theory and
experiment are apparent. '

CONCLUSIONS

The addition of small amounts of ionic comonomer to a temperature-sensitive gel
affects dramatically swelling behavior in water and in low-ionic-strength aqueous solution.
At higher ionic strengths (above about 0.1M NaCl), gel charge has little effect on swelling.
Charge 'density alone may not characterize compietely the effects of an ionizable comono-
mer on gel swelling. Even at low concentrations the specific nature of the comonomer
appears to influence swelling behavior (particularly the order of the volume transition) for
temperature-sensitive gels. We are currently investigating this effect for other ionizable
comonomers. '

Predicted swelling equilibria agree reasonably well with experiment over the investi-
gated range of temperature, degree of gel ionization, and solution ionic strength. Consider-
ing the neglect of specific comonomer (and electrostatic) interactions in the theoretical
approach, the failure to predict quanritatively all features of the swelling curves is not supris-
ing. A more elaborate approach for describing such interactions is not now justified, given



-9.-

the other approximations in the theory and the lack of network structural information (i.e.,
‘effective degree of crosslinking and network heterogeneity). For further theoretical
development, data are needed for well-defined model systems in which all characteristics
(e.g., charge distribution, molecular pqtentials) are known independently. Computer simula-
tion may provide a tool for obtaining such information; we are therefore currently pursuing
simulation studies to establish the effect of charge on the temperature-induced coil-globule
transition of a single polymer chain in.a continuous fluid medium.
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List of Figure Captions

Figure 1. Swelling equilibria for poly N-isopropylacrylamide gel in water. Error bars are
smaller than data symbols.

Figure 2. Swelling equilibria at 10°C for NIPA/MAPTAC copolymer gels in water and in
aqueous salt solutions. Results at 10’7M NaCl represent swelling in deionized water.

Figure 3. Swelling behavior in water for NIPA/MAPTAC copolymer gels. The gels are all
temperature-sensitive, but do not exhibit discontinuous volume transitions.

Figure 4. Swelling behavior in 10'3M NaCl for NIPA/MAPTAC copolymer gels. Swel-

ling capacities for charged gels are smaller than for the corresponding gels in Figure 3.

Figure S. . Swelling behavior in 0.1M NaCl for NIPA/MAPTAC copolymer gels. The effect
of charge on swelling capacity is significantly reduced from that observed in Figures 3 and
4. (Note expanded capacity scale).

Figure 6. Comparison of experimental and calculated swelling equilibria for
NIPA/MAPTAC copolymer gels in water and in aqueous NaCl solutions at 10°C.

Figure 7. Experimental and calculated temperature-dependent swelling behavior for
NIPA/MAPTAC gels in water.

. Figure 8. Experimental and calculated temperature-dependent swelling behavior for
4%MAPTAC gel in water and in 103 and 10" 1M aqueous NaCl.
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SUPPLEMENTARY MATERIAL FOR:

Swelling Equilibria for Ionized Temperature-Sensitive Gels in Water and in Aqueous
Salt Solutions

Sagrario Beltran, Herbert H. Hooper, Harvey W. Blanch, and John M. Prausnitz

Chemical Engineering Department, University of California, and Materials and Chemical
Sciences Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720

Tables 1-4 give experimentzil swelling data presented in graphical form in the
- manuscript. Standard deviations are indicated for measurements performed in triplicate.



Table 1. Swelling equilibria at 10°C for gels prepared with varying amounts of charged comonomer

swelling ratio (g swollen gel/g dry gel)a for specified NaCl concentration

b

% MAPTAC DI Water 10~3 M NaCl 10°*M 10* M 102 M 10°'M 1.0M
0 165 (0.17) 170 (0.21) 168 (0.17) 169 (0.17) 167 (0.18) 170 (0.17) 157  (0.20)
1.0 343 (0200 346  (0.26) 331 (020) 272 (0.17) 205 (0.21) 199 (0.24) 181  (0.15)
2.0 512 (L3) 507 (14 486 (1.3) 382 (1.0) 227 (0.59) 198 (0.51) 183  (0.48)
3.0 630 (036) 626 (0.39) 598 (0.56) 465 (0.65) 250 (036) 197 (0.38) 183  (0.36)
4.0 740  (092) 739 (L)) 707 (L1) 555 (©71) 281 (036) 198 (033) 177 (0.24)

2Results in parentheses represent standard deviation. bDislilled water.

4
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~ Table 2, Temperature-dependent swelling equilibria in water for NIPA/MAPTAC copolymer gels

swelling ratio (g swollen gel/g dry gel)a for specified ZMAPTAC

70.0

3Results in parentheses represent standard deviation.

(0.10)

T (°C) 0% MAPTAC 1.0% 2.0% 3.0% 4.0%
100 165  (0.17) 343 (0200 512  (1.3) 630  (0.36) 740 (0.92)
200 136  (0.18) 30.8  (0.23) 482  (1.3) 60.0  (0.43) 714  (0.89)
252 116 (0.12) 288  (025) 462 (1.2 592  (0.35) 704  (0.96)
30.0 8.54  (0.09) 260  (0.19) 441 (1.2 571 (0.48)  69.1  (0.86)
31.0 770 (0.09) 251  (0.16) - - . . - -
32.0 6.68 (0.07) - - - R . . - -
33.0 537  (0.08) 232 (0.15) 424 (L) 555  (0.68) 681 (0.86)
33.4 3.52  (0.09) . - - R . . - .
33.7 208 (0.07) - - - - - - - .
34.0 1.66  (0.07) - - - - - - - -
35.0 152 (0.05) 207  (0.16) 406  (L.I) 546  (0.39) 667  (0.96)
370 - - 174 ©027) 395  (1.0) 53.6  (031) 660 (0.89)
38.0 - - 133 (0.37) - - - - - -
39.0 . . 748  (0.18) 380  (0.98) - - - -
40.0 134  (0.02) 468 (0.15) 364  (1.0) 51.8  (0.42) = 647  (0.85)
42.1 - - 343 (021) 319  (090) 501  (0.44) - 632 (0.78)
45.0 - - 223 (0.14) 189  (0.79) 460  (0.85) 618 (0.94)
48.1 - . 1.86  (0.08) 794 (022) 382 (0.72) S85 (1.0)
50.0 126 (0.04) 1.85  (0.20) 541  (037) 315  (0.66) 552  (0.90)
53.0 . - - . 405 (0.13) 201 (0.56) 49.7 (0.73)
55.0 - . .77  (0.12) 403 (0.15 144  (0.74) 450 (0.56)
57.7 - - - - 332 (11) 101 (028) 374 (0.76)
60.0 124  (0.01) 172 (0.14) 277 (0.09) 741 (0.18) 318  (0.66)
62.5 - . - . - - 630 (0.22) 259 (0.82)
65.0 - - 146 (0.02) 272 (0.49) 593 (067 198 (1.2
123 (0.03) 148 (0.05) 2.25 438  (024) 132 (0.56)
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Table 3. Temperature-dependent swelling equilibria in 103 M aqueous NaCl for NIPA/MAPTAC copolymer

gels
swelling ratio (g swollen gel/g dry gel)a for specified %MAPTAC

T (°C) 0% MAPTAC 1.0% 2.0% 3.0% 4.0%
10.0 16.9 0.17) 27.2 (0.17) 38.2 (1.0) 46.5 (0.65) 555 (0.71)
25.0 1.0 (©0.11) - 21.6 (0.13) 334 (0.89) 422 (0.60) 51.7 (0.72)
30.0 814 (0.09) 19.1 0.12) 314 (0.84) 40.6- (0.57) 50.5 (0.68)
33.0 503 (0.13) - - - - - - B -
333 3.68 (0.04) 16.9 (0.11) 30.1 (0.88) 39.2 (0.56) 49.2  (0.67)

337 216 (0.09) . . . - ] ] .
34.0 1.69  (0.03) . . . - X . -
35.0 1.55  (0.07) . . ; . . ] -

40.0 1.31 (0.00) 4.07  (0.05) 249 (0.67) 36.2 (0.51) 470 (0.64)
45.2 - - 1.69  (0.06) 10.8 0.30) 298 (0.44) 434 (0.57)
50.0 1.28  (0.04) 1.58  (0.05) 5.38  (0.15) 21.0 (0.32) 39.1  (0.52)
54.7 - - 1.54 (0.14) 3.17  (0.09) 10.2 (0.19) 286 (0.49)
60.0 125  (0.03) 1.49  (0.08) 258 (0.13) 6.51 (0.13) 20.2  (0.36)
65.2 - - - - 2160 (0.22) 477  (0.16) 134 (0.26)

700 123 (0.07) 1.53  (0.11) 1.81  (0.19) 3.88 (0.08) 10.1  (0.39)

Results in parentheses represent standard deviation.
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Table 4. Temperature-depehdent swelling equilibria in 0.1M aqueous NaCl for NIPA/MAPTAC copolymer

gels
swelling ratio (g swollen gel/g dry' gel)a for spéciﬁed %MAPTAC
T (°C) 0% MAPTAC 1.0% 20% - 3.0% 4.0%
10.0 17.0 0.17) 199 | 0.29) 19.8 (0.51) 19.7 (0.38) 19.8 (0.33)
25.0 10.5 - (0.11) 125  (0.15) 13.0 (0.34) 135 (0.26) 14.4 (0.24)
30.0 7.04 (0.08) 9.13 (0.11) 10.2 026) 111 (0.22) 12.2 0.21)
33.0 242  (0.05) 564 (0.13) 7.50  (0.05) 19.18  (0.18) 10.7 (0.19)

334 1.59  (0.05) - . " - . . L .
33.7 1.53  (0.03) - - . . . I

340 152 (0.03) 296 (0.09) 645  (0.06) - - - .

350 144 (0.04) 215 (0.10) 524  (0.09) - - - -

36.5 - - - . 355 (0.11) 597 (0.12) 819 (0.14)
400 130 (0.03) 156 (0.03) 209 (0.05) . - - . ;
25 - - | . . 195 (007 279 (0.06) 406 (0.07)

475 1.23  (0.02) - - e - 197  (0.06) 290 (0.05) .
500 122 (0.02) 139 (0.08) 158 (0.02) - - - - .
55.0 - - . - . . 183 (0.07) 225 (0.04)

600 122 (0.01) 134 (0.09) 140 (0.03) - . . .

65.0 - - . - . - L3 (005 193 (0.05)

8Results in parentheses represent standard deviation.
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