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Abstract

Hydrogels were prepared by free radical polymerization in aqueous solution ofN-isopropylacrylamide (NIPA) and of NIPA with sodium
acrylate (SA) and sodium methacrylate (SMA) as comonomers. For each copolymerization three different compositions were used and for all
systems three concentrations of a tetrafunctional crosslinker were employed.

Swelling ratios,r � (mass hydrogel/mass dry polymer), were measured on heating from 208C and then on cooling back to 208C, and the
swelling/deswelling was shown to be thermoreversible. Lower critical swelling temperatures (Tc) were exhibited in copolymers with low
concentration of sodium salt. The type of comonomer did not affect the swelling–deswelling behaviour in hydrogels with low concentration
of comonomer, but there were strong differences at higher concentrations. These variations were attributed to small differences in the degree
of hydrolysis of the SA and SMA units within the hydrogel.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

According to the acid-base equilibrium for a weak acid,
the degree of dissociation of the acid depends directly on the
pH of the medium. The acid will be virtually non-disso-
ciated in a solution buffered at low pH and, on the contrary,
the acidic groups will be almost completely ionised in a
basic medium. When the acidic units are part of a hydrogel,
their degree of ionisation should influence the swelling
behaviour of the hydrogel owing to variations in the density
of negative charges within the network of the hydrogel.
Taking the degree of swelling at neutral pH as a reference,
a higher degree of swelling should be expected in a basic
medium as a consequence of the repulsive interactions
between the negatively charged acidic groups. In contrast,
a reduction on the degree of swelling would be normal in a
swelling medium buffered at acidic pH resulting from the
lack of those repulsive interactions.

In previous work [1] we have studied the swelling beha-
viour in water at pH� 5.7 of hydrogels based on copoly-
mers ofN-isopropylacrylamide (NIPA) with the weak acids
acrylic acid (AA) and methacrylic acid (MAA). Subse-
quently [2] the results were extended by examining the
swelling–deswelling behaviour at the extrema of pH. The

results at pH� 1 were in accordance with those expected
considering the acid–base equilibrium of a weak acid under
these conditions viz. the degree of swelling was lower than
that at neutral pH (although there are some side effects like
hydrogen bonding between the components of the hydro-
gel). Despite the repulsive interactions that exist between
the carboxylates groups of the acidic units at pH� 12, the
values of the degree of swelling were extremely low. It was
concluded that the added NaOH (used to adjust the pH of the
water) behaves as an added salt, which screens ionic inter-
actions, so that the gel behaves as if it were uncharged [3].

In order to avoid the interference of external sodium ions
at pH� 12, it was considered useful to synthesize copoly-
meric hydrogels of NIPA with the sodium salts of the AA
and MAA, sodium acrylate (SA) and sodium methacrylate
(SMA). These two salts are strong electrolytes and are
completely ionised in water. Hence, their incorporation as
copolymer components has the added advantage of enhan-
cing the level of swelling.

2. Experimental

2.1. Materials

NIPA, the crosslinker N,N-methylene bisacrylamide
(BIS), the activatorN,N,N0,N0-tetramethyl ethylene diamine
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(TEMED), AA and MAA were purchased from Aldrich
Chemical Co. Ammonium persulphate (APS) was obtained
from Wilkinson–Vickers Ltd. NIPA was recrystallised from
toluene/n-hexane (27/73 vol./vol.). AA and MAA were
purified by vacuum distillation. All other chemicals were
used as received. Deionised water from a Millipore Milli-
U10 water purification system was used in the preparation of
hydrogels and in the swelling experiments.

SA and SMA were synthesised by neutralising the corre-
sponding acid, AA or MAA, with a methanolic solution of
NaOH at 208C according to the procedure of Morawetz and
Rubin [4]. The monomers were filtered, washed with acet-
one, dried at room temperature and finally dried to constant
weight at 408C in a vacuum oven. This procedure had
already been demonstrated previously [5] to afford high
yield and purity.

2.2. Synthesis of hydrogels

Gels were prepared by free radical crosslinking copoly-
merization in water, which is a solvent for all components of
the feed mixture. The ratio NIPA/water was fixed at 15/
85 (wt/wt) in all cases and the overall concentrations of
initiator (APS) and activator (TEMED) were each 1 mol%
with respect to total monomers. To a known mass of solid
principal monomer (NIPA) in a tube were added appropriate
volumes of aqueous solutions of APS, BIS and sodium salt
comonomer of known concentrations. After dissolution of
the NIPA the resultant solution was degassed with nitrogen
for 10 min. During this degassing the tube was immersed in
an ice/water bath to minimise the slight possibility of any
pre-polymerization. For the same precautionary reason
addition of the solution of activator to the feed mixture
was made only at the final stage, i.e. just prior to filling
the moulds formed by the glass microscope slides separated
by a 50× 10 mm poly(tetrafluoroethylene) gasket of 2 mm
thickness. The approximate volume of feed mixture is thus
(50× 10× 2) × 1023� 1 cm3 of which ca. 0.85 cm3 is water
and the remainder comprises the monomers and crosslinker.
It was not necessary to record the mass of feed mixture in
the mould (vide infra). The moulds were placed in sealed
plastic bags, which were immersed in a water thermostat.
The copolymerizations were found to be slower than the
corresponding ones in which the comonomers were in the
acid form. Consequently, here they were conducted at 308C
for 24 h (instead of at 248C for 6 h).

After the copolymerization the entire resultant swollen
gel was removed from the mould and weighed. As the
mass fractions of all components of initial feed mixture
were known, the weight of swollen gel allowed the mass
of monomers initially in the mould to be calculated. The
swollen gel was washed thoroughly several times with
de-ionised water and dried successively at room tempera-
ture, then at 458C and finally to a constant weight in a vacuum
oven at 458C. The xerogel obtained was weighed. The ratio of
this weight to that of total monomers initially indicated a

very high conversion on a weight basis,C(C $ 0.96) Since
the extracted dry gel is crosslinked polymer the value ofC
is, in principle, only an apparent one that does not allow for
possible conversion of monomers to soluble linear copoly-
mer. We have not attempted to distinguish between the
latter and unreacted monomers in the washings. However,
allowance for any linear copolymer could give an actual
fractional conversion that is greater than the apparent one
and the sol fraction removed must be# 0:04. Hence, the
overall average copolymer composition can be approxi-
mated very well to the initial feed composition.

2.3. Swelling measurements

Each dried sample in the form of a thin strip (ca. 0.1 g)
was immersed at room temperature in a large excess of
water (ca. 100 cm3) in a poly(propylene) jar fitted with a
poly(propylene) screw cap. It was confirmed that a period of
24 h was more than adequate to ensure attainment of swel-
ling equilibrium. The samples were then brought to each of
several increasing temperaturesT (the lowest of which was
generally 208C) and held thereat for 6 h to attain equili-
brium. Determination of the gravimetric swelling ratior
via Eq. (1), in whichwh and wx the weights of swollen
and dry strips respectively, is a procedure that demands
great care and attention to detail in order to obtain accurate
and reproducible results.

r � wh

wx
: �1�

Essentially, at any temperature the removed swollen strip
was surface dried lightly and rapidly and weighed (wh) in a
stoppered tared vial. After replacement in water for a mini-
mum of 30 min, determination ofwh was made as before.
This procedure was repeated at least three more times and
an average value ofwh was used to calculater. The uncer-
tainty or error inr was taken to arise solely from that inwh,
which was� 0.5% with respect to the average value ofwh.
After measurements at the highest temperature (generally
608C but also. 608C for several systems), the same proce-
dure was adopted at each of several decreasing tempera-
tures. The xerogel had previously been subjected to a
rigorous washing process and indeed the absence of any
sol fraction was confirmed by deliberately drying to comple-
teness and weighing the samples after swelling/deswelling
over the whole range ofT. The final weight was identical in
value towx This finding also confirms that it was not neces-
sary to have changed or replenished the water during the
swelling/deswelling.

A microprocessor pH meter RE357Tx (EDT Instruments)
affording a precision of 0.02 pH unit gave a value of 5.7 for
the pH of the swelling medium at room temperature. Speci-
fic effects noted elsewhere, [2] resulting from the dissolved
HCl or NaOH do not apply here to the present investigation
in which the swelling medium was pure water. Moreover,
although pH can be controlled by the use of buffers (e.g.
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citrate–phosphate [6]) it should be noted that: (a) even with
a buffer of fixed composition a small change in pH withT is
possible because of the temperature dependence of the
dissociation constantKa of the acid component; and (b)
the presence of dissolved salts even at low concentration
can have a dramatic effect on swellability in certain circum-
stances [7]. The pH of the water was measured only at the
start, i.e. at room temperature and not checked or adjusted
by buffer thereafter. However, application of the integrated
van’t Hoff equation to tabulated values [8] of the ionic
product for waterKw at various temperatures indicated
that the calculated value of pH changed by a rather small
amount (ca. 0.6 pH unit) over the total range used for swel-
ling/deswelling. As is customary in such work, no stirring or
agitation was considered necessary during the swelling
because of (a) thinness of the strips coupled with long equi-
libration time and (b) the risk of damaging the strips, which
were rather fragile at high values ofr.

3. Nomenclature

The samples are denoted by abbreviations for compo-
nents together with their compositions, that of a sodium
salt comonomer being its mol% with respect to NIPA and
that of BIS being its mol % with respect to total monomers.
For example, a hydrogel: NIPA/SA1/BIS0.25 is synthesised
from a feed solution that contains 85 g of water and 15 g of
NIPA (;15/113.2 mol NIPA). The content of SA is (1/
100)(15/113.2) mol and the content of BIS is (0.25/
100)[(15/113.2)1 (1/100) (15/113.2)] mol.

4. Results and discussion

Theswellingbehaviour ofpoly (NIPA), poly(NIPA-co-AA)

and poly(NIPA-co-MAA) has been described in detail
previously [1,2]. During the discussion of the present find-
ings we will use those already known results in order to
compare them with the new data obtained for the hydrogels
of poly(NIPA-co-SA) and poly(NIPA-co-SMA).

The contents of sodium salt comonomers were 1, 5 and
10 mol% and for each of the systems the contents of BIS
were 0.25, 0.5 and 1 mol %. For all of these 2× 9 � 18
copolymersr was measured at a minimum of 10 different
temperatures starting from 208C. The selected temperatures
were separated by ca. 58C except in the vicinity of the lower
critical swelling temperature (Tc), where they were sepa-
rated by ca. 18C. As the deswelling is not discontinuous, it
is not easy to assign an exact value toTc. Hence we have
used a computer program to afford the derivative dr/dT at
each temperature. As can be seen in Fig. 1(a) the critical
temperature is indicated clearly at the minimum of the
curve. The swelling experiments were performed in a simi-
lar way, measuring the degree of swelling at several
decreasing temperatures. In an example of the relevant
plot (Fig. 1(b)) it is seen that the experimental points corre-
sponding to the deswelling process and those obtained on
cooling the sample are in excellent agreement and hence it is
verified that the swelling–deswelling transition is thermo-
reversible.

The profile of the deswelling curves depends on the
composition of the hydrogel and will be discussed later.
Deswelling is complete (r � 1) at high temperatures except
for the hydrogels NIPA/SMA5/BIS0.25 and NIPA/SMA10/
BIS0.25. The highest degree of swelling measured (i.e. that
at 208C) increases as the concentration of comonomer
increases. This increase is a consequence of the ionic osmo-
tic pressure owing to the increasing content of negatively
charged carboxyl groups. All systems exhibit the customary
decrease inr with increasing content of BIS.
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Fig. 1. Influence of temperature on swelling ratior for hydrogel of NIPA/SMA1/BIS0.5. (a) Differential plot of dr/dT TvsT (b) Data obtained on heating (W)
and on cooling (X).



4.1. Concentrations of SA and SMA� 1 mol % with respect
to NIPA

Poly(NIPA-co-SA) and poly(NIPA-co-SMA) hydrogels
exhibit the same thermosensitive behaviour. The values of
Tc and the degree of swelling at selected temperatures are
shown in Tables 1 and 2. The value of the critical tempera-
ture is 358C for every hydrogel, independent of the concen-
tration of BIS. The nature of the swelling–deswelling
transition is not very clear, since some authors have
described a discontinuous transition [3,9] but similar
systems have been reported to exhibit a continuous one
[3,6]. As can be seen in Fig. 1, the variation of the degree
of swelling with temperature is a continuous process.

At comonomer contents. 1 mol% (see Section 4.2) the
process is markedly more continuous. This sequence of
findings suggests that discontinuity might be exhibited at
very low content of comonomer. Hence, to assess this possi-
bility, additional samples having contents of SA and SMA
of 0.1 mol% were prepared and the phase diagrams of the
swelling–deswelling were established in the normal

manner. The variation of the degree of swelling with
temperature was of a continuous form even in these systems.
Consequently, the general disaccord regarding the form of
the transition remains unresolved. Possible factors may be
related to (a) the dimensions of the hydrogel (most of the
authors, who reported a discontinuous transition, used capil-
lary samples [3,9–12] or submicron gel beads [13]) and/or
(b) the rate of heating/cooling and/or (c) the stabilisation
time between measurements at two different temperatures.
No details regarding (b) and (c) were provided in the rele-
vant papers.

4.2. Concentrations of SA and SMA� 5 or 10 mol% with
respect to NIPA

With one exception, the highest degree of swelling
measured is greater for hydrogels of poly(NIPA-co-SMA)
than for those of poly(NIPA-co-SA) (see Tables 1 and 2).
This behaviour can be explained on the basis of hydrolysis
equilibrium. Salts of weak acids are decomposed by water
with formation of free acid and free base:

ZRCOONa1 H2O O ZRCOOH1 NaOH �2�
where R is:

The process of hydrolysis is reversible. As the salt is
practically completely ionised and the base is strong, Eq.
(2) can be written:

ZRCOO2 1 H2O O ZRCOOH1 OH2 �3�
and therefore,

Kh � OH2� � ZRCOOH� �
ZRCOO2� � �4�

Since the base is strong, [OH2] is practically equal to
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Table 1
Swelling ratio at, below and above the critical temperature for poly(NIPA-
co-SA) hydrogels

NIPA/SA1/BIS0.25 NIPA/SA1/BIS0.5 NIPA/SA1/BIS1
T/8C r T/8C r T/8C r

20 41.5 20 29.3 20 18.4
35a 19.7 35a 8.1 35a 6.8
45 1.0 45 1.0 45 1.0
NIPA/SA5/BIS0.25 NIPA/SA5/BIS0.5 NIPA/SA5/BIS1
20 139 20 68.0 20 40.1
43a 71.1 45 20.1 45 14.8
52 1.0 52 1.0 52 1.0
NIPA/SA10/BIS0.25 NIPA/SA10/BIS0.5 NIPA/SA10/BIS1
20 399 20 117 20 79.3
59a 210 60 32.8 60 38.0
75 1.1 75 1.0 75 1.0

a Critical temperature.

Table 2
Swelling ratio at, below and above the critical temperature for poly(NIPA-co-SMA) hydrogels

NIPA/SMA1/BIS0.25 NIPA/SMA1/BIS0.5 NIPA/SMA1/BIS1
T/8C r T/8C r T/8C r

20 40.2 20 26.2 20 18.3
35a 16.1 35a 12.2 35a 7.7
45 1.0 45 1.0 45 1.0
NIPA/SMA5/BIS0.25 NIPA/SMA5/BIS0.5 NIPA/SMA5/BIS1
20 183 20 122 20 73.9
62a 114 45 68.5 45 32.8
80 42.1 70 1.0 70 1.0
NIPA/SMA10/BIS0.25 NIPA/SMA10/BIS0.5 NIPA/SMA10/BIS1
20 309 20 143 20 108
65a 182 65 36.3 50 39.4
85 55.1 75 1.1 70 1.0

a Critical temperature.



[base], and because the salt is assumed to be completely
ionised, [ZRCOO2] is practically equal to [salt]. Hence
Eq. (4) can be written as:

Kh � acid� � base� �
unhydrolysed salt
� � �5�

whereKh is the hydrolysis constant.
In the solution there are two equilibria holding simulta-

neously

ZRCOOHO ZRCOO2 1 H1

Ka � H1
� �

ZRCOO2� �
ZRCOOH� � �6�

H2 O OH2 1 H1

Kw � H1
� �

OH2� � �7�
Combination of Eqs. (6) and (7) with Eq. (4) yields:

Kh � Kw

Ka
: �8�

If c is the total salt concentration in mol l21, then as
[ZRCOOH]� [OH2]:

ZRCOOH� � OH2� �
ZRCOO2� � � Kh � OH2� �2

c
: �9�

Therefore from Eq. (8):

OH2� �2
c

� Kw

Ka
; �10�

OH2� � �
�������
cKw

Ka

s
: �11�

It is known that the values of the pKa for the PAA and
PMAA are 6.4 and 6.9, respectively [14,15], under the
experimental conditions used in this work (T � 208C and
pH� 5.7). The value of the concentrationc has been taken
as the number of moles of either SA or SMA in the hydrogel
divided by the volume of water absorbed by the hydrogel.
Therefore, [OH2] can be calculated according to Eq. (11).
As the equilibrium takes place within the hydrogel, the
[OH2] calculated in this way only applies to the hydrogel
itself, the pH of the swelling medium being virtually unaf-
fected. The pH inside the hydrogel can be calculated accord-
ing to Eq. (7):

2log H1
� � � pH� log OH2� �2 logKw: �12�

Finally, the ratioa between the concentration of unhy-
drolysed salt [ZRCOO2] and that of the hydrolysed one
[ZRCOOH] can be calculated from Eq. (13):

a � ZRCOO2� �
ZRCOOH� � <

c
OH2� � : �13�

In Eq. (13) the approximation of [ZRCOO2] to c is valid
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Table 3
Values ofc and calculated values of [OH2], pH anda for poly(NIPA-co-SA) hydrogels at 208C

Hydrogel c/mol l21 × 103 [OH2]/mol l21 × 105 pH a

NIPA/SA1/BIS0.25 2.17 2.94 9.47 73.9
NIPA/SA1/BIS0.5 3.10 3.51 9.55 88.2
NIPA/SA1/BIS1 5.05 4.48 9.65 113
NIPA/SA5/BIS0.25 3.08 3.50 9.54 87.9
NIPA/SA5/BIS0.5 6.34 5.02 9.70 126
NIPA/SA5/BIS1 10.9 6.57 9.82 165
NIPA/SA10/BIS0.25 2.05 2.86 9.45 71.8
NIPA/SA10/BIS0.5 7.04 5.29 9.72 133
NIPA/SA10/BIS1 10.4 6.44 9.81 162

Table 4
c and calculated values of [OH2], pH anda for poly(NIPA-co-SMA) hydrogels at 208C

Hydrogel c/mol l21 × 103 [OH2]/mol l21 × 105 pH a

NIPA/SMA1/BIS0.25 2.24 1.68 9.22 133
NIPA/SMA1/BIS0.5 3.48 2.09 9.32 166
NIPA/SMA1/BIS1 5.07 2.53 9.40 201
NIPA/SMA5/BIS0.25 2.32 1.71 9.23 136
NIPA/SMA5/BIS0.5 3.48 2.09 9.32 166
NIPA/SMA5/BIS1 5.79 2.70 9.43 215
NIPA/SMA10/BIS0.25 2.62 1.82 9.26 145
NIPA/SMA10/BIS0.5 5.68 2.67 9.43 212
NIPA/SMA10/BIS1 7.57 3.09 9.49 246



since the values of [OH2]/c are of the order of 1022 The
smaller the value ofa the higher the degree of hydrolysis.

For hydrogels containing either SA or SMA the extent of
hydrolysis, as indicated by the values of [OH2] and pH,
increases with content of sodium salt comonomer in xero-
gel. Increasing the content of BIS decreases the swellability
and hence increases the concentration,c, of sodium salt
comonomer in the hydrogel. The effect is again an increase
in hydrolysis.

Within the swollen hydrogel the concentration of SA and
SMA units isc, the concentration of OH2 groups produced
by hydrolysis is [OH2] and the level of acidity is pH. The
values of these as well as the ratiosa are summarised in
Tables 3 and 4, which show that, for a similar concentration

of comonomer, the degree of hydrolysis of the SA units is
always bigger than that found in the hydrogels containing
SMA. This means that the density of negative charges and
therefore the ionic osmotic pressure is higher in poly(NIPA-
co-SMA) than in poly (NIPA-co-SA) hydrogels. Hence, the
higher degree of swelling found in poly (NIPA-co-SMA)
hydrogels can be attributed to this factor. The effect is negli-
gible at low concentration of comonomer (1 mol%) but it is
quite important at higher concentrations (5–10 mol%).

None of the discussion above takes into account the
possible influence of the effective crosslinking densityne

of the xerogel (as opposed to the nominal value calculated
from the molar concentration of BIS in the feed mixture). It
could happen that the observed differences among swelling
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Fig. 2. Variation of swelling ratior with temperature for hydrogels of (a) NIPA/SA5/BIS0.25, (b) NIPA/SA5/BIS0.5, (c) NIPA/SA5/BIS1.

Fig. 3. Variation of swelling ratior with temperature for hydrogels of (a) NIPA/SMA10/BIS0.25, (b) NIPA/SMA10/BIS0.5, (c) NIPA/SMA10/BIS1.



data might arise, at least in part, from differences among
values ofne Compression–strain measurements were made
on hydrogels of NIPA/SA5/BIS1 and NIPA/SMA5/BIS1.
As a result of the presence of a diluent, water, in the cross-
linking polymerization process, a correction factor invol-
ving the ratio of volume of dry unstrained xerogel to
volume of network at formation had to be applied [16,17].
The resultant value ofne was virtually the same for both
samples (0.027 mol dm23 for NIPA/SA5/BIS1 and
0.026 mol dm23 for NIPA/SMA5/BIS1) at all temperatures.
Hence, the higher swellability of hydrogels containing SMA
can be attributed at least in part to the greater degree of
hydrolysis of the SA units within the hydrogel.

The profile of the deswelling curves is very similar for
poly(NIPA-co-SA) and for poly(NIPA-co-SMA) hydrogels.
Figs. 2 and 3 show typical plots of the phase diagrams for
both type of hydrogels. As can be seen in these figures, the
deswelling is a continuous process and it is impossible to
determine a singleTc in hydrogels with high and medium
content of BIS. Similar behaviour was observed in hydro-
gels of strong polyelectrolytes like poly(NIPA-co-2-methyl-
2-acrylamido-propanesulphonic acid) [1] and in hydrogels
of poly(NIPA-co-AA) and poly (NIPA-co-MAA) swollen at
pH � 12 (conditions at which the carboxylic groups are
completely ionised) [2]. In the present systems the critical
transition becomes clearer at low concentration of crosslin-
ker but is still very broad, extending over a range of ca.
208C.

Hydrogels of poly(NIPA-co-SMA) with low concentra-
tion of BIS do not reach complete deswelling even at high
temperatures (see Table 2 and Fig. 3). According to the
results obtained from the hydrolysis equilibrium, the degree
of hydrolysis of the SMA units is lower than that of the SA
ones and, hence, we can consider that the former is a stron-
ger electrolyte. Therefore, the higher ionic osmotic pressure
in the case of poly (NIPA-co-SMA) hydrogels must be the
reason for this behaviour [3].

Prior to presentation of general conclusions, attention will
be paid to some specific issues not addressed in the text.
Fractions of sequences of selected lengths for the comono-
mer units in copolymers ofN-vinyl-2-pyrrolidone (VP) with
several hydrophobic comonomers have been calculated at
several stages of fractional conversion and were shown to
have a semi-quantitative bearing on the water uptake in the
corresponding hydrogels [18]. For copolymers of a zwitter-
ionic monomer with a neutral comonomer Monte Carlo
simulation calculations afforded a distribution of dyads as
a function of copolymer composition that provided a useful
interpretation of the experimentally observed synergism in
swelling of the corresponding crosslinked xerogels in water
[19]. A different type of calculation applied to the copoly-
merization of VP with a neutral comonomer and a tetrafunc-
tional crosslinker allowed the terpolymer compositional
drift with conversion to be computed; of especial interest
was the demonstrated inhomogeneous crosslinking of the
network at high contents of VP [20]. In all these examples

a knowledge of the reactivity ratios or, if not available, the
Q, e parameters was an indispensable requirement. The
values of such ratios or parameters were not available for
the systems investigated here. Even if they had been, quan-
tification of microstructure and/or heterogeneity would only
have added to characterisation of the materials. They would
have had little or no direct bearing on thermodynamic
aspects [21], viz. the main focus of thermoreversibility in
swelling. Dynamic light scattering from polymer solutions
has been extended to studies on gels, which possess a collec-
tive diffusion coefficient and a correlation length [22]. In
principle, the distribution of the latter offers an extremely
promising approach to quantifying the heterogeneity of
crosslinking. Despite development of new theory and
production of some experimental results in this laboratory
[23], it is evident that, because of several (mainly experi-
mental) constraints and difficulties, it will be some time
before the technique can be used on a reliable, routine
basis for this purpose.

The finding, that copolymers containing SMA tend to
have a higher swellability than the corresponding ones
containing SAA, gives rise to the interesting question of
why crosslinked poly(SMA) is not preferred to crosslinked
poly(SAA) as a superabsorbent material (we are grateful to
an anonymous referee for raising this point). The actual
materials manufactured are, and seem likely to remain
[24], poly (AA-co-SAA). The partial neutralisation can be
either before or after the crosslinking polymerization of AA.
Economic aspects regarding AA vis-a`-vis MAA do not
seem to be relevant. If the post polymerization route is
adopted, the reason may lie in the relative rates of polymer-
ization of AA and MAA in aqueous solution and/or the
relative reactivities of them with the particular crosslinker
used. The greater propensities of acrylates cf methacrylates
to undergo branching and crosslinking (in the absence of the
added crosslinker) may also have some bearing on use of
AA. There remains the possibility, of course, that estab-
lished tradition rather than purely scientific reasons is the
underlying reason. As this aspect is subsidiary to the main
focus of this article, it seems unprofitable to speculate any
further.

5. Conclusions

1. The swelling/deswelling of poly(NIPA-co-SA) and
poly(NIPA-co-SMA) hydrogels was found to be thermo-
reversible.

2. The variation ofr with temperature is continuous in all
the systems studies.Tc is only exhibited in hydrogels
with low concentration of sodium salt comonomer.

3. The values ofr measured here at neutral pH for the
present polymers are much larger than those exhibited
at any pH for poly(NIPA-co-AA) and poly(NIPA-co-
MAA). Therefore, the inclusion of a strong electrolyte
in the hydrogel enhances the water absorption.
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4. The degree of hydrolysis is higher for the SA than for the
SMA units. This fact can explain the higher degree of
swelling exhibited by the poly(NIPA-co-SMA) hydro-
gels with medium to high concentration of comonomer.

Acknowledgements

Financial support provided by the Engineering and Physi-
cal Sciences Research Council via its ROPA scheme is
gratefully acknowledged.

References

[1] Huglin MB, Liu Y, Velada JL. Polymer 1997;38:5785.
[2] Velada JL, Liu Y, Huglin MB. Macromol Chem Phys 1998;199:1127.
[3] Hirotsu S, Hirokawa Y, Tanaka T. J Chem Phys 1987;87:1392.
[4] Morawetz H, Rubin ID. J Polym Sci 1962;57:681.
[5] Davis TP, University of Salford, B.Sc. dissertation, 1984.
[6] Beltran S, Baker JP, Hooper HH, Blanch HW, Prausnitz JM. Macro-

molecules 1991;24:549.
[7] Xue W, Huglin MB, Khoshdel E. Polymer Int 1998 (in press).
[8] Hodgman CD, Weast RC, Selby SM, editors. Handbook of chemistry

and physics, 41st Edit. Cleveland, OH: Chemical Rubber Publishing
Co., 1960, p. 1743.

[9] Suzuki A, Suzuki H. J Chem Phys 1995;103:4706.
[10] Inomata H, Goto S, Saito S. Macromolecules 1990;23:4887.
[11] Suzuki A, Ishii T, Maruyama Y. J Appl Phys 1996;80:131.
[12] Shibayama M, Ikkai F, Inamoto S, Nomura S, Han CC. J Chem Phys

1996;105:4358.
[13] Hirose Y, Amiya T, Hirokawa Y, Tanaka T. Macromolecules

1987;20:1342.
[14] Mandel M. Eur Polym J 1970;6:807.
[15] Mandel M, Leyte JC, Stadhonder M. J Phys Chem 1967;71:603.
[16] Huglin MB, Rego JM. Macromolecules 1993;26:3118.
[17] Fasina AM, Stepto RFT. Makromol Chem 1981;182:2479.
[18] Al-Issa MA, Davis TP, Huglin MB, Rego JM, Rehab MA-M, Yip

DCF, Zakaria MB. Makromol Chem 1990;191:321.
[19] Huglin MB, Rego JM. Polym J (Japan) 1991;23:1425.
[20] Davis TP, Huglin MB. Macromolecules 1989;22:2824.
[21] Marchetti M, Prager S. Cussler EL. Macromolecules 1990;23:1760.
[22] Geissler E, In: Brown W, editor, Dynamic light scattering. The

method and some applications, Ch. 11. Oxford: Clarendon Press,
1993.

[23] Mao R, Huglin MB, Holmes PA, University of Salford (to be
published).

[24] Buchholz FL, Burgert JH, In: Finch CA, editor. Industrial water
soluble polymers. Cambridge, UK: The Royal Society of Chemistry,
Special Publication No. 186, 1996, p. 92.

Y. Liu et al. / Polymer 40 (1999) 4299–43064306


